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Natural processes and human activities alter the properties and quality of soils over 
time. Nowadays, the growing interest in soil protection prompts abundant research 
to estimate soil quality in wide-ranging environmental scenarios. The assessment of 

soil quality entails the evaluation of the capability of a soil to perform its functions in 
present scenarios but also how those functions can be preserved for future land use. 

Currently, soil processes, physical, chemical, and biological properties are recognized 
as indicators to estimate soil quality. Soil processes and current trends in quality 

assessment provides a wide depiction of current research conducted in soil quality 
assessment, encompassing general studies on soil processes, evaluation of significant 

indicators of soil quality such as soil organic matter dynamic and soil-plant interaction, 
while presenting diverse strategies for soil fitness amelioration.
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Preface

“Essentially, all life depends upon the soil. There can be no life without soil and no soil
without life; they have evolved together.” - Charles E. Kellogg, USDA Yearbook of Agricul‐
ture, 1938.

Natural processes and human activities alter the properties and quality of soils over time.
The assessment of soil quality entails the evaluation of the capability of a soil to perform its
functions not only in present scenarios but also how those functions can be preserved for
future land use. Nowadays, it is well recognized that soil quality cannot be determined by
single or direct parameters. Therefore, certain indicators have been established to estimate
soil quality. Indicators are measurable properties of soil or plants that provide rigorous in‐
formation about the competence of soil functions. Indicators can be physical, chemical, and
biological properties, processes, or characteristics of soils, but also morphological or visual
features of plants.

Currently, there is no official methodology for estimating the level of soil quality, but the
growing interest in soil protection prompts abundant research to estimate soil quality in
wide-ranging environmental scenarios. Overall, research often focus in the study of indica‐
tors such as soil organic matter in relation to soil fertility and structure, physical indicators
associated to transport of water and nutrients and crop productivity potential, chemical in‐
dicators linked to plant and microbial activity thresholds or biological indicators related to
soil productivity and microbial activity.

Soil processes and current trends in quality assessment is a book designed by InTech - Open Access
Publisher in collaboration with recognized authors from Europe, South America, China and
Japan, unifying biological, chemical and agronomic approaches to research on soil science.

This book is intended to provide a wide depiction of current research conducted in soil qual‐
ity assessment, encompassing general studies on soil processes, evaluation of different indi‐
cators of soil quality and diverse strategies for soil fitness amelioration. Concurrently, this
book also provides insights into a suite of specific problems related with land management
and soil pollution, from the impact of agricultural practices to the introduction of novel
methodologies for soil pollution assessment. Therefore, this volume will be a valuable read‐
ing to a global audience of scientists, researchers, environmental educators, administrators,
technicians, managers, students and the general public.

The first section comprises seven chapters corresponding to different studies on soil quality
assessment, including studies on specific evaluation of different indicators of soil quality
and evaluation of relevant soil processes. Section 2 comprises five different studies on soil
organic matter dynamic, a significant indicator of soil quality, for scenarios of main rele‐
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vance. The chapters in section 3 approach another major indicator of soil quality as being
soil-plant interactions. Soil microbial processes, a third major indicator, are addressed in the
last chapter.

The sixteen chapters of this book can be read independently, but like different quality indi‐
cators they mutually benefit and enrich each other, providing a valuable composition that
depicts current trends in soil quality assessment from a multidisciplinary approach.

For their excellent work, special thanks to the technical editor and sincere appreciation to
Ms Romana Vukelic, Publishing Process Managers and Ms Danijela Duric, Head of Produc‐
tion, who coordinated the publication process of this volume and assisted me and the au‐
thors in completing our tasks smoothly and in a timely manner.

Dr. M.C. Hernández-Soriano
KU Leuven

Belgium
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Chapter 1

The Role of Soil Mineralogy, Geochemistry and Grain
Size in the Development of Mediterranean Badlands: A
Review

Vito Summa and Maria Luigia Giannossi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53050

1. Introduction

It has long been recognized that the local Mediterranean climate, tectonics and human im‐
pact interact to determine the gross morphology and surface conditions of this landscape.
However, attention has recently been given to the explanatory role of lithology, in particular
sediment size and clay mineralogy, in explaining the badland formation [1-9].

For instance, on biancane sites, Battaglia et al. [10] found clay fractions to be significantly
high. These sites have been reported to possess also high percentage of clay minerals in par‐
ticular in the smectitic group.

Additionally, for these clay minerals, high exchangeable sodium on the exchange complex
promotes dispersion (deflocculation) of the clays. The exchangeable sodium percentage
(ESP), sodium adsorption ratio (SAR), sodium percentage (PS) and total dissolved salts
(TDS) are commonly used to measure the dispersive state.

This chapter aims to contribute to the international framework of research on water ero‐
sion processes, and to identify critical emerging erosional risk factors. It focuses particu‐
larly on experimental research on material  properties that could be the promoter of soil
erosion processes.

Results show that many components of soil erosional response, such as soil dispersivity,
badlands development or surface and subsurface processes like crusting or pipes, are
strongly affected by spatially variable and temporally dynamic soil properties.

© 2013 Summa and Giannossi; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Summa and Giannossi; licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Soil degradation

When land is degraded, its productivity is reduced and many other eco system services are
deleteriously affected. Land degradation may be primarily caused by natural processes, re‐
lated to the characteristics of the given land resources and ecosystems. However, human ac‐
tivities often accelerate these degradation processes, leading to a rapid decline in the quality
and quantity of the land resources and the ecosystem services flowing from these. Drylands
are fragile and particularly susceptible to land degradation.

The United Nations Convention to Combat Desertification (UNCCD) defines land degrada‐
tion in the context of drylands as: “a reduction or loss, in arid and semi-arid and dry sub-
humid areas, of the biological or economic productivity and complexity of rainfed cropland,
irrigated cropland, or range, pasture, forest and woodlands resulting from land uses or from
a process or combination of processes, including processes arising from human activities
and habitation patterns” [11].

Land degradation is caused by a variety of complex interrelated degradation processes.
These can be grouped into three major land degradation types, each of which can be subdi‐
vided according to a specific sub-set of degradation processes, namely:

1. Soil degradation;

2. Vegetation degradation;

3. Water resources degradation.

Vegetation degradation involves a combination of processes that may be natural, notably cli‐
mate change which may lead to a loss of certain species and habitats, reduced biomass due
to reduced moisture availability, or encroachment by invasive species. However, vegetation
degradation is generally induced by human activity, through the over use or mis-manage‐
ment of forests, grazing and croplands, uncontrolled burning or introduction of pests and
diseases.

Degradation of water resources in terms of quantity, quality and flow regime will lead to
reduced productivity of the aquatic system in terms of fish and other useful aquatic species
and products. It also affects the availability of clean drinking water for consumption by hu‐
mans, livestock and wildlife.

Soil degradation is defined as the decline in soil quality caused through its misuse by hu‐
man activity [12]. Degradation or decline of soil quality may occur due to physical or chemi‐
cal processes triggered off by natural phenomena, or induced by humans through misuse of
land resources. Processes such as soil erosion, nutrient run-off, water logging, desertification
or compaction, may give examples of physical degradation processes, while acidification,
organic matter loss, salinization, nutrient depletion by leaching, or toxicants accumulation,
are all processes that can be classified as being agents and indicators of chemical degrada‐
tion of soil.

Soil Processes and Current Trends in Quality Assessment4

2.1. Soil degradation types and processes

Soil degradation occurs when there is a decline in the productive capacity of the soil as a
result of adverse changes in its biological, chemical, physical and hydrological properties
and/or attributed to the removal of soil through erosion by water or wind or by mass move‐
ment. Sheet, rill and gully erosion by water, also the scouring and re-deposition of soil by
wind and landslides are some of the most visible symptoms of soil degradation, but other
less visible forms of degradation of soil properties are even more widespread and some‐
times more serious, notably depletion of nutrients and soil organic matter decline.

The key processes that are responsible for soil degradation are listed in Table 1 [1, 11-12].

Degradation of 
soil biological 

properties

• Increase in 
numbers and 
activity of 
harmful soil 
organisms
•Reduction in 
numbers and 
activity of 
beneficial soil 
organisms 

Degradation of 
soil chemical 
properties

•Decline in 
number and 
availability of soil 
nutrients
•Chemical 
imbalances and 
toxicities
•Changes in soil 
pH (acidification 
or alkalinisation)
•Salinization and 
sodicity
•Chemical 
pollution

Degradation of 
soil physical 
properties

•Surface crusting 
and compaction 
and burning
•Sub-soil 
compaction
•Reduced soil 
rooting depth 
(erosion)
• Loss of topsoil 
structure
• Loss of soil fines 
(erosion of silts 
and clay) leaving 
sandier and 
stonier soils

Degradation of 
soil 

hydrological 
properties

• Waterlogging
• Aridification
• Reduced plant 

water uptake 
due to soil 
salinization

Soil erosion

• Soil erosion by 
water (splash, 
sheet, rill and 
gully erosion)

• Soil erosion by 
wind (removal 
and re-
deposition of 
soil particles, 
abrasion by 
transported 
materials and 
formation of 
mobile sand 
dunes)

• Gravitational 
erosion (mass 
movement 
through 
landslides, 
slumps, earth 
flows and debris 
avalanches)

• Freeze/thaw
erosion

Soil pollution

• Soil chemical 
imbalances and 
nutrient 
toxicities

• Build up of 
inorganic 
pollutants in the 
soil

• Accumulation of 
pollutants /  
toxicities of 
organic origin 
following the 
planting of 
certain crops

• Emissions of 
toxic chemicals

Table 1. Soil degradation types

3. Soil erosion

Soil erosion is a major form of land degradation. It comprises various processes that are de‐
scribed separately below. However, any one of these processes may occur in the same locali‐
ty, either in combination or at different times of year.

The Role of Soil Mineralogy, Geochemistry and Grain Size in the Development of Mediterranean Badlands: A Review
http://dx.doi.org/10.5772/53050
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2.1. Soil degradation types and processes

Soil degradation occurs when there is a decline in the productive capacity of the soil as a
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and/or attributed to the removal of soil through erosion by water or wind or by mass move‐
ment. Sheet, rill and gully erosion by water, also the scouring and re-deposition of soil by
wind and landslides are some of the most visible symptoms of soil degradation, but other
less visible forms of degradation of soil properties are even more widespread and some‐
times more serious, notably depletion of nutrients and soil organic matter decline.

The key processes that are responsible for soil degradation are listed in Table 1 [1, 11-12].

Degradation of 
soil biological 

properties

• Increase in 
numbers and 
activity of 
harmful soil 
organisms
•Reduction in 
numbers and 
activity of 
beneficial soil 
organisms 

Degradation of 
soil chemical 
properties

•Decline in 
number and 
availability of soil 
nutrients
•Chemical 
imbalances and 
toxicities
•Changes in soil 
pH (acidification 
or alkalinisation)
•Salinization and 
sodicity
•Chemical 
pollution

Degradation of 
soil physical 
properties

•Surface crusting 
and compaction 
and burning
•Sub-soil 
compaction
•Reduced soil 
rooting depth 
(erosion)
• Loss of topsoil 
structure
• Loss of soil fines 
(erosion of silts 
and clay) leaving 
sandier and 
stonier soils

Degradation of 
soil 

hydrological 
properties

• Waterlogging
• Aridification
• Reduced plant 

water uptake 
due to soil 
salinization

Soil erosion

• Soil erosion by 
water (splash, 
sheet, rill and 
gully erosion)

• Soil erosion by 
wind (removal 
and re-
deposition of 
soil particles, 
abrasion by 
transported 
materials and 
formation of 
mobile sand 
dunes)

• Gravitational 
erosion (mass 
movement 
through 
landslides, 
slumps, earth 
flows and debris 
avalanches)

• Freeze/thaw
erosion

Soil pollution

• Soil chemical 
imbalances and 
nutrient 
toxicities

• Build up of 
inorganic 
pollutants in the 
soil

• Accumulation of 
pollutants /  
toxicities of 
organic origin 
following the 
planting of 
certain crops

• Emissions of 
toxic chemicals

Table 1. Soil degradation types

3. Soil erosion

Soil erosion is a major form of land degradation. It comprises various processes that are de‐
scribed separately below. However, any one of these processes may occur in the same locali‐
ty, either in combination or at different times of year.
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Soil erosion by water is often quite widespread and can occur in all parts of drylands where
rainfall is sufficiently intense for surface runoff to occur. This category includes processes
such as splash, sheet, rill and gully erosion. Splash erosion is commonly the first stage of
water erosion and occurs when rain drops fall onto the bare soil surface. Their impact can
break up surface soil aggregates and splash particles into the air. As water runs over the soil
surface it has the power to pick up particles released by splash erosion and the capacity to
detach particles from the soil surface. This may result in sheet erosion, where soil particles
are removed from the whole soil surface on a fairly uniform basis.

Where runoff becomes concentrated into channels, rill and gully erosion may result. Rills are
small rivulets of such a size that they can be ploughed over with farm machinery. Gullies
are much deeper (often being several metres deep and wide) and form a physical impedi‐
ment to the movement across the slope of farm machinery, even people and livestock [13].

Soil erosion by wind is also widespread throughout drylands that are exposed to strong
winds. It includes both the removal and re-deposition of soil particles by wind action and
the abrasive effects of moving particles as they are transported. In areas with extensive
loose, sandy material, wind erosion can lead to the formation of mobile sand dunes that
cause considerable economic losses through engulfing adjacent farm land, pastures, settle‐
ments, roads and other infrastructure [14].

Gravitational erosion tends to be more localised in regions with steep, rocky slopes and in
mountain ranges. On sloping land when soil is saturated, its weight increases and the down‐
ward forces of gravity will induce a relatively large down-slope movement of soil and / or
rocks (e.g. landslides, slumps, earth flows and debris avalanches). This mass movement of
material may be very rapid and involve large volumes of soil, but is usually limited to iso‐
lated and localised events. Landslides may be natural events, however, their frequency and
severity is likely to greatly increase following deterioration or loss of the natural vegetative
cover by logging, overgrazing and / or clearing for cultivation [5, 15-17].

Freeze/thaw erosion is restricted to high altitude areas and areas with cold climates. It oc‐
curs when water in the topsoil initially freezes and expands, then melts, damaging topsoil
structure and enabling loosened surface soil particles to be carried away in melt water run‐
off. It is primarily a natural process rather than one which is accelerated by particular hu‐
man activities [15, 17-18].

This chapter covers only the assessment of soil erosion by water.

3.1. Soil erosion landscape: Badlands

The term badlands is currently used for areas of unconsolidated sediments or poorly con‐
solidated bedrock, with little or no vegetation. They are useless for agriculture because of
their intensely dissected landscape.

They appear to offer in a miniature spatial scale and a shortened temporal scale many of the
processes and landforms exhibited by more normal fluvial landscapes, including a variety of
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slope forms, bedrock or alluvium-floored rills and washes, and flat alluvial expanses similar
to large-scale pediments.

Although badlands evoke an arid image, they can develop in nearly any climate in soft sedi‐
ments where vegetation is absent or disturbed. General reviews of badlands and badland
processes are provided by Campbell [19] and Bryan and Yair [20], including discussions of
the climatic, geologic, and geographic setting of badlands, sediment yields, host rock and re‐
golith variations among badlands and field measurements of processes.

Badland landscapes are typically asymmetrical (Figure 1). The sunny aspects show impover‐
ished or null vegetation cover because of the strong control on water availability effected by
radiation, whereas the shady aspects may bear a vegetation cover close to 100% [21-23].
Steep slopes and gullies do not allow the formation of a developed soil because erosion
processes are either frequent and/or intense.

Figure 1. Typical badland form at Pisticci (Basilicata Southern Italy) with southern eroded side and northern vegetated
side

Calanchi and biancane are considered peculiar forms of badlands evolution [10].

The term calanchi describes the dendritic network of slope forms created on a single hillslope
scarp (Figure 2). An individual calanco is defined by knife-edged ridges, separating small hy‐
drographic drainage networks with horseshoe-shaped headwalls [24-25]. Biancane are small,

The Role of Soil Mineralogy, Geochemistry and Grain Size in the Development of Mediterranean Badlands: A Review
http://dx.doi.org/10.5772/53050

7



Soil erosion by water is often quite widespread and can occur in all parts of drylands where
rainfall is sufficiently intense for surface runoff to occur. This category includes processes
such as splash, sheet, rill and gully erosion. Splash erosion is commonly the first stage of
water erosion and occurs when rain drops fall onto the bare soil surface. Their impact can
break up surface soil aggregates and splash particles into the air. As water runs over the soil
surface it has the power to pick up particles released by splash erosion and the capacity to
detach particles from the soil surface. This may result in sheet erosion, where soil particles
are removed from the whole soil surface on a fairly uniform basis.

Where runoff becomes concentrated into channels, rill and gully erosion may result. Rills are
small rivulets of such a size that they can be ploughed over with farm machinery. Gullies
are much deeper (often being several metres deep and wide) and form a physical impedi‐
ment to the movement across the slope of farm machinery, even people and livestock [13].

Soil erosion by wind is also widespread throughout drylands that are exposed to strong
winds. It includes both the removal and re-deposition of soil particles by wind action and
the abrasive effects of moving particles as they are transported. In areas with extensive
loose, sandy material, wind erosion can lead to the formation of mobile sand dunes that
cause considerable economic losses through engulfing adjacent farm land, pastures, settle‐
ments, roads and other infrastructure [14].

Gravitational erosion tends to be more localised in regions with steep, rocky slopes and in
mountain ranges. On sloping land when soil is saturated, its weight increases and the down‐
ward forces of gravity will induce a relatively large down-slope movement of soil and / or
rocks (e.g. landslides, slumps, earth flows and debris avalanches). This mass movement of
material may be very rapid and involve large volumes of soil, but is usually limited to iso‐
lated and localised events. Landslides may be natural events, however, their frequency and
severity is likely to greatly increase following deterioration or loss of the natural vegetative
cover by logging, overgrazing and / or clearing for cultivation [5, 15-17].

Freeze/thaw erosion is restricted to high altitude areas and areas with cold climates. It oc‐
curs when water in the topsoil initially freezes and expands, then melts, damaging topsoil
structure and enabling loosened surface soil particles to be carried away in melt water run‐
off. It is primarily a natural process rather than one which is accelerated by particular hu‐
man activities [15, 17-18].

This chapter covers only the assessment of soil erosion by water.

3.1. Soil erosion landscape: Badlands

The term badlands is currently used for areas of unconsolidated sediments or poorly con‐
solidated bedrock, with little or no vegetation. They are useless for agriculture because of
their intensely dissected landscape.

They appear to offer in a miniature spatial scale and a shortened temporal scale many of the
processes and landforms exhibited by more normal fluvial landscapes, including a variety of

Soil Processes and Current Trends in Quality Assessment6

slope forms, bedrock or alluvium-floored rills and washes, and flat alluvial expanses similar
to large-scale pediments.

Although badlands evoke an arid image, they can develop in nearly any climate in soft sedi‐
ments where vegetation is absent or disturbed. General reviews of badlands and badland
processes are provided by Campbell [19] and Bryan and Yair [20], including discussions of
the climatic, geologic, and geographic setting of badlands, sediment yields, host rock and re‐
golith variations among badlands and field measurements of processes.

Badland landscapes are typically asymmetrical (Figure 1). The sunny aspects show impover‐
ished or null vegetation cover because of the strong control on water availability effected by
radiation, whereas the shady aspects may bear a vegetation cover close to 100% [21-23].
Steep slopes and gullies do not allow the formation of a developed soil because erosion
processes are either frequent and/or intense.

Figure 1. Typical badland form at Pisticci (Basilicata Southern Italy) with southern eroded side and northern vegetated
side

Calanchi and biancane are considered peculiar forms of badlands evolution [10].

The term calanchi describes the dendritic network of slope forms created on a single hillslope
scarp (Figure 2). An individual calanco is defined by knife-edged ridges, separating small hy‐
drographic drainage networks with horseshoe-shaped headwalls [24-25]. Biancane are small,

The Role of Soil Mineralogy, Geochemistry and Grain Size in the Development of Mediterranean Badlands: A Review
http://dx.doi.org/10.5772/53050

7



conical or dome-shaped forms up to 20 m high (Figure 2), which may occur singly or in
groups [9, 26-28].

Calanchi is the result of a rill erosion. Rill erosion is the removal of soil by water from very
small but well defined, visible channels or streamlets where there is a concentration of over‐
land flow [29]. In general, rill erosion is more serious than sheet erosion, and it is most ac‐
centuated when intense storms occur in watersheds or sites with high runoff-producing
characteristics, loose, and grading operations.

Rill erosion is often described as the intermediate stage between sheet and gully erosion,
and occurs by a concentration of runoff or low points through the soil.

Gully erosion could be considered as an advanced stage of rill erosion, where surface chan‐
nel gullies (intermittent stream channels larger than rills) have been eroded to the point
where they cannot be smoothed over by normal tillage operations.

Underground (groundwater) erosion is the removal of soil caused by groundwater seepage
or movement towards a free face. It is also known as piping and occurs as a result of bank
drainage or, in general, when seepage forces exceed intergranular stresses or cohesive forces
[29]. Pipes can form in the downstream side of earth dams, gully heads, streambanks, and
slopes where water exits from the ground. Once a cavity (pipe) forms, it is able to enlarge
quickly since the flow follows the path of low flow resistance.

Figure 2. Typical morphological features of the landscape forms in Mediterranean area (Aliano, Basilicata – Southern
Italy)

3.2. Compositional controls of badlands occurrence

The main factor controlling badland formation is the particular character of the rocks or oth‐
er materials which form the base for the interaction of weathering and erosion processes
[19]. However, the existence of other risk factors such as climatic condition, human activi‐
ties, geomorphological exposition, structural features, encourages the intensification of ero‐
sion and development of morphological features of the landscape forms [27, 30-36].

Soil Processes and Current Trends in Quality Assessment8

Soils in badlands deserve special attention, because soils are the inter-phase between the
lithosphere and the atmosphere, and so constitute one of the key elements either favoring or
restricting the initiation of badland formation.

When soils are resilient against erosion processes, gullies do not form; however, when soils,
either because of their particular ground cover, i.e. sparse vegetation, and/or intrinsic prop‐
erties, cannot withstand erosive forces, the topsoil is eroded and deep gullies develop,
which may give rise to badlands if the underlying material is also erosion-sensitive.

Consequently, the characteristics of the materials underlying soils are crucial for the devel‐
opment of true badlands.

Lithology is a major factor for badland production, and is probably of greater importance
than tectonics, climate, topography or land use [4, 6, 19, 37-38].

The general characteristics of a soil, regolith or geological formation that favours badland
relief are the unconsolidated or very poorly cemented material of clay and silt, sometimes
with soluble minerals such as gypsum or halite [39]. Specific characteristics, like structure,
mineralogy, physical and chemical properties, may play either a primary or secondary role
in material disintegration and badland development.

In the Mediterranean area most parent materials are essentially silt-dominant, with clay as
the second particle size, while sand is generally very poorly represented.

Texture depends on four factors: particle-size distribution, grain shape, degree of crystallini‐
ty and relationship among grains [40]. Of these, particle-size distribution plays the key role
in susceptibility for material disintegration and erosion: the larger the range of particle sizes,
the higher the degree of packing, and hence the greater resistance to breakdown processes.

Conversely, the narrower the particle-size distribution, the higher the susceptibility for ma‐
terial disintegration, piping and, consequently, for badland development [40-41].

Besides textural properties, porosity is the second most important physical property [42-43].
If suitable macropores are available within the material for enlargement, dispersion can en‐
courage the rapid enlargement of subsurface pipes [44-45], a process sometimes referred to
as piping or tunneling.

Infiltration is defined as the process by which water enters the soil. Its rate depends on soil
type, soil structure and soil water content [46]. Infiltration is important for reducing run-off
and consequent erosion. Increased soil compaction and loss of surface structure (reduced
aggregation) are the main factors in reducing water infiltration rates in soils. Such rates are
normally dependent upon the occurrence of large pores occupying the upper surfaces of the
soil; therefore they depend on soil texture in the first place [47].

Soil bulk density is defined as the mass of soil per unit volume in its natural field state, in‐
cluding air space and mineral matter, plus organic substance. High values of bulk density
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may restrict the movement of surface waters through the soil, leading to a loss of nutrients
by leaching. It may also increase erosion rates. Bulk density measurements are very impor‐
tant for assessing soil quality, since root growth and penetration of soil, together with the
ease of soil aeration, are largely controlled by this factor [48].

Geotechnical properties provide another important control for erosion: Atterberg limits (for
consistency), swelling, and slaking behavior are considered in many badland studies [10,
49-50].

Certain minerals play an essential role in the breakdown of some rocks at near surface con‐
ditions.

Some minerals are important because they may become soluble, like all soluble salts (halite),
but also moderately soluble like sulphates (gypsum) or carbonates (calcite and dolomite), es‐
pecially when they can be dissolved because of the small size of their constitutive particles
and/or solvent characteristics [51].

Some other minerals; like clay minerals (smectite in particular), can absorb water in amounts
several times their dry weight, with consequent volume increases. Wetting-drying alterna‐
tions in materials with expandable clays cause the formation of nets of deep cracks and may
also lead to the formation of a shallow layer of loose expanded regolith fragments, usually
called popcorn [5].

It was found that the percentage presence of the swelling clays in the overall material mass
is very important. Where clay percentages are high, the material mass is rendered imperme‐
able on swelling, encouraging surface wash erosion and reducing infiltration. Where clay
percentages are low, the deflocculation of the clay fraction merely destructures a material
already lacking in other sources of cohesion, encouraging subsurface erosion. Given the
presence of a suitable hydraulic gradient through a site, this distinction will separate materi‐
als that are dispersive but which do not develop large pipes from those that do.

Clay dispersion is a physico-chemical process relevant to erosion processes, particularly to
the development of pipes. Materials (soils, regoliths or rocks) with a potential to disperse are
those which contain a high exchangeable sodium percentage (ESP), saturating part of the ex‐
changeable cations of their clays. This percentage is considered to be critical when higher
than 13.

To predict the tendency of materials to pipe, Faulkner et al. [52-55] explored the effective‐
ness of the relationship between electrical conductivity (EC) and SAR (sodium adsorption
ratio), originally used by Rengasamy et al. [54]. Whilst this improves diagnosis over the use
of ESP or SAR values alone, it seems that this analysis is also insufficient in itself to distin‐
guish between badland surfaces in terms of their morphology.

The relationship between pH and SAR can be used to indicate the extent of material buffer‐
ing as dispersivity changes.

3.3. Erosion prediction

In the analysis of the processes connected to the land degradation, many models were devel‐
oped in the past with the objective to give a qualitative and quantitative solution to the
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problem of the soil loss and erosion. This estimation of those phenomena is particularly dif‐
ficult due to the number of variables to consider and their typologies including both natural,
i.e. soil nature, vegetation and rainfall, and anthropic ones, as the many options for manage‐
ment practices and land use. Models about this evaluation are often based on empirical or
process-based analysis and the synthetic equations used to describe the phenomenon are
necessarily complex because they have to include the interactions of all the parameters. Be‐
sides, the complexity of the erosion processes, and the need for huge data banks to compile
the many algorithms which are included in the models, are also technical problems to con‐
sider in the analysis plan. Anyway many erosion prediction models are available: event-
based or long-term models, empirical or physically based models, on a basin or plot scale,
which have been improved in the last few decades. One of the best examples in the estima‐
tion of long-term average annual soil loss from arable lands, is the Universal Soil Loss Equa‐
tion (USLE) model.

The Universal Soil Loss Equation (USLE), developed by Wischmeier, Smith, and others in
the 1960, predicts the long term average annual rate of erosion on a field slope based on
rainfall pattern, soil type, topography, crop system and management practices.

In the applications related to the analysis of erosion processes, the USLE equation was re‐
placed by the Revised Universal Soil Loss Equation (RUSLE), which has a similar structure
(that is a black-box factor empirical model), but with more sophisticated inputs and it is de‐
signed for operation on personal computers

Because there is a wide discrepancy between predicted and observed erosion rates, models
are better as research tools than as public policy and regulatory instruments or for prescrip‐
tive design measures for constructed landforms. But some models may provide useful guid‐
ance for the design engineer if adequately calibrated and verified for local conditions and if
the design accounts for the uncertainty.

4. Influence of soil features on developing calanchi erosional landforms
in Southern Italy (Basilicata)

The soil erosion risk is widespread in the Mediterranean. Some areas of Italy are an excellent
example of soil erosion risk. Soil erosion vulnerability in the Basilicata region (Southern
Apennines - Italy) is mostly represented by water erosion forms. Calanchi and biancane are
two typical erosion landforms present in the Basilicata region and this area is a key reference
for the international studies of water erosion processes [3, 8, 30, 56-58].

4.1. Geological and climatic settings

The studied sites are part of a well-known area of present desertification [1, 7, 20, 27, 30,
56-65], and is located in the far south of the Apennines (Figure 3).
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two typical erosion landforms present in the Basilicata region and this area is a key reference
for the international studies of water erosion processes [3, 8, 30, 56-58].
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The studied sites are part of a well-known area of present desertification [1, 7, 20, 27, 30,
56-65], and is located in the far south of the Apennines (Figure 3).
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Figure 3. Geologic map showing the location of the study areas [adapted from Piccarreta et al., 2006]

The Pisticci site is a hilly area between the river Basento and the seasonal stream Salandrella,
both deeply carved in the late Pliocene-Calabrian Sub-Apennine clays of the Bradanic Fore‐
deep [61].

The Sub-Apennine clays are clays and silty clays, sometimes sandy clays, typically blue in
colour. The lithological uniformity of the pelitic facies is attenuated by thin sand-silt and tuff
layers (centimetric scale).

The Aliano site is situated in the heart of the Basilicata Appenines and is part of the north-
eastern area of the Plio-Pleistocene Sant' Arcangelo basin.

The formations were affected by the uplift of the eastern margin of the Apennine chain dur‐
ing the upper Pliocene and Post-Calabrian ages [66]. The whole area shows tectonic aspects
due to movements which have prevailing vertical components. This is clearly caused by the
features of the sedimentary layers, from sub-horizontal to gently dipping. Generally speak‐

Soil Processes and Current Trends in Quality Assessment12

ing the stratification is still not well-distinguished. The stratigraphic sequence and the basin
structure have been studied in depth [67-74].

In the study areas the Plio-Pleistocene clays are the most diffused lithology to be found.
These are 500 to 900 m thick [27, 75] and consist of marly and silty clays with a middle–high
plasticity [27, 71].

Pieri et al. [76] redefined the Plio-Pleistocene successions by subdividing them into four
depositional sequences, such as the Late Pliocene – Middle Pleistocene on the basis of the
stratigraphic, sedimentologic and structural features of the deposits outcropping in the
northern basin. Each cycle, several hundred metres thick, represents one or more depositio‐
nal systems (alluvial, marine-deltaic and lacustrine).

Patacca and Scandone [73] suggest a new structural architecture for the Southern Appe‐
nines, especially for the Plio-Pleistocene Foredeep/thrust-sheet-top deposits. According to
these authors, the Plio-Pleistocene thrust-sheet-top and Foredeep deposits were subdivided
into two depositional sequences both of which are governed by tectonic processes active in
the mountain chain (P1-2 - lower-upper Pliocene - and Q1-2 – lower-middle Pleistocene -
thrust-related depositional sequences).

Details about the thrust-related depositional sequence in the Southern Appenines and the
relative systems tracts, including the characteristic stratigraphic signatures, are supplied in
Patacca and Scandone [72].

The area studied is characterized by extremely widespread erosion mainly affected by the
lithological features of their soils. The overall geomorphological development of this area re‐
sulted from periodic intensive erosion, which began in the Late Pleistocene and continued
during the Holocene due to tectonic movements, climatic changes and related sea-level fluc‐
tuations [77].

These two sites have been chosen because they are represent by two different badlands
areas.

In the Pisticci area there are “typical” badlands, a representation of the usual morphology of
the semi-arid Mediterranean area – characterized both by an eroded slope facing south and
a non-eroded (covered) slope facing north [56, 58, 61, 65]. Erosion was studied on sediments
of Sub-Apennine clays, unvegetated slopes (SE-facing scarp slopes up to 35°-40°) with high
rates of erosion, labelled "Pisticci, eroded", and opposite vegetated slopes (NW-facing scarp
slopes up to 20°) labelled "Pisticci, non-eroded" (Figure 4).

Also in the Aliano area there are slopes with features of erosion common to clayey-silty
rocks exposed to the south-east as well as adjacent slopes having the same exposure (south-
east), but showing a different erosional action. A partially-vegetated covering can be found
(Figure 5).

The annual average rainfall for the Pisticci area 1923–2000, is about 645 mm [78-79]. The
most abundant precipitation is in Autumn and Winter; Summer is the driest season [80].
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In the Aliano area, from 1955 to 2000, the annual mean precipitation was 738 mm (st.dev.

174mm), mainly concentrated from the months of October to January. In the same area the

minimum and maximum values recorded over a period of 46 years are, respectively, 367mm

and 1090 mm [34].

south facing eroded slope north facing covered slope

-PISTICCI area –

Figure 4. Photos from Pisticci studied area: “typical” badlands on sediments of Sub-Apennine clays, characterized
both by an eroded slope facing south (scarp slopes up to 35°-40°) and a non-eroded (covered) slope facing north
(scarp slopes up to 20°).

eroded slope

-ALIANO area –
non eroded slope

Figure 5. Photos from Aliano studied area: slopes with clayey-silty rocks exposed to the south-east as well as adjacent
slopes having the same exposure (south-east), but showing a different erosional action.
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In both areas, the climate is typically Mediterranean, characterized by warm and dry Summ‐
ers with temperatures averaging 26-27°C with a maximum as high as 39°C, and cold and
rainy Winters with temperatures averaging 8-10°C in January.

4.2. Materials and methods

For each slope, eroded and non eroded (in all case studies), samples were collected in order
to represent the several litho-pedological levels. Since vegetated soils resist breakdown and
crusting [58], within the eroded slope, the crust was only differentiated with respect to the
substrate and was defined as existing at 0-2 cm depth. Below the crust, samples were label‐
led "substrate". For each eroded and non-eroded slope, three different profiles were sam‐
pled: top, middle, and bottom (Figure 6).

Detailed grain size analyses were carried out by laser diffraction, a Malvern MasterSizerE
laser particle-sizer with a 100-mm lens, which identifies grain-size intervals from 0.5 to 100
μm. For mineralogical analysis the clay fraction (<2 μm) was separated by means of frac‐
tioned sedimentation in accordance with Stokes’ law.

Mineralogical analyses were carried out by X-ray diffraction (XRD) on a Rigaku D/
Max-2200/ Pc powder diffractometer (theta-theta configuration, Cu Kα radiation). Quantita‐
tive mineralogical data were obtained according to Barahona [81], and the results were
checked by means of a comparison with chemical data.

Chemical bulk-rock elements were measured by X-ray fluorescence (XRF) on a Philips PW
1480/10 spectrometer with Cr radiation. Recommendations made by Franzini et al. [82] were
applied in order to correct matrix effects by using international geological standards.

pH measurements were made according to the procedure indicated in Italian law no.79 [83].
Dried samples were mixed with distilled water (ratio 1:2.5) and the mixture was then stirred
and pH measured.

Figure 6. Sampling profile
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Selected soluble salt concentrations (Na+, K+, Mg2+, and Ca2+) were measured by ion chroma‐
tography [52], and sodium adsorption ratio (SAR) and Exchangeable Sodium Percentage
(ESP) calculated according to the formula:

SAR = Na
Mg + Ca

2

ESP = Na
CEC 100

Pearson’s correlation coefficients and Student’s T-test were calculate to quantify the relation‐
ship between variables.

4.3. Results and discussion

The mineralogical, geochemical and grain-size composition features of these slopes has been
determined to find common risk factors for the different areas.

Only a few grain-size parameters, mineralogical and geochemical features discriminate the
eroded and non eroded substrates [8]. The water erosion phenomena is present where the
fine fraction is abundant (more evident in Aliano than in Pisticci). This can be explained by a
reduction of permeability in eroded soils while the non eroded ones are more stable with
respect to the weathering phenomena, as they are more permeable.

Crusts represent the more weathered and modified part of eroded sides, but their grain size
and chemical features resemble non eroded materials better than their own substrate. Such a
similarity can be depicted as an auto-stabilization process of superficial portion of eroded
slopes [e.g. 53, 84]. Chemical data enable discrimination between eroded and non-eroded
slopes in all case studies.

pH, SAR (sodium adsorption ratio), TDS (total dissolved salts) and PS (percentage of so‐
dium) are distinctive parameters for both eroded and non-eroded slopes. On average, erod‐
ed substrates are higher in pH, SAR and PS than non-eroded ones. The ESP (exchangeable
sodium percentage) of the eroded slope has a higher value than the non-eroded one [8].

The results of this study show that, even if geological and geomorphological differences ex‐
ist between the two areas, common erosion risk factors can be characterized.

4.3.1. Geomorphological and structural observations

In both study areas, the topography has a gentle dip and morphology is expressed as a typi‐
cal monoclinal landscape. However, the causes for the monoclinal topography differ in the
two regions (Figure 7).

The Aliano site has been interpreted as a simple monoclinal system, whereas at the Pisticci
site, landslides are particularly widespread on the South-East facing hillslopes [33-34, 85].

Although the monoclinal morphology has differing origins in the two areas, in both settings,
the existing primary and secondary network of fractures and joints appears to influence the
genesis and development of surface drainage [33-34, 61].

Soil Processes and Current Trends in Quality Assessment16

In Aliano, down-valley structural features have been focussed around the weaker parts of
the structural sequence of marine clays, although in the case of Pisticci, since these are fail‐
ure planes not lithological features, these lineaments are more discontinuous in their down-
valley pattern as might have been imagined.

In both settings, the rapidity of the geomorphic processes on the relatively steeper scarp
slopes generally prohibits vegetation from securing a stable function.
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4.3.2. Granulometrical and mineralogical properties

After grain size analyses, all the substrate samples studied were found to be of the clayey-
silt type, which is a typical substrate facilitating the formation of calanchi, as suggested by
Battaglia et al. [10]. The grain size diagram [86] does not distinguish the eroded from the
non-eroded slopes (Figure 8) neither does the soil erodibility nor the soil-quality diagram,
from the CORINE Land cover [87]. However, more detailed grain-size distribution is shown
in Figures 4 and 5, and gives further information, as it deals with the lower coarse fraction
(>63 μm) of eroded substrates in all profiles (r=0.783, p<0.000). Comparing the profiles of the
two slopes, further grain size discrimination is achieved due to the fact that the non-eroded
profile of Aliano has larger course fraction (>16 μm, Figure 9) instead the non eroded profile
of Pisticci are enriched in 4–63 μm fraction (Figure 10).

In both cases, the granulometric characteristics of the crust of the eroded slope are compara‐
ble with those of the substrate not eroded, as demonstrated by a linear correlation coefficient
R close to 1 (p<0.000). This means that after erosion the most delicate part of the slope (the
crust) becomes less dispersive as a sort of auto-stabilization process.

The micromorphological information on some samples of the eroded side show three dis‐
tinct domains (Figure 11).

Below 20 cm the fine-grained dense sub-zone displays a massive structure and is relatively
impermeable. Immediately above this dense sub-zone, a zone of isorientate structure with
low porosity is present (2–20 cm).
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Figure 9. Average granulometrical composition of eroded and non eroded samples of Aliano
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The top 2 cm of the profile appears dispersive with high porosity. Infiltration process domi‐
nates, due to high permeability. The high porosity of the top 2 cm of the soil suggests that the
most important hydraulic activity is restricted under this depth, at the intermediate level.

Both the eroded and non-eroded slopes in Aliano and Pisticci show a fairly comparable min‐
eralogical composition of the samples on account of their mineralogical phases and quantity.
So, it was not possible to define a systematic trend distinguishing bulk rock mineralogy with
erosive features.

The mineralogical assemblage of the samples consists of quartz, calcite and feldspars (Table 2),
with some difference in quantity for the two sites. Dolomite is always present but in lower con‐
centrations; traces of gypsum and hematite occasionally occur at low levels. Among the clay
minerals, illite is the most abundant (on average 50% of the clay fraction), while chlorite, kao‐
linite and mixed-layer illite–smectite generally having lower concentrations (Tab. 2).  The
amount of kaolinite is higher in the eroded slopes (r=0.829) than in the non-eroded ones
(r=-0.703). The quantity of illite in the eroded slope is lower than that in the non-eroded one.

4.3.3. Chemical properties

Some parameters are found to be higher in the eroded substrates than in the non-eroded
ones (Figure 12) (p<0.000). Also the crusts of eroded slopes differ from the substrates and the
values of these three parameters increase with depth.

The total dissolved salts (TDS) can turn out to be quite distinctive in a comparison between
the eroded and non-eroded sides. The sodium adsorption ratio (SAR) is a slightly different
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expression of the importance of Na in the soluble cation composition with respect to PS. pH
values are alkaline (from 8.0 to 9.1).

The sodium effect of clay stability is often expressed as ESP (exchangeable sodium percent‐
age, [3, 8, 55]), and is closely related to the Na available for cation-exchange from the clays.
ESP–depth diagrams between the eroded and non-eroded slopes turned out to be extremely
differentiating (Figure 13).

The various relations between these chemical parameters, which define soil susceptibility to
dispersion, can also predict the performance of the surface layers and subsoil [10, 53-55,
88-89]. According to this approach the substrate of the eroded and non eroded slopes can be

Figure 11. Sample of the eroded side at optical (a) and scanning electron microscopy (b)
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Locality Aliano Pisticci

Type non eroded eroded non eroded eroded

Average std. dev. average std. dev. average std. dev. average std. dev.

Mineralogical composition of the bulk rock

Sheet silicates % 36,0 4,7 32,6 4,3 43,4 3,5 39,5 7,5

Quartz 28,4 2,7 27,8 2,6 21,8 2,1 21,7 2,1

Calcite 17,1 1,8 20,9 2,3 23,2 2,9 21,6 1,9

Dolomite 3,4 0,8 3,7 1,1 2,3 0,5 3,8 1,2

Feldspars 14,8 3,0 14,8 3,1 9,2 1,2 12,7 3,1

Gypsum 0,1 0,3 0,0 0,0 0,0 0,0 0,0 0,0

Hematite 0,0 0,0 0,0 0,0 0,0 0,0 0,2 0,4

Mineralogical composition of the clay fraction (< 2 µm)

Kaolinite % 12,0 2,6 15,4 3,3 22,7 3,9 26,8 1,9

Chlorite 20,1 2,6 20,7 5,1 17,3 3,1 22,7 2,1

Illite-smectite 9,8 4,9 6,6 4,0 17,4 14,5 18,0 7,9

Illite 58,0 6,6 57,4 9,7 42,7 10,0 32,5 8,0

Table 2. Mineralogical composition of sample of Aliano and Pisticci area
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tentatively distinguished by using the general subdivision reported in the PS–TDS–SAR dia‐
gram of Figure 14 [8, 10, 89-90].

As shown in the diagram (Figure 14), all the samples of the non-eroded slopes have a high
degree of variability as they are to be found in all the three classification zones.

The eroded slopes are mainly included in a dispersive zone, except for some samples includ‐
ed in the overlap zone. The dispersive properties of the latter samples are not so clear. In
some cases, this shows a tendency of some portions of eroded slopes, which generally corre‐
spond to the topmost part of the slope, towards geochemical stabilization.

Other diagrams such as ESP-pH (Figure 15) can also be effective for distinguishing the erod‐
ed from non-eroded slopes [3, 8, 90]. The reason why ESP is a better discriminator may be
due to the fact that the composition of the exchange complex is an intrinsic soil property.

An interesting feature that arises from many reported diagrams (Figures 14–15) is the anom‐
alous plotting of crust samples in the eroded slope compared with other eroded profiles
(white symbol in the non dispersive zone). Comparing the crusts with eroded substrates,
crusts are clearly characterized by lower dispersivity parameters. The uppermost substrate
samples of the non-eroded slope also follow the same trend as shown by crusts, suggesting
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that severely weathered portions of slope tend to reach a stable condition due to strong de‐
creases in SAR, PS and ESP.

This effect, as mentioned by Faulkner et al. [53], is severe for the upper profile of the eroded
slope, so that crust samples often plot in the non-dispersive field. This sort of ‘auto-stabiliza‐
tion’ process has been mentioned by several authors [e.g. 53, 84, 91] dealing with Na leaching.

As can be observed the eroded slope of Pisticci and that of Aliano have similar composition‐
al characters with chemical characteristics associated with highly dispersive soils, regardless
of exposure, or other geomorphological or climate factors.

4.4. Conclusion

This research has demonstrated that certain physico-chemical properties of the local sodic
Plio-Pleistocene clays influence the different erosional processes in the two study slopes in
Basilicata in fundamental ways.

Clay materials in the middle and base of the slopes retain a dispersive character. Only a few
grain-size parameters discriminate eroded from non-eroded substrates. The water erosion
phenomena is present where the fine fraction is abundant. This can be explained with a re‐
duction of permeability in eroded soils while the non-eroded ones are more stable.

Erosional risk factors can be found in granulometrical features, in particular an higher fine
fraction (< 16 μm for Aliano slopes and more abundant 8-16 μm for Pisticci slopes) promote
erosional phenomena.

From a chemical perspective, a higher value of pH, SAR, PS parameters and above all ESP
are an indication of intensive erosional processes.

The substrate of eroded and non eroded slopes can be discriminated by classification dia‐
grams using some chemical parameters (SAR, PS and TDS) as dispersivity descriptors.

A better separation of substrates is obtained using other diagrams such as the ESP-pH.

If for the Pisticci site the exposure has always been considered one of the main erosion fac‐
tors, by comparison with the slopes of Aliano we can understand how the intrinsic charac‐
teristics of the soil are crucial for the development of the erosion process.

The granulometric, mineralogical and chemical characters of the non-eroded slopes of Alia‐
no (facing South) are comparable with those of the slopes of Pisticci (facing North).

The two study sites also have another common feature that it is possible to extend to all bad‐
lands domains: the auto-stabilization process.

This process has been identified thanks to the physico-chemical properties of the two moni‐
tored badland sites and the pH / SAR relationship that shows the tendency of the crust to
auto-stabilise, confirming they are really effective signature sites.

Also the granulometrical similar composition of crusts and non-eroded substrates can be in‐
terpreted as an auto-stabilization process of superficial portion of eroded slopes.

Soil Processes and Current Trends in Quality Assessment24

5. Concluding remarks

Badlands are a typical landform of greatly dissected fine-grained materials. Calanchi and
biancane are considered peculiar forms of badlands evolution. Their formation is closely re‐
lated to the physico-chemical properties of the soil, climatic and geomorphologic conditions,
and human activities.

Studies reviewed have shown that badlands have been investigated for their peculiar fea‐
tures and processes in the frame of landscape evolution, spatial and temporal distributions,
denudation rates, effects of man's activity, and erosion risk assessment or mitigation, but
several aspects of their genesis and evolution are still unclear.

Various factors and geomorphic processes seem to interplay in calanchi genesis and evolu‐
tion, in relation to local microclimatic conditions, geological features and land use changes.

Some parameters, however, are not yet sufficiently considered: grain size, physical and min‐
eralogical characteristics of clay sediments, soil chemistry, and chemical features of surface
and underground water.

The results of the presented study show that the erosional mechanism involves morphologi‐
cal and geographic exposure and climatic elements as well as grain size, mineralogy, chem‐
istry and exchangeable processes of soils. They are important characteristics of eroded soil
to give a further contribution to the issue of calanchi genesis, in an attempt to integrate pre-
existing studies with new risk factors.

It’s possible to define erosional risk factors as granulometrical, mineralogical from a chemi‐
cal perspective. These indicators of soil erodibility risk can be applied in different erosional
development and can be used to update the current model for erosion prediction in term of
soil-erodibility factor K in the RUSLE equation.
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1. Introduction

1.1. Classification of solutes, pollutants and subsurface pollution

Solute transport is of importance in view of the movement of nutrient elements, e.g. towards
the plant root system, and because of a broad range of pollutants. Pollution of the subsurface
is often considered to be either point source pollution or diffuse source pollution. Point source
pollution covers a limited area, and is often caused by accidental (or illegal) spills (e.g. leaking
pipes, tanks, mine tailings, etc.). Diffuse source pollution covers a large area and is in general
caused by large-scale application of both beneficial and hazardous compounds at the soil
surface (manure and fertilizer, pesticides, atmospheric deposition of acids and radio nuclides,
etc.). Pollution is not necessarily man induced, but may be due to geological or geohydrological
causes, e.g. in the cases of pollution with arsenic, and salt.

For the polluting species, a distinction can be made between dissolved and immiscible, and
between conservative and reactive. Dissolved pollutants (aqueous phase pollutants) will
spread with the groundwater due to groundwater flow, diffusion and dispersion. Immiscible
pollutants will spread as a separate phase (non-aqueous phase liquids, NAPL). They will
contain components with very low solubility in the water phase. They constitute a long-term
source for pollution.

Conservative pollutants are those that do not react with the solid soil material, do not react
with other pollutants and will not be degraded by biological activity. Reactive solutes may
enter or leave the water phase through adsorption/desorption, chemical reactions, dissolution/
precipitation and/or biodegradation.

1.2. Some basic definitions

Advection : the spreading of a pollutant by groundwater flow.
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Diffusion : the spreading of a species dissolved in the water phase by the Brownian motion of
the ions (molecules).

Dispersion : the spreading of a species dissolved in the water phase by local variations in the
water velocity.

Adsorption/desorption : interaction of species dissolved in the water phase with the solid matrix.
This process can be physically based or chemically based, reversible or irreversible.

Chemical reactions : reactions of species dissolved in the water phase with other species,
resulting in the occurrence of different species altogether.

Biodegradation : the degradation of species dissolved in the water phase by bacteria.

Radioactive decay : the degradation of species by radioactivity.

Concentrations of species in the water phase Ci (including pure water itself) are defined as the
mass of the species per unit volume: kg/m3, g/l, mg/l, etc.

The density of a multi-component fluid, consisting of N components, is then given as:
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For dilute solutions (tracer concentrations) all mass fractions ωi <<1, except for the pure water.
This means that the density of the fluid is close to the density of pure water, and can be assumed
to be constant.

Water density is a function of pressure, temperature and composition. This last dependence
is only important at high concentrations. E.g. in case of seawater intrusion, or in deep saline
aquifers which are sometimes used to store waste or to produce energy. In these deep aquifers
salt concentrations can be as high as 300 g/l, resulting in a water density of 1200 g/l (giving a
salt mass fraction of 0.25). Water density fluctuations will also play a role in the subsurface
storage of heat.

Water viscosity is a function of pressure, temperature and composition. This influences the
hydraulic conductivity (see next section). The dependence on the temperature is by far the
most important. Hence, this dependence must be taken into account in the analysis of subsur‐
face storage of heat.
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1.3. Groundwater flow

Groundwater flow is described by Darcy’s law. Darcy’s law is in principle the form of the
momentum balance (Navier-Stokes equation), averaged over a large number of pores. It also
follows from a balance of forces on water flowing through a porous medium.
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Diffusion : the spreading of a species dissolved in the water phase by the Brownian motion of
the ions (molecules).

Dispersion : the spreading of a species dissolved in the water phase by local variations in the
water velocity.

Adsorption/desorption : interaction of species dissolved in the water phase with the solid matrix.
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resulting in the occurrence of different species altogether.

Biodegradation : the degradation of species dissolved in the water phase by bacteria.

Radioactive decay : the degradation of species by radioactivity.
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aquifers which are sometimes used to store waste or to produce energy. In these deep aquifers
salt concentrations can be as high as 300 g/l, resulting in a water density of 1200 g/l (giving a
salt mass fraction of 0.25). Water density fluctuations will also play a role in the subsurface
storage of heat.

Water viscosity is a function of pressure, temperature and composition. This influences the
hydraulic conductivity (see next section). The dependence on the temperature is by far the
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where we have assumed that the resistance factor R’ is proportional to the liquid viscosity μ.
κz is the intrinsic permeability in the z-direction (L2), which is assumed to be a property of the
porous medium. The intrinsic permeability of a porous medium is largely determined by the
pore sizes and shapes. A strong correlation between permeability and porosity exists. Similar
expressions can be obtained for the flow in x and y direction:
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Basic assumptions in this derivation are that the acceleration of the water can be neglected,
and that the friction forces are linear dependent on the velocity.

The latter is not always true (especially at high water velocities, e.g. close to an abstraction or
infiltration well), in which case Darcy’s law is not valid, but should be replaced by Forchheim‐
er’s equation:
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where β is again a property of the porous medium.

Define a piezometric head h as:
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Basically, the piezometric head consists of a pressure head p/ρg and the vertical position z with
respect to the reference level. It is the position of the top of the water column in an observation
well with respect to the reference level (usually mean sea level). This is different from unsa‐
turated flow, which is formulated in terms of the pressure head.

Substitution of equation (7) in equation (4), assuming that the density ρ is constant then gives
Darcy’s law in terms of the groundwater head h:
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and similar expressions can be obtained for qx and qy.

Consequently, if the density ρ and the viscosity μ are constant, we can define hydraulic
conductivities as:
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and the same for the y and z direction. This shows that the hydraulic conductivity k (L/T) is
dependent on the fluid properties.

The groundwater flow equation follows from a mass balance for the complete water phase
(including all dissolved species). Consider the element as depicted in Figure 2 with dimensions
Δx,Δy and Δz. The net mass influx over a period Δt in the x-direction is given by:
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 Figure 2 Water balance in a porous medium 
 
A similar expression can be obtained for the net mass influx in the y and z directions. 
The change in the total mass in the element is given by: 
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where n is the porosity. 
Equating the net mass influx and the change in mass gives the mass balance equation 
for the liquid phase: 
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For situations with varying fluid properties (salt water intrusion, storage of heat, etc.) 
this equation together with the pressure formulation of Darcy’s law (equations (4) and 
(5)) should be used. Note, that the flow equation in that case is non-linear. Note also, 
that in these cases, even though a piezometric head can be defined, it will not be the 
driving force for groundwater flow.  
 
If the density of the liquid ρ and the porosity n is assumed to be dependent on the 
pressure p only, the time derivative in the mass balance equation can be written as: 
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where Ss is the specific storage. Combining this equation with the piezometric head 
formulation of Darcy’s law (equations (8) and (9)) and division by the (constant) 
density gives the well-known groundwater flow equation: 
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Figure 2. Water balance in a porous medium

A similar expression can be obtained for the net mass influx in the y and z directions. The
change in the total mass in the element is given by:
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where we have assumed that the resistance factor R’ is proportional to the liquid viscosity μ.
κz is the intrinsic permeability in the z-direction (L2), which is assumed to be a property of the
porous medium. The intrinsic permeability of a porous medium is largely determined by the
pore sizes and shapes. A strong correlation between permeability and porosity exists. Similar
expressions can be obtained for the flow in x and y direction:
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Δx,Δy and Δz. The net mass influx over a period Δt in the x-direction is given by:
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with dimensions Δx,Δy and Δz. The net mass influx over a period Δt in the x-direction 
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 Figure 2 Water balance in a porous medium 
 
A similar expression can be obtained for the net mass influx in the y and z directions. 
The change in the total mass in the element is given by: 
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where n is the porosity. 
Equating the net mass influx and the change in mass gives the mass balance equation 
for the liquid phase: 

         0=
¶
¶

+
¶
¶

+
¶
¶

+
¶
¶

zyx q
z

q
y

q
x

n
t

rrrr  (12) 

For situations with varying fluid properties (salt water intrusion, storage of heat, etc.) 
this equation together with the pressure formulation of Darcy’s law (equations (4) and 
(5)) should be used. Note, that the flow equation in that case is non-linear. Note also, 
that in these cases, even though a piezometric head can be defined, it will not be the 
driving force for groundwater flow.  
 
If the density of the liquid ρ and the porosity n is assumed to be dependent on the 
pressure p only, the time derivative in the mass balance equation can be written as: 
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where Ss is the specific storage. Combining this equation with the piezometric head 
formulation of Darcy’s law (equations (8) and (9)) and division by the (constant) 
density gives the well-known groundwater flow equation: 
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Figure 2. Water balance in a porous medium

A similar expression can be obtained for the net mass influx in the y and z directions. The
change in the total mass in the element is given by:
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where n is the porosity.

Equating the net mass influx and the change in mass gives the mass balance equation for the
liquid phase:
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For situations with varying fluid properties (salt water intrusion, storage of heat, etc.) this
equation together with the pressure formulation of Darcy’s law (equations (4) and (5)) should
be used. Note, that the flow equation in that case is non-linear. Note also, that in these cases, even
though a piezometric head can be defined, it will not be the driving force for groundwater flow.

If the density of the liquid ρ and the porosity n is assumed to be dependent on the pressure p
only, the time derivative in the mass balance equation can be written as:
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where Ss is the specific storage. Combining this equation with the piezometric head formula‐
tion of Darcy’s law (equations (8) and (9)) and division by the (constant) density gives the well-
known groundwater flow equation:
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Note, that the average pore water velocity v is different from the specific discharge q :

v=q/n.

2. Simplified description of processes in reactive transport

2.1. General

Similar to the water balance, we can derive a general form for the mass balance of a dissolved
component in groundwater. Assume that the mass fluxes in x, y and z-directions are given by
Fx, Fy and Fz (M/L2T) respectively (see Figure 3).
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and similar expressions can be obtained for the net mass influx in the y and z-
directions. 
The change in mass of the component in the element over a period Δt is given by: 
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Due to the different processes occurring, mass of a component can be produced or lost 
in a period, e.g. because of adsorption/desorption, chemical reactions, decay, etc. The 
loss of mass due to these processes per unit volume and unit time will be indicated by 
I (M/L3T). Note, that I can be either positive (loss of mass) or negative (gain of mass). 
Combining the different terms then gives the following general mass balance 
equation: 
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In the following, the mass fluxes and/or the mass production associated with the 
different processes playing a role will be given. For the time being, simplified (linear) 
expressions will be given, which will result in a mass balance equation in the form of 
the classical Advection-Dispersion (or Convection Dispersion) equation, CDE. Later, 
more complicated expressions will be covered. 
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The net mass influx in the x-direction over a period Δt is then given by:
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and similar expressions can be obtained for the net mass influx in the y and z-directions.

The change in mass of the component in the element over a period Δt is given by:
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Due to the different processes occurring, mass of a component can be produced or lost in a
period, e.g. because of adsorption/desorption, chemical reactions, decay, etc. The loss of mass
due to these processes per unit volume and unit time will be indicated by I (M/L3T). Note, that
I can be either positive (loss of mass) or negative (gain of mass). Combining the different terms
then gives the following general mass balance equation:
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In the following, the mass fluxes and/or the mass production associated with the different
processes playing a role will be given. For the time being, simplified (linear) expressions will
be given, which will result in a mass balance equation in the form of the classical Advection-
Dispersion (or Convection Dispersion) equation, CDE. Later, more complicated expressions
will be covered.

2.2. Advection

Advection (or convection) is the transport of dissolved components by flowing groundwater.
The mass transport per unit area of porous medium of a dissolved component by flowing
groundwater is given by:

x xF q C= (18)

where Fx is the mass flux of the component in the x-direction (M/L2T), qx is the specific discharge
of water (Darcy velocity) in the x-direction (L3/L2T) and C is the concentration of the component
in the water phase (M/L3). No mass is produced or lost, hence, I=0.
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For situations with varying fluid properties (salt water intrusion, storage of heat, etc.) this
equation together with the pressure formulation of Darcy’s law (equations (4) and (5)) should
be used. Note, that the flow equation in that case is non-linear. Note also, that in these cases, even
though a piezometric head can be defined, it will not be the driving force for groundwater flow.

If the density of the liquid ρ and the porosity n is assumed to be dependent on the pressure p
only, the time derivative in the mass balance equation can be written as:
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where Ss is the specific storage. Combining this equation with the piezometric head formula‐
tion of Darcy’s law (equations (8) and (9)) and division by the (constant) density gives the well-
known groundwater flow equation:
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Note, that the average pore water velocity v is different from the specific discharge q :

v=q/n.

2. Simplified description of processes in reactive transport

2.1. General

Similar to the water balance, we can derive a general form for the mass balance of a dissolved
component in groundwater. Assume that the mass fluxes in x, y and z-directions are given by
Fx, Fy and Fz (M/L2T) respectively (see Figure 3).
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and similar expressions can be obtained for the net mass influx in the y and z-
directions. 
The change in mass of the component in the element over a period Δt is given by: 

        tzyxnC
t

zyxtnCttnC 
¶
¶

-  (16) 

Due to the different processes occurring, mass of a component can be produced or lost 
in a period, e.g. because of adsorption/desorption, chemical reactions, decay, etc. The 
loss of mass due to these processes per unit volume and unit time will be indicated by 
I (M/L3T). Note, that I can be either positive (loss of mass) or negative (gain of mass). 
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The net mass influx in the x-direction over a period Δt is then given by:
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and similar expressions can be obtained for the net mass influx in the y and z-directions.

The change in mass of the component in the element over a period Δt is given by:
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Due to the different processes occurring, mass of a component can be produced or lost in a
period, e.g. because of adsorption/desorption, chemical reactions, decay, etc. The loss of mass
due to these processes per unit volume and unit time will be indicated by I (M/L3T). Note, that
I can be either positive (loss of mass) or negative (gain of mass). Combining the different terms
then gives the following general mass balance equation:
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In the following, the mass fluxes and/or the mass production associated with the different
processes playing a role will be given. For the time being, simplified (linear) expressions will
be given, which will result in a mass balance equation in the form of the classical Advection-
Dispersion (or Convection Dispersion) equation, CDE. Later, more complicated expressions
will be covered.

2.2. Advection

Advection (or convection) is the transport of dissolved components by flowing groundwater.
The mass transport per unit area of porous medium of a dissolved component by flowing
groundwater is given by:

x xF q C= (18)

where Fx is the mass flux of the component in the x-direction (M/L2T), qx is the specific discharge
of water (Darcy velocity) in the x-direction (L3/L2T) and C is the concentration of the component
in the water phase (M/L3). No mass is produced or lost, hence, I=0.
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The underlying assumption is that the average velocity of the ions or molecules of the dissolved
substance is the same as the average water velocity: if we move one liter of water over a certain
distance, also all chemicals in that liter will have moved that distance. In most cases, this will
be true, but there are exceptions. These exceptions occur e.g. when the molecules of the
dissolved substance are very large (colloids, virus). If we consider the flow of water in a
capillary, the water velocity v at a distance r from the centre is given by:

2

2
0

2 1avg
rv v
r

æ ö
ç ÷= -ç ÷
è ø

(19)

where vavg is the average water velocity and r0 is the radius of the capillary. For large molecules,
only part of the capillary is available for transport. That can be caused by either the size of the
molecules or by the electrical charges on the surface. As a result, the average velocity of such
particles in a capillary will exceed the average velocity of the water itself. If the radius of such
particles is given by rc, it can easily be inferred that the average velocity of the particles
compared to the average water velocity of the water is given by:
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v r
v r
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(find the average water velocity by integrating the water velocity from 0 to r0, and find the
average particle velocity by integrating the water velocity from 0 to r0-rc). For instance, for
particles with a size of 20% of the capillary diameter, the average velocity is some 40% larger
than the water velocity. These effects have been observed in virus and colloid transport.

If only advective transport takes place, the mass balance for a component follows from (17)
and (18):

( ) ( ) ( ) ( ) 0x y znC q C q C q C
t x y z
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Now consider the 1-dimensional mass balance equation with constant porosity n and constant
specific discharge q. Division by n then gives the following equation:

( ) ( ) ( ) ( ) 0q DCC C C v C
t n x t x Dt
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where DC/Dt is the material derivative, i.e. the change in concentration when moving along
with a water particle. Since this derivative is zero, advective transport only results in a
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displacement of the initial concentration distribution by vt, where t is the elapsed time. This is
also true in 3 dimensions.

Equation (22) can be written in dimensionless form by defining the following dimensionless
variables:

d d d
r r r

C t xC t x
C t L

= = = (23)

where Cr, tr and Lr are reference or characteristic values for the system considered. Substitution
of these dimensionless variables in the mass balance equation (22) gives:
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t L x

¶ ¶
+ =

¶ ¶ (24)

We can now choose any one of the characteristic values tr or Lr such that the coefficient in front
of the spatial derivative in (24) is 1. This means that for a given characteristic time tr, the
characteristic length is given by vtr, while for a given characteristic length Lr, the characteristic
time is given by Lr/v. These characteristic values obviously are related to respectively the travel
distance and the travel time of water particles.

The specific discharge that is required to quantify the advective fluxes follows from the mass
balance equation for the water phase in combination with Darcy’s law. Basically, this means
that (local) information about the value of the permeability (or hydraulic conductivity) is
required.

2.3. Diffusion

Diffusion is the spreading of a component dissolved in the water phase by the Brownian
motion of the molecules/ions. In open water, the mass flux due to diffusion is given by Fick’s
first law:

x m
CF D
x

¶
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¶
(25)

where Dm is the molecular diffusion coefficient (L2/T), which is typical for the component
considered. In a porous medium, the mass flux due to diffusion is given by a similar expression:

m
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The underlying assumption is that the average velocity of the ions or molecules of the dissolved
substance is the same as the average water velocity: if we move one liter of water over a certain
distance, also all chemicals in that liter will have moved that distance. In most cases, this will
be true, but there are exceptions. These exceptions occur e.g. when the molecules of the
dissolved substance are very large (colloids, virus). If we consider the flow of water in a
capillary, the water velocity v at a distance r from the centre is given by:
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where vavg is the average water velocity and r0 is the radius of the capillary. For large molecules,
only part of the capillary is available for transport. That can be caused by either the size of the
molecules or by the electrical charges on the surface. As a result, the average velocity of such
particles in a capillary will exceed the average velocity of the water itself. If the radius of such
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compared to the average water velocity of the water is given by:

2

0
1 2c c

avg

v r
v r

a a a= + + = (20)

(find the average water velocity by integrating the water velocity from 0 to r0, and find the
average particle velocity by integrating the water velocity from 0 to r0-rc). For instance, for
particles with a size of 20% of the capillary diameter, the average velocity is some 40% larger
than the water velocity. These effects have been observed in virus and colloid transport.

If only advective transport takes place, the mass balance for a component follows from (17)
and (18):
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where DC/Dt is the material derivative, i.e. the change in concentration when moving along
with a water particle. Since this derivative is zero, advective transport only results in a
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displacement of the initial concentration distribution by vt, where t is the elapsed time. This is
also true in 3 dimensions.

Equation (22) can be written in dimensionless form by defining the following dimensionless
variables:
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where Cr, tr and Lr are reference or characteristic values for the system considered. Substitution
of these dimensionless variables in the mass balance equation (22) gives:
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We can now choose any one of the characteristic values tr or Lr such that the coefficient in front
of the spatial derivative in (24) is 1. This means that for a given characteristic time tr, the
characteristic length is given by vtr, while for a given characteristic length Lr, the characteristic
time is given by Lr/v. These characteristic values obviously are related to respectively the travel
distance and the travel time of water particles.

The specific discharge that is required to quantify the advective fluxes follows from the mass
balance equation for the water phase in combination with Darcy’s law. Basically, this means
that (local) information about the value of the permeability (or hydraulic conductivity) is
required.

2.3. Diffusion

Diffusion is the spreading of a component dissolved in the water phase by the Brownian
motion of the molecules/ions. In open water, the mass flux due to diffusion is given by Fick’s
first law:
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where Dm is the molecular diffusion coefficient (L2/T), which is typical for the component
considered. In a porous medium, the mass flux due to diffusion is given by a similar expression:
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The porosity n enters the equation to account for the area that is effectively available for mass
transport. τ is the tortuosity of the porous medium (-), which accounts for the fact that the
length of the path molecules or ions have to take in a porous medium to travel from one position
to another is larger than the distance between these positions. For normal porous media, τ has
a value in the order of 1.6 to 1.7. No mass is produced or lost due to diffusion, hence I=0.

In case only diffusion occurs, the mass balance equation reads:

( ) 0eff eff eff
C C CnC nD nD nD

t x x y y z z
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Now consider a 1-dimensional mass balance equation with constant porosity n and diffusion
coefficient Deff:
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t x
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¶ ¶
(28)

For this equation, numerous analytical solutions dependent on the boundary conditions are
known, both in Cartesian and radial coordinate systems. The steady state solution in a
Cartesian coordinate system is:

C Ax B= + (29)

where A and B are determined by the boundary conditions. Note, that this solution is not
dependent on the effective diffusion coefficient.

Equation (28) can be written in dimensionless for by defining appropriate characteristic values
for the concentration and the time and length scales:
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Setting the coefficient in front of the spatial derivative to 1, characteristic values for the time and
the length are found. For a given characteristic time tr, the characteristic length is given by Lr=√
(Defftr), and for a given characteristic length Lr, the characteristic time is given by tr=Lr

2/Deff.

In general, molecular diffusion will not play an important role in porous media transport,
unless the groundwater velocities are very small (which is e.g. the case for transport through
very low permeable clays).

Measurement of effective diffusion coefficients in a porous medium is usually done in the
laboratory by performing time dependent experiments
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2.4. Dispersion

Dispersion is the spreading of a dissolved component due to local variations in the ground‐
water velocity. In general, we distinguish mechanical and hydrodynamic dispersion.

Mechanical dispersion takes place on the pore scale, and is caused by velocity variations across
the cross section of the capillaries (or pores). Usually the groundwater velocities are so small,
as are the pore diameters, that molecular diffusion is fast enough to balance concentration
differences in the direction perpendicular to the flow (i.e. across the pores).

Hydrodynamic dispersion is the sum of molecular diffusion and mechanical dispersion. It
usually occurs on a larger scale than a single pore, and is caused by all variations in the average
groundwater velocity (i.e., averaged over a large number of pores) that we did not account for
explicitly, including diffusion (Figure 4). Thus, if we consider layers with different values of
the hydraulic conductivity (or permeability), this variation does not necessarily give rise to
hydrodynamic dispersion. However, it is clear that such variation certainly may lead to
variation of the rate of displacement of chemicals and to true mixing, if it combines with
diffusion. This is commonly called macro or mega dispersion (see e.g. Dagan, 1987), and
considered later in this chapter (section 7).

For both mechanic and hydrodynamic dispersion, the mass fluxes are assumed to be given by
the following form of Fick’s first law:

x xx xy xz
C C CF D D D
x y z

¶ ¶ ¶
= - - -

¶ ¶ ¶
(31)

where Dxx, Dxy and Dxz are elements of the dispersion tensor (L2/T). Similar expressions are
valid for the mass fluxes in y and z-direction. The dispersion tensor is symmetric, and consists
of 6 different numbers, Dxx, Dxy=Dyx, Dxz=Dzx, Dyy, Dyz=Dzy and Dzz. The elements of the dispersion
tensor are dependent on the groundwater velocity v, such that the dispersion coefficients in
the direction of the flow and perpendicular to the flow are given by:

( ) ( )/ / l tD v v D v va a= ^ = (32)

where αl and αt are the longitudinal and transversal dispersivities (L) respectively. These are
assumed to be properties of the porous medium, and indicate the size of heterogeneities in the
system that is not accounted for by variations in the (average) groundwater velocity. Because
mass transport by hydrodynamic dispersion and by molecular diffusion is described by the
same law, they are usually combined.

In a fully 3-dimensional system, with velocity components vx, vy and vz respectively, the
elements of the hydrodynamic dispersion (including molecular diffusion) are given by:
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The porosity n enters the equation to account for the area that is effectively available for mass
transport. τ is the tortuosity of the porous medium (-), which accounts for the fact that the
length of the path molecules or ions have to take in a porous medium to travel from one position
to another is larger than the distance between these positions. For normal porous media, τ has
a value in the order of 1.6 to 1.7. No mass is produced or lost due to diffusion, hence I=0.

In case only diffusion occurs, the mass balance equation reads:
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Now consider a 1-dimensional mass balance equation with constant porosity n and diffusion
coefficient Deff:
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2 0eff
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t x

¶ ¶
- =

¶ ¶
(28)

For this equation, numerous analytical solutions dependent on the boundary conditions are
known, both in Cartesian and radial coordinate systems. The steady state solution in a
Cartesian coordinate system is:

C Ax B= + (29)

where A and B are determined by the boundary conditions. Note, that this solution is not
dependent on the effective diffusion coefficient.

Equation (28) can be written in dimensionless for by defining appropriate characteristic values
for the concentration and the time and length scales:
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Setting the coefficient in front of the spatial derivative to 1, characteristic values for the time and
the length are found. For a given characteristic time tr, the characteristic length is given by Lr=√
(Defftr), and for a given characteristic length Lr, the characteristic time is given by tr=Lr

2/Deff.

In general, molecular diffusion will not play an important role in porous media transport,
unless the groundwater velocities are very small (which is e.g. the case for transport through
very low permeable clays).

Measurement of effective diffusion coefficients in a porous medium is usually done in the
laboratory by performing time dependent experiments
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2.4. Dispersion

Dispersion is the spreading of a dissolved component due to local variations in the ground‐
water velocity. In general, we distinguish mechanical and hydrodynamic dispersion.

Mechanical dispersion takes place on the pore scale, and is caused by velocity variations across
the cross section of the capillaries (or pores). Usually the groundwater velocities are so small,
as are the pore diameters, that molecular diffusion is fast enough to balance concentration
differences in the direction perpendicular to the flow (i.e. across the pores).

Hydrodynamic dispersion is the sum of molecular diffusion and mechanical dispersion. It
usually occurs on a larger scale than a single pore, and is caused by all variations in the average
groundwater velocity (i.e., averaged over a large number of pores) that we did not account for
explicitly, including diffusion (Figure 4). Thus, if we consider layers with different values of
the hydraulic conductivity (or permeability), this variation does not necessarily give rise to
hydrodynamic dispersion. However, it is clear that such variation certainly may lead to
variation of the rate of displacement of chemicals and to true mixing, if it combines with
diffusion. This is commonly called macro or mega dispersion (see e.g. Dagan, 1987), and
considered later in this chapter (section 7).

For both mechanic and hydrodynamic dispersion, the mass fluxes are assumed to be given by
the following form of Fick’s first law:

x xx xy xz
C C CF D D D
x y z

¶ ¶ ¶
= - - -

¶ ¶ ¶
(31)

where Dxx, Dxy and Dxz are elements of the dispersion tensor (L2/T). Similar expressions are
valid for the mass fluxes in y and z-direction. The dispersion tensor is symmetric, and consists
of 6 different numbers, Dxx, Dxy=Dyx, Dxz=Dzx, Dyy, Dyz=Dzy and Dzz. The elements of the dispersion
tensor are dependent on the groundwater velocity v, such that the dispersion coefficients in
the direction of the flow and perpendicular to the flow are given by:

( ) ( )/ / l tD v v D v va a= ^ = (32)

where αl and αt are the longitudinal and transversal dispersivities (L) respectively. These are
assumed to be properties of the porous medium, and indicate the size of heterogeneities in the
system that is not accounted for by variations in the (average) groundwater velocity. Because
mass transport by hydrodynamic dispersion and by molecular diffusion is described by the
same law, they are usually combined.

In a fully 3-dimensional system, with velocity components vx, vy and vz respectively, the
elements of the hydrodynamic dispersion (including molecular diffusion) are given by:
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Because hydrodynamic dispersion occurs only in combination with groundwater flow, a mass
balance for a component follows from the combination of mass fluxes as defined by equations
(18) and (31), with the elements of the dispersion tensor given by equation (33). Using a short
hand notation, this mass balance is given by:

( ) ( ) ( ) 0nC qC nD C
t
¶

+ Ñ × -Ñ × ×Ñ =
¶

(34)

Now, consider a one-dimensional system with constant porosity, velocity and dispersion
coefficient:
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Making this equation dimensionless by choosing appropriate characteristic values for the
concentration, time and length gives:
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Choosing the characteristic time tr=Lr/v then gives the following dimensionless mass balance
equation:
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where Pe is the Peclet number. This number is characteristic for the ratio of advective transport
and dispersive transport. The solution of (57) depends only on Pe, and large Peclet numbers
indicate that advection dominates; small Peclet numbers indicate that dispersion dominates.

12

Figure 4. Illustration of different mechanisms of dispersion. Mixing occurs due to velocity variations within pores, and
between pores, in combination with diffusional mixing at locations where water flows with different concentrations
meet. In addition, flow velocities may be aligned in the mean flow direction, but it can also have components that are
at an angle with this direction. Also larger scale variations in flow velocity, due to aggregation and layering, may lead
to enhanced mixing.

For mechanical dispersion, the longitudinal dispersivity αl is in the order of the pore sizes (mm
scale). For hydrodynamic dispersion, the longitudinal dispersivity is dependent on the scale
of the problem. For laboratory experiments in columns, values of less than 1 mm to values
larger than 1 cm have been reported. For field scale experiments values larger than 10 m have
been reported, dependent on the size of the experiment and the heterogeneity of the aquifer
in which the experiment was performed.
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Because hydrodynamic dispersion occurs only in combination with groundwater flow, a mass
balance for a component follows from the combination of mass fluxes as defined by equations
(18) and (31), with the elements of the dispersion tensor given by equation (33). Using a short
hand notation, this mass balance is given by:
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where Pe is the Peclet number. This number is characteristic for the ratio of advective transport
and dispersive transport. The solution of (57) depends only on Pe, and large Peclet numbers
indicate that advection dominates; small Peclet numbers indicate that dispersion dominates.
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Figure 4. Illustration of different mechanisms of dispersion. Mixing occurs due to velocity variations within pores, and
between pores, in combination with diffusional mixing at locations where water flows with different concentrations
meet. In addition, flow velocities may be aligned in the mean flow direction, but it can also have components that are
at an angle with this direction. Also larger scale variations in flow velocity, due to aggregation and layering, may lead
to enhanced mixing.

For mechanical dispersion, the longitudinal dispersivity αl is in the order of the pore sizes (mm
scale). For hydrodynamic dispersion, the longitudinal dispersivity is dependent on the scale
of the problem. For laboratory experiments in columns, values of less than 1 mm to values
larger than 1 cm have been reported. For field scale experiments values larger than 10 m have
been reported, dependent on the size of the experiment and the heterogeneity of the aquifer
in which the experiment was performed.
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A cautioning remark is needed with regard to such large dispersivities, as such large values
cannot possibly be due to complete true mixing of water of different composition in porous
media. Such large values are commonly obtained based on several methodological complica‐
tions: (i) the equipment used to measure ‘local’ concentrations (e.g. observation wells,
geophysical methods) are themselves responsible for mixing, and (ii) modelling with large
spatiotemporal discretization in view of computational efficiency may lead to numerical
mixing, and (iii) dispersivities may be ‘fitted’ using a relatively simple transport equation (e.g.
a one dimensional version of the transport equation), which leads to artifacts.

Based on field experiments, an empirical relation for the longitudinal dispersivity has pro‐
posed as:

1.460.0175l La » (38)

where L is a characteristic length for the domain of interest. For large scales (large values of
L), an upper bound for αl is reached. Note, that relation (38) is based on the evaluation of a
number of field experiments, and gives an estimate of the dispersivities only. Also note, that
these estimates are based on the assumption that the aquifer permeability is homogeneous
over the domain of interest.

As a guideline, the transversal dispersivity is commonly assumed to be 5 to 10% of the
longitudinal dispersivity.

2.5. Adsorption/desorption

Adsorption/desorption creates a sink/source term for a component in the water phase. Two
processes take place at the same time: molecules/ions will attach to the solid material, and
attached molecules/ions can be released from the solid to the water phase. For the time being,
we will adopt a linear description of the process, corresponding with case A of Figure 5:

( )a
a d s d s d d s

d

k
I k C k C k C C k K C C

k
æ ö

= - = - = -ç ÷ç ÷
è ø

(39)

where ka and kd are the attachment (1/T) and detachment (M/L3T) coefficients respectively, and
Cs is the concentration of the component adsorbed (M/M). ka and kd have different units because
of the different units for C and Cs respectively. In this formulation, no equilibrium has been
assumed. Kd is the distribution coefficient. In case of equilibrium, the expression in (39) between
brackets is 0, hence:

s dC K C= (40)
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which defines a linear adsorption isotherm. In principle, such a relation is only valid if the
concentrations are very low, and if equilibrium between the water phase and the solid material
exists.

If advection, dispersion and linear adsorption/desorption occur, the mass balance equation for
a component in the water phase can be given as:

( ) ( ) ( ) 0a d snC qC nD C k C k C
t
¶

+ Ñ × -Ñ × ×Ñ + - =
¶

(41)

Note, that this equation is not based on the assumption of local equilibrium. Also, two
unknowns are present in this equation: C and Cs. The other equation required to solve for the
concentrations is given by a mass balance equation for the adsorbed component:

( )( )1 0s s a d sn C k C k C
t

r¶
- - + =

¶
(42)

where ρs is the density of the solid material. Basically, this mass balance equation is comparable
to equation (41), because the adsorbed component is not transported (no advection and disper‐
sion), and that the source term due to adsorption/desorption has the opposite sign.

Adding equations (41) and (42) gives the total mass balance:

( ) ( )( ) ( ) ( )1 0s snC n C qC nD C
t t

r¶ ¶
+ - +Ñ × -Ñ × ×Ñ =

¶ ¶
(43)

If we now assume equilibrium, equation (40) can be used to eliminate Cs from equation (43):

( ) ( ) ( ) 10 1 s d
nnRC qC nD C R K

t n
r¶ -

+Ñ × -Ñ × ×Ñ = = +
¶

(44)

where R is the retardation factor. Note, that for non-reactive solutes (no adsorption/desorption)
R=1. It is clear from this equation, that the retardation factor is only found in the time-derivative
term. For this reason, it got its name, as this factor R implies that both ad/convection and
dispersion are R times slower: they are retarded by a factor R.

Now consider a one-dimensional form of this mass balance, with constant porosity, velocity,
dispersion coefficient and retardation factor:

2

2 0C v C D C
t R x R x

¶ ¶ ¶
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(45)
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A cautioning remark is needed with regard to such large dispersivities, as such large values
cannot possibly be due to complete true mixing of water of different composition in porous
media. Such large values are commonly obtained based on several methodological complica‐
tions: (i) the equipment used to measure ‘local’ concentrations (e.g. observation wells,
geophysical methods) are themselves responsible for mixing, and (ii) modelling with large
spatiotemporal discretization in view of computational efficiency may lead to numerical
mixing, and (iii) dispersivities may be ‘fitted’ using a relatively simple transport equation (e.g.
a one dimensional version of the transport equation), which leads to artifacts.

Based on field experiments, an empirical relation for the longitudinal dispersivity has pro‐
posed as:
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where L is a characteristic length for the domain of interest. For large scales (large values of
L), an upper bound for αl is reached. Note, that relation (38) is based on the evaluation of a
number of field experiments, and gives an estimate of the dispersivities only. Also note, that
these estimates are based on the assumption that the aquifer permeability is homogeneous
over the domain of interest.

As a guideline, the transversal dispersivity is commonly assumed to be 5 to 10% of the
longitudinal dispersivity.

2.5. Adsorption/desorption

Adsorption/desorption creates a sink/source term for a component in the water phase. Two
processes take place at the same time: molecules/ions will attach to the solid material, and
attached molecules/ions can be released from the solid to the water phase. For the time being,
we will adopt a linear description of the process, corresponding with case A of Figure 5:
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where ka and kd are the attachment (1/T) and detachment (M/L3T) coefficients respectively, and
Cs is the concentration of the component adsorbed (M/M). ka and kd have different units because
of the different units for C and Cs respectively. In this formulation, no equilibrium has been
assumed. Kd is the distribution coefficient. In case of equilibrium, the expression in (39) between
brackets is 0, hence:

s dC K C= (40)
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which defines a linear adsorption isotherm. In principle, such a relation is only valid if the
concentrations are very low, and if equilibrium between the water phase and the solid material
exists.

If advection, dispersion and linear adsorption/desorption occur, the mass balance equation for
a component in the water phase can be given as:

( ) ( ) ( ) 0a d snC qC nD C k C k C
t
¶
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¶

(41)

Note, that this equation is not based on the assumption of local equilibrium. Also, two
unknowns are present in this equation: C and Cs. The other equation required to solve for the
concentrations is given by a mass balance equation for the adsorbed component:
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where ρs is the density of the solid material. Basically, this mass balance equation is comparable
to equation (41), because the adsorbed component is not transported (no advection and disper‐
sion), and that the source term due to adsorption/desorption has the opposite sign.

Adding equations (41) and (42) gives the total mass balance:
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If we now assume equilibrium, equation (40) can be used to eliminate Cs from equation (43):
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where R is the retardation factor. Note, that for non-reactive solutes (no adsorption/desorption)
R=1. It is clear from this equation, that the retardation factor is only found in the time-derivative
term. For this reason, it got its name, as this factor R implies that both ad/convection and
dispersion are R times slower: they are retarded by a factor R.

Now consider a one-dimensional form of this mass balance, with constant porosity, velocity,
dispersion coefficient and retardation factor:
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Note that this equation is identical to equation (35), the mass balance equation for a non-
reactive component, with both the velocity v and the dispersion D scaled by a factor R. If the
molecular diffusion can be neglected, the dispersion coefficient is proportional to the velocity
v, and equation (45) will give the same results as the mass balance equation for a non-reactive
component with a velocity that is decreased by a factor R.

Now consider the one-dimensional form of equation (41) (non-equilibrium) with constant
porosity, velocity, dispersion coefficient and attachment and detachment constants. This
equation can be made dimensionless by choosing appropriate values for the characteristic
concentration, time and length. If (as done before) we define the characteristic time tr=Lr/v, the
non-dimensional equation is given by:

2

2
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¶ ¶ ¶
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The last two coefficients in this equation are two forms of the dimensionless Damkohler
number. This number gives the ratio of the groundwater travel time and the time required to
reach equilibrium. Large Damkohler numbers indicate that the assumption of local equilibri‐
um is appropriate, while small Damkohler numbers indicate that adsorption/desorption
should be described as a non-equilibrium process.

Measurement of the adsorption distribution coefficient Kd is commonly done in a laboratory
batch experiment. A soil sample is mixed with water that contains a dissolved component at
a certain concentration. This mixture is stirred gently for a long time in order to assure that
equilibrium between the water phase and the soil is establihed. From a measurement of the

Figure 5. linear (A) and nonlinear adsorption, with B similar to Freundlich and Langmuir type equations and C resem‐
bling precipitation controlled reactions, if the nonlinearity is much more distinct than in this figure.
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resulting concentration in the water phase at equilibrium, the amount adsorbed can be
determined, and the distribution coefficient calculated:

Assume we have a mass of soil Ms. We add a volume of water V which has dissolved in it a
component at concentration Ci. At equilibrium, the concentration in the water phase is
measured as Ceq. The amount of mass of the component added to the system is VCi. At
equilibrium, the total mass of the component in the water phase is VCeq. Consequently, the total
mass adsorbed is V(Ci-Ceq), and the concentration of adsorbed component is Cs=V(Ci-Ceq)/Ms

while the concentration in the water phase is Ceq. The value of the distribution coefficient
follows directly from equation (40).

Measurement of the attachment and detachment coefficients can be done in batch experiments
by measuring the concentration in the water phase as a function of time.

Interaction of solutes do not only take place with the solid material, but can also exist with
colloïdal particles (e.g. natural organic material), which in itself are mobile. Consequently, a
competition between adsorption on the solid matrix and adsorption on colloïds may occur.
This may lead to an enhanced transport of species (e.g. heavy metals) that may otherwise be
considered to be highly retarded.

2.6. Decay

For the simplified description given in this chapter, we will assume that the decay due to
chemical reactions, biological activity and/or radioactivity is given by a first order expression:

I n Cl= (47)

where λ is the decay/degradation constant. λ is related to the half life t1/2 of the component by:

( )
1/2

ln 2
t

l = (48)

The halflife t1/2 is commonly measured in batch experiments by mixing a sample of soil material
with water which has the component dissolved in it. Measuring the concentration in the water
phase as a function of time will give an estimate of the decay. In these experiments, adsorption/
desorption should also be taken into account. The process of first order decay/degradation is
of great importance for much of the transport theory. As may be already apparent, radionu‐
clides decay proportional to the total decaying mass present. For instance the recent tsunami
accident with the Fukushima nuclear plant in Japan may have resulted in soil contamination
with radionuclides, where the decay rate determines the period for which radiation problems
may be acute. Likewise, the Chernobyl melt down resulted in continental scale contamination
with radionuclides by different elements, that move towards groundwater with different rates,
and different degradation rates. To appreciate the hazard for life, the rate of downward
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Note that this equation is identical to equation (35), the mass balance equation for a non-
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v, and equation (45) will give the same results as the mass balance equation for a non-reactive
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The last two coefficients in this equation are two forms of the dimensionless Damkohler
number. This number gives the ratio of the groundwater travel time and the time required to
reach equilibrium. Large Damkohler numbers indicate that the assumption of local equilibri‐
um is appropriate, while small Damkohler numbers indicate that adsorption/desorption
should be described as a non-equilibrium process.

Measurement of the adsorption distribution coefficient Kd is commonly done in a laboratory
batch experiment. A soil sample is mixed with water that contains a dissolved component at
a certain concentration. This mixture is stirred gently for a long time in order to assure that
equilibrium between the water phase and the soil is establihed. From a measurement of the
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resulting concentration in the water phase at equilibrium, the amount adsorbed can be
determined, and the distribution coefficient calculated:

Assume we have a mass of soil Ms. We add a volume of water V which has dissolved in it a
component at concentration Ci. At equilibrium, the concentration in the water phase is
measured as Ceq. The amount of mass of the component added to the system is VCi. At
equilibrium, the total mass of the component in the water phase is VCeq. Consequently, the total
mass adsorbed is V(Ci-Ceq), and the concentration of adsorbed component is Cs=V(Ci-Ceq)/Ms

while the concentration in the water phase is Ceq. The value of the distribution coefficient
follows directly from equation (40).

Measurement of the attachment and detachment coefficients can be done in batch experiments
by measuring the concentration in the water phase as a function of time.

Interaction of solutes do not only take place with the solid material, but can also exist with
colloïdal particles (e.g. natural organic material), which in itself are mobile. Consequently, a
competition between adsorption on the solid matrix and adsorption on colloïds may occur.
This may lead to an enhanced transport of species (e.g. heavy metals) that may otherwise be
considered to be highly retarded.

2.6. Decay

For the simplified description given in this chapter, we will assume that the decay due to
chemical reactions, biological activity and/or radioactivity is given by a first order expression:
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where λ is the decay/degradation constant. λ is related to the half life t1/2 of the component by:

( )
1/2

ln 2
t

l = (48)

The halflife t1/2 is commonly measured in batch experiments by mixing a sample of soil material
with water which has the component dissolved in it. Measuring the concentration in the water
phase as a function of time will give an estimate of the decay. In these experiments, adsorption/
desorption should also be taken into account. The process of first order decay/degradation is
of great importance for much of the transport theory. As may be already apparent, radionu‐
clides decay proportional to the total decaying mass present. For instance the recent tsunami
accident with the Fukushima nuclear plant in Japan may have resulted in soil contamination
with radionuclides, where the decay rate determines the period for which radiation problems
may be acute. Likewise, the Chernobyl melt down resulted in continental scale contamination
with radionuclides by different elements, that move towards groundwater with different rates,
and different degradation rates. To appreciate the hazard for life, the rate of downward
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movement of chemicals in relation with the decay rate of hazardous radiation is a typical
transport problem.

The first order degradation rate law is also the most commonly used rate law for describ‐
ing the degradation of contaminants such as pesticides, nutrient chemicals such as nitrate,
contaminants  such  as  PAHs,  BTEX,  chlorinated  hydrocarbons  (the  last  under  anaerobic
conditions), and other contaminants (Keijzer et al., 1999, Jaesche et al., 2006, French et al.,
2009), despite that it ignores that transformation products may be hazardous too.

The importance of degradation can be appreciated from an example of groundwater (rather
than soil) contamination. About, say, a decade ago, the concept of natural attenuation has been
developed. This concept proposes that the subsoil environment is able to cause natural
degradation of contaminants, e.g. due to the intrinsic activity of microbial populations.
Although dispersional mixing and dilution, as well as volatilization of chemicals may
contribute to natural attenuation, degradation is a major process in this concept. The concept
as such is important as it diminishes the environmental hazards of soil contamination, and
therefore has become a major issue in soil and groundwater contamination strategies, man‐
agement, and decision making.

2.7. Full simplified mass balance equation

A full mass balance equation assuming linear equilibrium adsorption and first order decay
can now be written as:

( ) ( ) ( ) 0nRC qC nD C n RC
t

l¶
+Ñ × -Ñ × ×Ñ + =

¶
(49)

where it has also been assumed that the component dissolved in the water phase as well as
the component adsorbed onto the solid phase can both decay with the same decay constant.
In reality, this is not necessarily true (Beltman et al., 2008).

This equation is the foundation of most software aimed at modelling soil and groundwater
contamination, such as MODFLOW/MT3D and related models. As such, this equation is the
core of much scientific as well as management supporting investigations done at international,
national and local levels. Few, if any, predictions and prognoses are made on the fate of
contaminants, that are not based on equation (49).

For some one-dimensional and simple two- or een three-dimensional problems, analytical
solutions exist for equation (49). A number of these solutions have been programmed and are
available at the web site:

www.cee.uiuc.edu/transport

With those solutions, it is easy to obtain an impression of the effects of the different processes
and their parameters on the transport behaviour of dissolved chemicals.

Soil Processes and Current Trends in Quality Assessment50

3. Some effects in the numerical solution of the transport equation

3.1. General

In many cases, analytical solutions of the simplified transport equation are not available. That
is e.g. the case for heterogeneous systems or complicated boundary conditions. In those cases
one has to resort to the numerical solution of the groundwater flow equation and the solute
transport equation.

In order to analyse the behaviour of the numerical solution of the partial differential equation
describing the transport of a solute, we consider a simplified 1-dimensional system with
constant porosity n, constant specific discharge q and constant dispersion coefficient D:
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For the evaluation of the spatial derivatives in a finite difference approach, we use the following
Taylor series expansion:
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where Δx is the blocksize in the x-direction.

The first order derivative of C with x can now be approximated in two ways. A backward finite
difference approximation follows from the second equation given by (51):
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Another approximation for the first order derivative can be obtained by taking the difference
of the two equations given in (51):
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An approximation for the second order spatial derivative is obtained by adding the two
equations (51). After some manipulation, the following approximation is obtained:
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movement of chemicals in relation with the decay rate of hazardous radiation is a typical
transport problem.
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2009), despite that it ignores that transformation products may be hazardous too.
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where it has also been assumed that the component dissolved in the water phase as well as
the component adsorbed onto the solid phase can both decay with the same decay constant.
In reality, this is not necessarily true (Beltman et al., 2008).

This equation is the foundation of most software aimed at modelling soil and groundwater
contamination, such as MODFLOW/MT3D and related models. As such, this equation is the
core of much scientific as well as management supporting investigations done at international,
national and local levels. Few, if any, predictions and prognoses are made on the fate of
contaminants, that are not based on equation (49).

For some one-dimensional and simple two- or een three-dimensional problems, analytical
solutions exist for equation (49). A number of these solutions have been programmed and are
available at the web site:
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With those solutions, it is easy to obtain an impression of the effects of the different processes
and their parameters on the transport behaviour of dissolved chemicals.
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3. Some effects in the numerical solution of the transport equation

3.1. General

In many cases, analytical solutions of the simplified transport equation are not available. That
is e.g. the case for heterogeneous systems or complicated boundary conditions. In those cases
one has to resort to the numerical solution of the groundwater flow equation and the solute
transport equation.

In order to analyse the behaviour of the numerical solution of the partial differential equation
describing the transport of a solute, we consider a simplified 1-dimensional system with
constant porosity n, constant specific discharge q and constant dispersion coefficient D:
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For the evaluation of the spatial derivatives in a finite difference approach, we use the following
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where Δx is the blocksize in the x-direction.

The first order derivative of C with x can now be approximated in two ways. A backward finite
difference approximation follows from the second equation given by (51):
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Another approximation for the first order derivative can be obtained by taking the difference
of the two equations given in (51):
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An approximation for the second order spatial derivative is obtained by adding the two
equations (51). After some manipulation, the following approximation is obtained:
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where a higher order term not given in equation (51) has been taken into account. The
truncation error for the approximation of the first order derivative is for the backward
difference (52) of the order Δx, and for the central difference of the order (Δx)2. In other words,
the central difference approximation is more accurate. The truncation error for the approxi‐
mation of the second order derivative is of the order (Δx)2.

For the time derivative the following approximation can be obtained:
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where Δt is the time step and the derivative in the higher order term is evaluated at time t+Δt
(i.e. at the end of the time step). Note, that the truncation errors in the approximation for the
spatial and temporal derivatives indicate, that small grid blocks (small Δx) should be used
where the second order derivative of the concentration with respect to x is large, and small
time steps should be used when the second order derivative with respect to t is large.

In the following, we will adopt the notation: Ci=C(x), Ci-1=C(x-Δx), Ci+1=C(x+Δx), while values
evaluated at the beginning of a time step will have a superscript o, and values evaluated at the
end of a time step will have a superscript n.

If we evaluate the spatial derivatives at a time level between the beginning of the time step
and the end of the time step, the discretised mass balance equation can then be written as:
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where θ is a factor between 0 and 1. For θ=1, all spatial derivatives are evaluated at the new
time level (the end of the time step). This is a fully implicit scheme. For θ=0, all spatial
derivatives are evaluated at the old time level (the beginning of a timestep). This is a fully
explicit scheme. A mixed scheme (known as the Crank-Nicholsen scheme) is obtained by
setting θ=0.5.

Note that in equation (56) a backward difference for the advective term is used. A similar
expression can be obtained for a central difference approximation for the advective term.

Soil Processes and Current Trends in Quality Assessment52

3.2. Numerical dispersion

Numerical dispersion is an extra dispersion in the numerical solution of the transport equation
which is caused by the discretisation of the advective term.

Consider the discretised equation (56), and evaluate all spatial derivatives at the end of the
time step (fully implicit, θ=1):

( )
1 1 1

2
2

0
n o n n n n n
i i i i i i iC C C C C C C

v D
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D D D
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One could now ask the question which partial differential equation is approximately solved
by these equations if higher order terms are taken into account. Using equations (52), (54) and
(55), keeping all terms with derivatives of order 2 then gives the following partial differential
equation:
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In order to obtain an expression for the second order derivative with respect to time, we will
differentiate equation (50) with respect to time:
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An expression for the cross derivative term is obtained by differentiating equation (50) with
respect to x:
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Substitution of equation (60) in (59) then gives:
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(61)

Substitution of (61) in (58), collecting the second order derivative terms and neglecting higher
order terms then gives:
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where a higher order term not given in equation (51) has been taken into account. The
truncation error for the approximation of the first order derivative is for the backward
difference (52) of the order Δx, and for the central difference of the order (Δx)2. In other words,
the central difference approximation is more accurate. The truncation error for the approxi‐
mation of the second order derivative is of the order (Δx)2.

For the time derivative the following approximation can be obtained:
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where Δt is the time step and the derivative in the higher order term is evaluated at time t+Δt
(i.e. at the end of the time step). Note, that the truncation errors in the approximation for the
spatial and temporal derivatives indicate, that small grid blocks (small Δx) should be used
where the second order derivative of the concentration with respect to x is large, and small
time steps should be used when the second order derivative with respect to t is large.

In the following, we will adopt the notation: Ci=C(x), Ci-1=C(x-Δx), Ci+1=C(x+Δx), while values
evaluated at the beginning of a time step will have a superscript o, and values evaluated at the
end of a time step will have a superscript n.

If we evaluate the spatial derivatives at a time level between the beginning of the time step
and the end of the time step, the discretised mass balance equation can then be written as:
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where θ is a factor between 0 and 1. For θ=1, all spatial derivatives are evaluated at the new
time level (the end of the time step). This is a fully implicit scheme. For θ=0, all spatial
derivatives are evaluated at the old time level (the beginning of a timestep). This is a fully
explicit scheme. A mixed scheme (known as the Crank-Nicholsen scheme) is obtained by
setting θ=0.5.

Note that in equation (56) a backward difference for the advective term is used. A similar
expression can be obtained for a central difference approximation for the advective term.
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3.2. Numerical dispersion

Numerical dispersion is an extra dispersion in the numerical solution of the transport equation
which is caused by the discretisation of the advective term.

Consider the discretised equation (56), and evaluate all spatial derivatives at the end of the
time step (fully implicit, θ=1):
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One could now ask the question which partial differential equation is approximately solved
by these equations if higher order terms are taken into account. Using equations (52), (54) and
(55), keeping all terms with derivatives of order 2 then gives the following partial differential
equation:
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In order to obtain an expression for the second order derivative with respect to time, we will
differentiate equation (50) with respect to time:
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Substitution of (61) in (58), collecting the second order derivative terms and neglecting higher
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Equation (62) is up to second order terms identical to the discretised equation (57). In other
words, the discretised equation is an approximation to a solute transport equation with
enhanced dispersion (cf. the term between brackets). Note, that in the analysis higher order
terms are neglected. As a consequence, the discretised equation (57) is not completely identical
to equation (62).

The extra dispersion vΔx/2+v2Δt/2 is called the numerical dispersion. If we assume that
molecular diffusion can be neglected, the physical dipersion is given by D=αv, where α is the
dispersivity of the medium. The numerical dispersion can now be neglected if the block size
Δx and the time step Δt are chosen such that:

2 2
x v ta D D

>> + (63)

Carrying out the same analysis with the advective term in equation (57) approximated by a
central difference, will show that the numerical dispersion in that case is v2Δt/2, which is
smaller than the one for the backward difference of the advective term. There can be, however,
reasons for adopting the backward difference approximation (see next section).

There are a number of ways in which we can neutralize the effect of numerical dispersion. The
most obvious way is to correct the dispersivity for the numerical dispersion. Suppose the
physical dispersivity is given by αf, while the dispersivity defined for the numerical calcula‐
tions is given by αm. For a finite difference approximation with a backward difference for the
advective term, the following choice:

2 2m f
x v ta a D D

= - - (64)

will result in a total dispersion in the numerical calculations equal to the physical dispersion.
This approach can, however, only be adopted if the model dispersivity αm remains positive
because negative values of the model dispersivity will generate instabilities in the numerical
solution.

More complicated ways to minimise numerical dispersion in the numerical solution of the
solute transport equation can be thought of. In all cases one should consider the fact that
numerical dispersion is solely caused by the first order spatial derivative (the advective term).

One way of avoiding numerical dispersion is by what is called operator splitting. In that
approach the change in concentration is split in two parts: one part due to advective transport,
and one part due to dispersion:
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and adding the two contribution gives the full transport. The first part in equation (65), the
advective part is now solved by a characteristic method. In this method, water particles are
followed as they are transported with velocity v. Each water particle represents a certain mass
of solute, which in a time step Δt is transported over a distance vΔt. Once the advective
transport has been solved, the dispersion has to be added. That again can be done in a number
of ways, the most simple being a finite difference approximation. Another way is the random
walk method, where the effect of dispersion is simulated by random displacements of the water
particles around the mean displacement given by the velocity v. These random displacements
are related to the dispersion coefficient.

Using a characteristic method to simulate the advective transport has the disadvantage that
only a discrete number of particles can be followed, and that interpolation is required to
transform mass per particle to concentration distribution. A smooth concentration distribution
from the distribution of the particles can only be obtained if a very large number of particles
is used. This is especially true for the relative low concentration contours.

A method that strongly resembles the characteristic method is the Eulerian-Lagrangian
method. In this method, the time derivative is approximated by taking the difference in
concentration not at the same place, but at different places. Using a Taylor series expansion, it
can be shown that the expression:

( ) ( ), ,C x t t C x v t t C Cv
t t x

+ D - - D ¶ ¶
» +

D ¶ ¶
(66)

is second order correct, i.e. neglected derivatives are of third order or higher. Consequently,
no numerical dispersion is generated by this method. In a standard finite difference method
the second term in the left side of (66) is evaluated by evaluating the concentration at position
x-vΔt at the beginning of a time step. That can usually be one by interpolation, although special
precautions have to be taken close to boundaries.

Each of the methods mentioned here can easily be extended to two or three dimensions.

3.3. Oscillations in the solution

Some of the finite difference schemes can, under certain conditions, generate oscillations in the
solution, i.e. negative concentrations or concentrations larger than the maximum value defined
by the initial and boundary conditions may occur. It should be pointed out that these are not
instabilities, where errors in the solution can grow unbounded.
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Equation (62) is up to second order terms identical to the discretised equation (57). In other
words, the discretised equation is an approximation to a solute transport equation with
enhanced dispersion (cf. the term between brackets). Note, that in the analysis higher order
terms are neglected. As a consequence, the discretised equation (57) is not completely identical
to equation (62).

The extra dispersion vΔx/2+v2Δt/2 is called the numerical dispersion. If we assume that
molecular diffusion can be neglected, the physical dipersion is given by D=αv, where α is the
dispersivity of the medium. The numerical dispersion can now be neglected if the block size
Δx and the time step Δt are chosen such that:
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Carrying out the same analysis with the advective term in equation (57) approximated by a
central difference, will show that the numerical dispersion in that case is v2Δt/2, which is
smaller than the one for the backward difference of the advective term. There can be, however,
reasons for adopting the backward difference approximation (see next section).

There are a number of ways in which we can neutralize the effect of numerical dispersion. The
most obvious way is to correct the dispersivity for the numerical dispersion. Suppose the
physical dispersivity is given by αf, while the dispersivity defined for the numerical calcula‐
tions is given by αm. For a finite difference approximation with a backward difference for the
advective term, the following choice:
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= - - (64)

will result in a total dispersion in the numerical calculations equal to the physical dispersion.
This approach can, however, only be adopted if the model dispersivity αm remains positive
because negative values of the model dispersivity will generate instabilities in the numerical
solution.

More complicated ways to minimise numerical dispersion in the numerical solution of the
solute transport equation can be thought of. In all cases one should consider the fact that
numerical dispersion is solely caused by the first order spatial derivative (the advective term).

One way of avoiding numerical dispersion is by what is called operator splitting. In that
approach the change in concentration is split in two parts: one part due to advective transport,
and one part due to dispersion:
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and adding the two contribution gives the full transport. The first part in equation (65), the
advective part is now solved by a characteristic method. In this method, water particles are
followed as they are transported with velocity v. Each water particle represents a certain mass
of solute, which in a time step Δt is transported over a distance vΔt. Once the advective
transport has been solved, the dispersion has to be added. That again can be done in a number
of ways, the most simple being a finite difference approximation. Another way is the random
walk method, where the effect of dispersion is simulated by random displacements of the water
particles around the mean displacement given by the velocity v. These random displacements
are related to the dispersion coefficient.

Using a characteristic method to simulate the advective transport has the disadvantage that
only a discrete number of particles can be followed, and that interpolation is required to
transform mass per particle to concentration distribution. A smooth concentration distribution
from the distribution of the particles can only be obtained if a very large number of particles
is used. This is especially true for the relative low concentration contours.

A method that strongly resembles the characteristic method is the Eulerian-Lagrangian
method. In this method, the time derivative is approximated by taking the difference in
concentration not at the same place, but at different places. Using a Taylor series expansion, it
can be shown that the expression:

( ) ( ), ,C x t t C x v t t C Cv
t t x

+ D - - D ¶ ¶
» +

D ¶ ¶
(66)

is second order correct, i.e. neglected derivatives are of third order or higher. Consequently,
no numerical dispersion is generated by this method. In a standard finite difference method
the second term in the left side of (66) is evaluated by evaluating the concentration at position
x-vΔt at the beginning of a time step. That can usually be one by interpolation, although special
precautions have to be taken close to boundaries.

Each of the methods mentioned here can easily be extended to two or three dimensions.

3.3. Oscillations in the solution

Some of the finite difference schemes can, under certain conditions, generate oscillations in the
solution, i.e. negative concentrations or concentrations larger than the maximum value defined
by the initial and boundary conditions may occur. It should be pointed out that these are not
instabilities, where errors in the solution can grow unbounded.
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Consider the discretised, implicit equation, where the advective term is approximated by a
backward difference (equation (57)). With some manipulation, this equation can be written as:
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Equation (67) shows that the concentration at the new time level is a weighted average of the
concentration at the old time level and the concentrations in the adjacent grid blocks. Inspection
of the weighing coefficients β shows that:

1 1 1 11 , , 0i i i i i iandb b b b b b- + - ++ + = > (68)

As a consequence C obeys a maximum principle, i.e. it can never become smaller that the
smallest value given in the initial and boundary conditions, or larger than the largest value
given in the initial and boundary conditions.

If we would have used a central difference for the advective term an expression similar to
equation (67) can be written, however, with weighting coefficients:
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Inspection now reveals that the sum of the weighting factors β again equals 1, but that all
weighting factors are positive only under the condition:
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aD D D D

> > >
DD

(70)

Condition (70) is often given in a slightly different form:

2cell
v xPe
D
D

= < (71)

where Pecell is called the cell Peclet number (cf. equation (37)).

Basically, a backward difference for the advective term generates more numerical dispersion
than a central difference. However, a central difference approximation might result in
oscillations in the solution, which will not occur for a backward difference.

It should be pointed out that the global mass balance will in all cases by perfect, irrespective
of numerical dispersion or oscillations. This also indicates that damping oscillations in a
solution by simply not allowing the concentration to become larger than a predefined value
or smaller than another predefined value will ultimately result in mass balance errors.

3.4. Stability of the explicit solution

The explicit formulation of the discretised equations has the advantage that an explicit
expression for the concentrations in each grid block is obtained, which therefore does not
require matrix manipulation to obtain the solution. However, under certain conditions, such
an explicit formulation may become unstable, i.e. small errors in the solution may grow
uncontrolled and unbounded in time, resulting in very large positive and negative concen‐
trations.

Appendix A gives the derivation of the criteria for the explicit formulation to be stable. In
general, conditions (139) and (140) are given in a slightly different form. Condition (139) can
be written as:
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Substitution of this relation in condition (140) then gives:
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Consider the discretised, implicit equation, where the advective term is approximated by a
backward difference (equation (57)). With some manipulation, this equation can be written as:
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Equation (67) shows that the concentration at the new time level is a weighted average of the
concentration at the old time level and the concentrations in the adjacent grid blocks. Inspection
of the weighing coefficients β shows that:
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As a consequence C obeys a maximum principle, i.e. it can never become smaller that the
smallest value given in the initial and boundary conditions, or larger than the largest value
given in the initial and boundary conditions.

If we would have used a central difference for the advective term an expression similar to
equation (67) can be written, however, with weighting coefficients:
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Inspection now reveals that the sum of the weighting factors β again equals 1, but that all
weighting factors are positive only under the condition:
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(70)

Condition (70) is often given in a slightly different form:
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where Pecell is called the cell Peclet number (cf. equation (37)).

Basically, a backward difference for the advective term generates more numerical dispersion
than a central difference. However, a central difference approximation might result in
oscillations in the solution, which will not occur for a backward difference.
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3.4. Stability of the explicit solution

The explicit formulation of the discretised equations has the advantage that an explicit
expression for the concentrations in each grid block is obtained, which therefore does not
require matrix manipulation to obtain the solution. However, under certain conditions, such
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uncontrolled and unbounded in time, resulting in very large positive and negative concen‐
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which can then be given as the well known Courant condition:
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and the Neumann condition:
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Both conditions have a physical interpretation. The Courant condition states that in one time
step, a water particle cannot travel further than the length of a grid block. The Neumann
condition relates the characteristic length associated with the dispersion over a time step to
the block size.

For a stable solution it is required that both conditions are satisfied, which means that the most
restrictive condition determines the time step size that will still result in a stable solution.

Even an instable solution will give a perfect global mass balance (provided we are able to
calculate the mass balance with enough significant digits). Consequently, a perfect mass
balance (very small errors) is no guarantee for a good solution. However, large errors in the
global mass balance is a guarantee for errors in the concentration distribution.

4. Initial and boundary conditions

In order to be able to model the transport of (reactive) solutes in groundwater it is necessary
to define both the initial and boundary conditions. Initial conditions are (mathematically) only
required for transient or time-dependent problems.

For local pollution problems, the initial conditions (a clean soil) can usually be given for the
time before the pollution or spill occurred. For diffuse sources of pollution, the initial condition
(present day situation in cases predictions have to be made) are derived by simulating long
periods before the present day, using known (or estimated) mass inflow.

Boundary conditions for solute transport can be defined similar to the boundary conditions
for groundwater flow. We distinguish three types of boundary conditions:

Dirichlet: the concentration on the boundary is fixed. Although mathematically this is a valid
boundary condition, it is physically almost always impossible to create such a boundary
condition. Nevertheless it is often applied at inflow boundaries, where the concentration of
the solute in the water phase is known.

Neumann: the total mass flow of a solute across a boundary is defined. This type of boundary
condition (also called mass loading) is often applied to inflow boundaries in e.g. experiments,
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but also in field situations dealing with point sources of pollution where the total mass of solute
entering the groundwater is known (or can be estimated). For outflow boundaries, this type
of boundary condition is physically not possible, because at outflow boundaries the total mass
leaving the system is unknown (dependent on the concentration in the aquifer).

Cauchy: the mass flux of solute across the boundary is dependent on the concentration in the
water phase itself. This type of boundary condition is often applied at outflow boundaries,
defining the total mass flux as qC, where q is the water flux and C is the concentration of the
solute in the water. Implicit in this definition of the boundary condition is the assumption that
the dispersive flux across the boundary is zero.

For local point source pollution problems, we choose boundaries far enough away from the
point source to make sure that the boundary conditions do not influence the concentration
distribution.

5. Non-linear, non-equilibrium processes

5.1. General

Diffusion and radio-active decay have already been described in section 2, and do not need
further elaboration.

5.2. Advection and dispersion

In heterogeneous systems, advection and dispersion are closely related. Dispersion is used to
describe the transport of a contaminant due to variations in the groundwater flow which are
not described by our “model” (where model can mean anything from complex numerical
systems to the assumption of uniform flow). These variations are caused by local heterogene‐
ities which have not been taken into account.

Basically, this means that the more information on convective or advective transport (in fact
the variation in hydraulic conductivity) are taken into account, the smaller the dispersion will
be.

From large numbers of field measurements, it is known that within one geological formation,
the hydraulic conductivity may show a log-normal distribution with for instance an exponen‐
tial covariance function defining the spatial correlation:
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where Y=ln(k), σY is the standard deviation in Y, r is the distance between the points where Y1

and Y2 were measured, and lY is the correlation length. The basic assumption is that the co-
variance is dependent on the distance between the measurement points only. This relation can

Solute Transport in Soil
http://dx.doi.org/10.5772/54557

59



which can then be given as the well known Courant condition:

1v t
x
D

<
D

(74)

and the Neumann condition:

( )2 0.5D t

x

D
<

D
(75)

Both conditions have a physical interpretation. The Courant condition states that in one time
step, a water particle cannot travel further than the length of a grid block. The Neumann
condition relates the characteristic length associated with the dispersion over a time step to
the block size.

For a stable solution it is required that both conditions are satisfied, which means that the most
restrictive condition determines the time step size that will still result in a stable solution.

Even an instable solution will give a perfect global mass balance (provided we are able to
calculate the mass balance with enough significant digits). Consequently, a perfect mass
balance (very small errors) is no guarantee for a good solution. However, large errors in the
global mass balance is a guarantee for errors in the concentration distribution.

4. Initial and boundary conditions

In order to be able to model the transport of (reactive) solutes in groundwater it is necessary
to define both the initial and boundary conditions. Initial conditions are (mathematically) only
required for transient or time-dependent problems.

For local pollution problems, the initial conditions (a clean soil) can usually be given for the
time before the pollution or spill occurred. For diffuse sources of pollution, the initial condition
(present day situation in cases predictions have to be made) are derived by simulating long
periods before the present day, using known (or estimated) mass inflow.

Boundary conditions for solute transport can be defined similar to the boundary conditions
for groundwater flow. We distinguish three types of boundary conditions:

Dirichlet: the concentration on the boundary is fixed. Although mathematically this is a valid
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but also in field situations dealing with point sources of pollution where the total mass of solute
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of boundary condition is physically not possible, because at outflow boundaries the total mass
leaving the system is unknown (dependent on the concentration in the aquifer).

Cauchy: the mass flux of solute across the boundary is dependent on the concentration in the
water phase itself. This type of boundary condition is often applied at outflow boundaries,
defining the total mass flux as qC, where q is the water flux and C is the concentration of the
solute in the water. Implicit in this definition of the boundary condition is the assumption that
the dispersive flux across the boundary is zero.

For local point source pollution problems, we choose boundaries far enough away from the
point source to make sure that the boundary conditions do not influence the concentration
distribution.

5. Non-linear, non-equilibrium processes

5.1. General

Diffusion and radio-active decay have already been described in section 2, and do not need
further elaboration.

5.2. Advection and dispersion

In heterogeneous systems, advection and dispersion are closely related. Dispersion is used to
describe the transport of a contaminant due to variations in the groundwater flow which are
not described by our “model” (where model can mean anything from complex numerical
systems to the assumption of uniform flow). These variations are caused by local heterogene‐
ities which have not been taken into account.

Basically, this means that the more information on convective or advective transport (in fact
the variation in hydraulic conductivity) are taken into account, the smaller the dispersion will
be.

From large numbers of field measurements, it is known that within one geological formation,
the hydraulic conductivity may show a log-normal distribution with for instance an exponen‐
tial covariance function defining the spatial correlation:
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be extended to account for direction dependence. For instance, the fact that sedimentation in
geological formation have taken place in a certain direction will generate this direction
dependence (correlation length in the z-direction will be smaller than the correlation length in
the x and y-directions). Further, more practical aspects are discussed later in this chapter.

If we consider the formation to be homogeneous, all heterogeneities in the formation will have
to be described by dispersion. In such a system, the dispersivity will be related to the correlation
length (relation dependent on the flow pattern). That is, however, only true if the plume “has
seen” all heterogeneities, i.e. if the size of the plume is (much) larger than the correlation length.
In that case we will call the plume “ergodic”. For small plumes (non-ergodic), that is not the
case, and the behaviour of such a plume cannot be described on a large scale by global
dispersion. For the behaviour of such plumes it is necessary to incorporate information on local
heterogeneities.

Note, that hydrodynamic dispersion generates a spreading in the average values of the
concentrations, where the averaging volume is determined by the scale on which we assume
the system to be homogeneous. If that scale is large, we are in principle not allowed to make
a comparison of calculated concentrations with local measurements. Another reason to use
spatial moments.

5.3. Adsorption/desorption

Equilibrium adsorption/desorption, especially for larger concentrations, can often be descri‐
bed by either a Freundlich equation (Figure 5, cases B and C)

( )p
sC K C= (77)

where K is a constant, and p<1, or by a Langmuir isotherm:
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where Csmax the maximum amount is that can be adsorbed (occurs when kC>>1). For low
concentrations (where kC<<1) relation (78) becomes linear. The Langmuir isotherm is typical
for soils and solid surfaces that have a limited number of sites available for adsorption.

For the non-linear adsorption, we can still define a retardation factor:
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s

dCnR
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= + (79)

which will, however, be dependent on the concentration C. The mass balance equation is then
given by:
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where F is the mass flux (by advection and dispersion).

Inspection of the Freundlich and Langmuir isotherms shows that the retardation factor
becomes smaller for larger concentrations. For the displacement of a front of solute, this means
that the higher concentrations are less retarded than the lower concentrations. In other words,
the higher concentrations try to “overtake” the lower concentrations. This effect is counteracted
by dispersion. After some time, equilibrium will occur between these competing processes and
a travelling wave will develop (Bosma and Van der Zee, 1993). An example of such displace‐
ment is shown in Figure 6.

Figure 6. Traveling wave type of displacement, with concentration fronts given by solid lines, compared with linear
convective-dispersive transport, with fronts given by dashed lines

In case of non-equilibrium, the adsorption/desorption may also be non-linear due to the limited
number of sites available. For non-equilibrium adsorption/desorption we also need to solve
for a mass balance of the adsorbed solute. For instance, a Langmuir type non-equilibrium
interaction takes the form:

( )1a d sI k C k Cq= - - (81)

where θ is the fraction of the adsorption sites that is occupied (Van der Zee et al., 1987). Non-
equilibrium often results in tailing in breakthrough curves.

If more solutes are present, competition for the adsorption sites may occur. One of the effects
that may occur, is, that some solute adsorbs fast, but will later be replaced by a solute that
adsorbs slower, but has a higher affinity for the adsorption sites.
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5.4. Chemical reactions

Chemical reactions are usually described by equilibrium reactions. These are in general highly
non-linear, while a large number of species play a role. However, they are local in nature (there
is no spatial partial derivative in these equations). Solving for chemical reactions in combina‐
tion with transport can be done in two ways:

i. Operator splitting: solve for the transport of all species required. The result is a
redistribution of the concentrations. Starting with these concentrations, calculate the
new chemical equilibrium, etc. Advantage is that the number of equations is limited.
Disadvantage is that the time step size is limited.

ii. Combine the equations for chemical equilibrium with the transport equations, and
solve simultaneously. Advantage is that the time step size is less limited than in the
operator splitting method. Disadvantage is the large system of non-linear equations
that need to be solved.

Note, that negative concentrations (however small they are) cannot be allowed when dealing
with chemical reactions.

Dissolution/precipitation reactions play a slightly different role. These reactions are dependent
on threshold values. Consider a mineral the dissolves in the water phase. As long as the mineral
is present, the concentration in the water phase is constant, and the mass transfer from the
solid to the liquid phase is unknown. When the mineral is not present, it will act in the water
phase as any other species. Until the concentration becomes large, and precipitation starts to
occur.

One of the biggest problems in chemical reactions is to limit the number of species (and hence
the number of mass balances that need to be considered) that have to be taken into account
(Schroeder, 2005).

5.5. Biodegradation

Biodegradation needs at least, beside the present of bacteria, also the presence of a carbon
source and the presence of an electron acceptor (if degradation is aerobic). The degradation
can also be anaerobic (e.g. of inflammable NAPLs such as chlorinated hydrocarbons), in which
a chemical is needed that supplies electrons for the degradation process. In general, aerobic
degradation is faster than anaerobic degradation.

Biodegradation can be assumed to take place in the water phase only. Dependent on the
number of bacteria present, we can distinguish between:

• single bacteria in the water phase; these can also be transported with the flowing ground‐
water;

• colonies on the solid matrix; these bacteria are not transported, but they still have access to
all species in the water phase;
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• biofilms on the solid matrix; for bacteria in biofilms, mass transport from the free water
phase to the biofilm is usually diffusion controlled, and this (slow) mass transfer has to be
taken into account when describing biodegradation.

If a carbon source is available, the biomass (number of bacteria) will grow, and in time we can
have a transition from free bacteria to colonies to biofilm. Two other effects play a role in
biodegradation: 1) bacteria die, which can usually be described by a first order decay, and 2)
species may be present that inhibit the biodegradation.

If a first order description of biodegradation is not sufficient, a typical way to describe
biodegradation then is e.g. by Monod type relations:

max 1
C O I

C O II I
k C k O k I

æ öæ öæ ö
= -ç ÷ç ÷ç ÷ç ÷ç ÷ç ÷+ + +è øè øè ø

(82)

where Imax is the maximum amount that can be degraded, C is the concentration of the carbon
source, O the concentration of the electron acceptor, I the concentration of the inhibitor, and k
are constants. Equation (82) can be extended to include more species that play a role in the
biodegradation. Note, that for each of these species a mass balance needs to be solved. Equation
(82) does not include the biomass, but that can be done in the same way, provided a mass
balance for the biomass is solved as well.

If biodegradation takes place, the products of the degradation may in itself be degraded again
by the same (type of) bacteria. In these cases it is required to analyse (or predict) the transport
of multiple solutes, where the degradation of one solute results in a source term for the
daughter product. These multiple solutes will in general have different adsorption/desorption
characteristics and different decay characteristics.

5.6. Non Aqueous Phase Liquids (NAPL)

Non-aqueous phase liquids or oil does not mix with water. Infiltration of these liquids in the
subsurface (e.g. through leaking tanks or pipes) will create multiphase systems.

If a spill occurs, oil will be transported through the unsaturated zone, leaving behind a residual
oil saturation (around 20-30% of the pore volume), which is not mobile due to capillary forces.

When the oil reaches the water table the oil will float on the water table if it is lighter than
water (LNAPL). Such floating lenses have been found on many places worldwide, often due
to spills of gasoline at gasoline stations. The analysis of such lenses has been studied experi‐
mentally (Wipfler et al., 2004) but also numerically and analytically (Van Dijke and Van der
Zee, 1998). If the NAPL is denser than water (DNAPL), it will move downwards through the
groundwater until it reaches an impermeable layer. The transport of DNAPL through the
saturated zone is controlled by instabilities (local heterogeneities), and it is therefore very
difficult to predict where exactly the DNAPL will be present. However, residual oil will be
present at those locations where the DNAPL has passed through.
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When the oil reaches the water table the oil will float on the water table if it is lighter than
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Components of the oil will dissolve in the water phase, although generally in very small
quantities. If the oil phase is in equilibrium with the water phase, the concentration of the oil
components in the water phase can be described by Raoult’s law:

maxC C X= (83)

where Cmax the maximum concentration is if the water phase is in contact with the pure
component, and X is the mol fraction of the component in the oil phase.

For a layer of the pure oil, there is in general no equilibrium between the water phase and the
oil phase. In these cases, the mass transfer is diffusion controlled, and described by a first order
relation:

( )eqI k C C= - (84)

where k is the mass transfer coefficient, and Ceq is the equilibrium concentration, which is given
by equation (83). The mass transfer coefficient is dependent on a.o. the diffusion coefficient,
the oil saturation, average pore diameter and the groundwater velocity. A number of empirical
relations exist that define these relations.

If a free oil phase is present, the transport of oil components requires both the solution of the
oil and water flow equations and the transport equation of each species in both phases. Note,
that the oil and water flow are coupled due to the capillary forces, and the dependence of the
water hydraulic conductivity on the oil saturation.

6. Density dependent flow and transport

6.1. General

In many cases, the properties of groundwater, and in particular the density, are influenced by
the concentration of dissolved species. That is e.g. the case for sea water intrusion in coastal
aquifers, or for the infiltration of leachate from a landfill into a fresh water aquifer. In many of
these cases, we may assume that the density is the only property of the water phase that is
influenced by the concentrations of the dissolved species. In other cases, we have to take into
account the fact that the viscosity of the water phase is also influenced by the concentration of
the dissolved species. That is in particular true for very high solute concentrations (or for large
temperature differences). For instance, if we consider the disposal of waste in deep saline
aquifers, the effect of a changing viscosity cannot be neglected. The viscosity of water varies
by a factor of 2 from fresh water to concentrated brine. These situations differ from those of
NAPLs, as the different types of groundwater are miscible, whereas NAPL and water are
immiscible.
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In case of changing fluid properties, the governing flow equation cannot be formulated in
terms of groundwater potential but have to be given in terms of pressures and a gravity term.
In the following, the governing equations for density dependent flow and transport will be
given, followed by a simplified set of equations.

6.2. Basic equations

For density dependent flow, the general form of Darcy’s law needs to be used:
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The mass balance equation for the water phase is given by:
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(86)

and the mass balance for the solute by:

∂
∂ t (nρω) +∇ ⋅ (ρωq)−∇ ⋅ (nρD ⋅∇ω)=0

(87)

where it has been assumed that there are no external sources and sinks, and that the solute
creating the density differences is a conservative one.

We can now define a “fresh water potential” as:
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where ρf is the density of fresh water (ω=0) and z is the vertical position with respect to a
reference level. Substitution of (88) in (85) gives the following form of Darcy’s law:
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In case of changing fluid properties, the governing flow equation cannot be formulated in
terms of groundwater potential but have to be given in terms of pressures and a gravity term.
In the following, the governing equations for density dependent flow and transport will be
given, followed by a simplified set of equations.

6.2. Basic equations

For density dependent flow, the general form of Darcy’s law needs to be used:
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which shows that the hydraulic conductivities are dependent on the fluid properties. It is also
obvious that the fresh groundwater potential is not the only driving force for the groundwater
flow. The system of equations (85) or (89) with (86) and (87) have to be supplemented by
equations of state for both the density and the viscosity of the water.

The mass balance equations with Darcy’s law form a set of coupled, non-linear equations. The
coupling is a two-way coupling: the flow is dependent on the concentration distribution
(through the dependence of the density and the viscosity on the concentration), while the
concentration distribution is dependent on the flow through the advective term in equation (87).

6.3. Simplified equations

In many cases, the equations governing the density dependent flow and transport can be
simplified by making a number of assumptions. First of all, for relatively low concentrations
(e.g. the salt concentration in seawater) we may assume that the changes in the viscosity with
the concentration are negligible. Furthermore, the density can be assumed to be linear
dependent on the salt mass fraction. That is certainly the case for salt water:

( )1fr r gw= + (90)

where for salt, γ has a value of 0.7.

Secondly, we will assume the (temporal) changes in the porosity can be neglected.

Finally, we can adopt Boussinesq’s approximation, which states that the variations in the liquid
density can be neglected everywhere, with the exception in the gravity term of Darcy’s law.
With all these assumptions, the governing equations can be written as:

Mass balance of the water phase:

0qÑ × = (91)

Mass balance of the salt:
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Darcy’s law:
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Equation of state:

( )1fr r gw= + (94)

where ez is a unit vector in the z-direction (positive upward).

Substitution of the equation of state (94) in Darcy’s law (93), and assuming that the porosity
and the dispersion coefficients are constants, even further simplifies the set of equations:
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( )( )f f zq p gz gek r r gw
m

= - Ñ + + (97)

These equations can be made dimensionless by choosing appropriate reference values for the
different variables in the equations:
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where L is a characteristic dimension of the system considered.

Now, if we choose the following reference values:
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= = = = (99)

the system of equations reduces to:

0qÑ × = (100)
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(101)
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zq p A ew= -Ñ - (102)

where it is understood that all variables are dimensionless (subscript d has been omitted), and:

maxn D
A

L
k r

m
D

= (103)

is the Rayleigh number. This number defines the ratio of gravity and dispersive forces.
Together with the initial and boundary conditions it fully controls the solution of equations
(100) through (102).

For the stable situation, where fresh water (derived from rainfall) is situated above saline
groundwater, Eeman et al. (2011, 2012) provided analyses for the behaviour of such rainfall
lenses in coastal delta areas. Experimental evidence of such lenses was given by Lebbe et al.
(2008), Vandenbohede et al. (2008) and Eeman et al. (2011, 2012). Their work was preceded by
over a century of investigations of the dynamics of fresh water pockets in coastal dunes
(Herzberg, 1901, Van der Veer, 1977, Maas, 2007), barrier dunes, and atols (see Eeman et al.
2012).

For systems that are possibly instable, i.e. systems where fresh water is overlain by water with
a higher density, the Rayleigh number controls whether such instabilities will occur. These
situations arise e.g. under landfills, where the (heavier) leachate infiltrates in a fresh water
aquifer, or at transgression of the coast line by rise of the seawater level.

For reasonable simple geometries, a perturbation analysis can show us when instabilities may
occur. For the Rayleigh-Bernard problem, i.e. a rectangular vertical slab, with no-flow boun‐
dary conditions at the sides, and ω=1 at the top boundary and ω=0 at the bottom boundary, it
can be shown that instabilities will occur for A>4π2.

7. Transport in heterogeneous media

7.1. General considerations

If we wish to convey our understanding of transport of solutes to real soils, we have to account
for spatiotemporal variability. After all, it is well known that soils vary spatially (layers,
horizons, pores size distribution), and as a function of time, e.g. due to time varying weather,
groundwater flow and many other causes. Such variability leads to rather complex behaviour
in space and time. Instead of the rather simple, smooth concentration profiles and break‐
through curves, that we obtain for homogeneous soil and simple initial and boundary
conditions, quite involved transport trajectories and concentration distributions result.

These are difficult to convey to the stakeholders, that have to base decisions on such results.
For such reasons, spatial and temporal moment theory can be used to capture the transport
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phenomena in relatively robust terms. The moment theory is explained and for the case of
spatial moments, it is presented mathematically. This is not done for temporal moments,
because the mathematical details are completely in analogy to the spatial moments, and
therefore obsolete here. Before going into details, first a qualitative impression is given of the
moments.

The first spatial moment is related to the solute velocity, or, in case of a conservative solute,
the groundwater velocity. For an instantaneous release of a non-reactive tracer in a steady state
groundwater flow field, the first spatial moments as a function of time tell us exactly where
the tracer is located and therefore also what the groundwater velocity is. Comparison of the
first spatial moment of a reactive solute with the first spatial moment of a non-reactive tracer
gives an estimate of the retardation factor. For a solute plume, these first moments characterize
therefore the velocity of the entire plume, not of individual solute particles.

Following the zero’th spatial moment of a solute in time gives information about the degra‐
dation of the reactive solute. It is even better to compare these moments with the zero’th
moment of a non-reactive (inert) tracer. If we indicate the properties of the reactive tracer with
superscript r and the properties of the non-reactive tracer with n, we can define:

 
F r =

M 0
r (t )

M 0
r (0)

F n =
M 0

n(t )

M 0
n(0)

(104)

The decay constant λ of the reactive solute is then given by:

F r

F n = e -λt (105)

We could have used the zero’th spatial moment of the reactive solute only (as a function of
time). However, comparing it with the zero’th spatial moment of a non-reactive solute may
give a better answer because possible errors due to limited available information may cancel
if the concentrations required for the determination of the zero’th spatial moment are measured
at the same locations.

The second central spatial moment is related to the dispersion on the scale of the plume. For
an instantaneous release of a solute in a steady state groundwater flow field, one of the
elements of the dispersion coefficient is given by:

Dxx = 1
2

d
dt (σxx

2 ) (106)

and similar expressions can be given for the other 5 elements of the dispersion tensor (cf
equation (33)).
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The accuracy with which the spatial moments can be determined is of course dependent on
the amount of data available. Higher order spatial moments are often less accurate than the
lower order spatial moments.

Characterizing the behaviour of a plume of contaminant on the basis of spatial moments is
usually more robust than trying to characterize it by individual measurements of concentra‐
tions. The latter are very dependent on local heterogeneities. Apart from that, decision makers
are usually interested in global measures like the transport of the plume (first spatial moment)
and the spread around the mean travel distance (second central spatial moment) rather than
in local concentrations.

7.2. Moment theory

As flow and transport conditions are spatiotemporally variable, complex patterns can devel‐
op, as illustrated in Figure 7 for the distribution of a chemical that moves through soil. This
pattern is difficult to describe to someone who cannot see it. However, often that is not really
important, because we are only interested in simpler information. Simpler information, that is
also statistically robust, are the so-called moments. Moments can be described for any proper‐
ty that is distributed (in space, in time). For instance, if we consider the concentration of a solute
as in Figure 7, that is distributed spatially, we can regard this distribution as a probability density
function pdf (or: frequency function), in particular: a pdf of travelled distances, in this case. Its
discrete analogue is a histogram, provided the lengths of all bars are normalized in such a way
that their sum is equal to 1. A pdf f is related with a cumulative distribution (P) according to:

P = ∫-∞
x f (ξ)dξ (107)

and for integration to x=+∞, P becomes one: it is the probability that the value of x lies between
the lower and the upper boundary, and this probability is one for this x=+∞ upper boundary.
Therefore, if we deal with a concentration distribution, we first have to make a pdf out of it.
We do so with the zero’th moment.

Instead of doing so, we will illustrate moments on mass instead of concentration. A concen‐
tration is a mass (of solute) divided by a mass or volume of water. You can of course calculate
what happens if you add one glass of water with a particular concentration to another glass
with another concentration. However, physically it is much better to go to more basic prop‐
erties: how much mass of solute is in each glass, how much water, and what is the final mass
of solute and of water if both are combined? Hence: never calculate moments of concentrations,
or water fractions. Instead, calculate moments of quantities (kg, volume,...). For the present
purpose, we calculate moments of solute mass in solution (θ(x,  y,  z, t).C(x, y, z, t)) instead
of concentration.

The zero’th moment of the solute mass distribution in solution is given by:

M0(t)= ∫-∞
∞θ(x, t)C(x, t)dx (108)
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if water fraction and concentration are only distributed in the x-direction (otherwise, we have
to integrate for x, y, and z). The zero’th moment is also known as the mass of the distribution,
and is a ‘normalizing’ property: division of higher order moments by the mass, renders the
distribution of water fraction times concentration a pdf!

The first moment is given by:

M1(t)= ∫-∞
∞xθ(x, t)C(x, t)dx = ∫-∞

∞x f θC(x, t)dx (109)

and written this way, illustrates that division by the 0th moment is needed to obtain a pdf. The
first spatial moment divided by the 0th spatial moment is known as the average position of the
plume of solute (xav), whereas the first temporal moment divided by the 0th temporal moment
is the mean breakthrough time. The second moment is obtained by multiplying with x2 instead
of x. More common to use is the second central moment, given by:

M2
c(t)= ∫-∞

∞(x - xav)2θ(x, t)C(x, t)dx = ∫-∞
∞(x - xav)2 f θC(x, t)dx (110)

35

Figure 7. Evidence of spatial differences in the rate of propagation of a solute front. Part of a photograph kindly pro‐
vided by R.G. (Gary) Kachanoski (Canada) of a loamy soil profile in Ontario, Canada. Front depth (white arrows) is visi‐
ble because the lime rich subsoil is lighter coloured than the topsoil, where lime has dissolved and leached due to
natural and anthropogenic acid inputs during the Holocene. Topsoil pH about 6.5, subsoil pH about 8.2.
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erties: how much mass of solute is in each glass, how much water, and what is the final mass
of solute and of water if both are combined? Hence: never calculate moments of concentrations,
or water fractions. Instead, calculate moments of quantities (kg, volume,...). For the present
purpose, we calculate moments of solute mass in solution (θ(x,  y,  z, t).C(x, y, z, t)) instead
of concentration.

The zero’th moment of the solute mass distribution in solution is given by:

M0(t)= ∫-∞
∞θ(x, t)C(x, t)dx (108)
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if water fraction and concentration are only distributed in the x-direction (otherwise, we have
to integrate for x, y, and z). The zero’th moment is also known as the mass of the distribution,
and is a ‘normalizing’ property: division of higher order moments by the mass, renders the
distribution of water fraction times concentration a pdf!

The first moment is given by:

M1(t)= ∫-∞
∞xθ(x, t)C(x, t)dx = ∫-∞

∞x f θC(x, t)dx (109)

and written this way, illustrates that division by the 0th moment is needed to obtain a pdf. The
first spatial moment divided by the 0th spatial moment is known as the average position of the
plume of solute (xav), whereas the first temporal moment divided by the 0th temporal moment
is the mean breakthrough time. The second moment is obtained by multiplying with x2 instead
of x. More common to use is the second central moment, given by:

M2
c(t)= ∫-∞

∞(x - xav)2θ(x, t)C(x, t)dx = ∫-∞
∞(x - xav)2 f θC(x, t)dx (110)

35

Figure 7. Evidence of spatial differences in the rate of propagation of a solute front. Part of a photograph kindly pro‐
vided by R.G. (Gary) Kachanoski (Canada) of a loamy soil profile in Ontario, Canada. Front depth (white arrows) is visi‐
ble because the lime rich subsoil is lighter coloured than the topsoil, where lime has dissolved and leached due to
natural and anthropogenic acid inputs during the Holocene. Topsoil pH about 6.5, subsoil pH about 8.2.
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from which the variance can be obtained as:

σxx
2 (t)=

M 2
c(t )

M 0(t ) (111)

This variance is a good measure for the spreading in space (here the x-direction), and is related
with the concept of dispersion, as mentioned before. To describe the transport behaviour of
solutes, the moments up to the variance are not always sufficient. The main reason is that the
transport velocities, i.e., including retardation effects, of parcels of solute may not be symmet‐
rically (e.g. normally) distributed. In that case, higher order moments may be needed, or the
assumption that the pdf has another than normal shape is required. An important alternative
to the normal (symmetric) pdf is the lognormal pdf.

7.3. The lognormal pdf

The normal pdf of X is given by:

f (X )= 1

sX 2π
e

( X -mX

sX 2
)2

(112)

where sX is the standard deviation and mX is the mean. The lognormal pdf of Y is very similar,
namely:

f (Y )= 1

Y sY 2π
e

( Y -mY

σ 2
)2

(113)

where the mean mY and standard deviation sY are those of the lognormally transformed
parameter X=ln(Y). That means that if Y is lognormally distributed, then X is normally
distributed, and the pdf of lognormally distributed Y is characterized with the statistics of X.
The following equation shows that this is correct:

f Y dY = 1
Y f lnY dY = f lnY d (lnY )= f X dX (114)

So, if we wish to characterize the lognormal pdf, we first have to log-transform, to calculate
the statistics, and then we know the pdf. There is another way, as the statistics of both pfd’s
are related. The following relationships can be derived if Y is lognormally distributed and if
X=ln(Y):

mX = ln (mY ) - 1
2 sX

2  

sX
2 = ln (1 + ( sY

2

mY
2 )) (115)
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So, to calculate the mean, you first have to calculate the variance (of X), from the statistics
(mean and variance) of Y.

Median and mode for the normally distributed X are equal to the mean.

If you know the statistics of X (for instance log(hydraulic conductivity)), but not those of
hydraulic conductivity itself (Y), then you can calculate those easily by inverting the above
equations. The result is given by:

mY = e
(mX +

1
2 sX

2 )

sY
2 = e (2mX +sX

2 )(e sX
2

- 1) (116)

and for completeness, also the median and modus:

medianY = e mX

modeY = e (mX -sX
2 ) (117)

The lognormal pdf is very attractive for several reasons. An important reason is that many
properties appear to be well lognormally distributed, whereas they are not normally distrib‐
uted. For instance, the saturated hydraulic conductivity Ks has been found experimentally to
be often lognormally distributed, and Miller and Miller (1955) also give a theoretical basis with
the similar media or similitude theory.

7.4. Approaches to model transport in heterogeneous media

Modeling of heterogeneous media can be done in several ways, that vary in complexity. In all
cases, an impression of the heterogeneity is gained experimentally. This gives us information
regarding the statistics of the important soil properties, such as hydraulic conductivity. This
information can be directly used as input for any model. However, it is also possible to generate
a field of hydraulic conductivities and use that for input. This is attractive, because often we
have data only for a very limited number of positions, leaving large volumes for which we do
not have data and for which we have to find a good strategy to parameterize.

If we generate random fields, we can do a calculation for each generated field. If we do so
repeatedly, for a designated set of statistics, then the calculations will be similar but different:
just as when you take a picture of a meadow every five minutes: the meadow will be the same,
but each picture is different. Repeated calculations for the same statistics is what we call Monte
Carlo simulation. With this technique, we can determine the uncertainty that is intrinsic to our
model results.

Monte Carlo simulation is a numerical approach, with which we can check whether analytical
solutions are sound. But Monte Carlo simulation may also be done using analytical solutions, if
they are available. Besides Monte Carlo, a common way to deal with heterogeneity is in the context
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of a GIS system, where each cell or pixel gets its own value, depending on overlay maps and
transfer functions. Then, for each cell or pixel the same set of calculations is done, only with
different parameters. An example of the output obtained this way is shown in Figure 8 for pesticide
leaching. In these calculations, geospatial data of soil type, weather conditions, geohydrology,
land use (which pesticides, which crops, which growing season and pesticide application date),
and other information can be linked. Clearly, then it is possible to determine which regions have
a major hazard of leaching a particular pesticide (or more generally, a contaminant of interest).

This type of modelling is very important for risk analysis and screening of pesticides in the
admission of these chemicals. Whether or not a pesticide is admitted to the market, or should
be taken out of the market (as happened about 1990 with quite a number of pesticides in the
EU), may depend on the outcome of fate calculations with models as described here. For
instance, the pesticide screening in EU uses the so-called FOCUS protocols, as mentioned by
Beltman et al. (2008).

In a relatively simple approach, the spatial configuration is neglected. This is suitable, if the
interest is not where something happens but what its effect is on the entire system. An example
is leaching of solute from a field: instead of wishing to know where the leaching occurs, it may
be sufficient to know what the average leaching is. This is the essence of the parallel stream
tube PST model.

Figure 8. Leached pesticide into groundwater, as calculated with the EU pesticide screening model GEO-PEARL, for
four Kom-values and a half life of 20 days. Calculations and figure kindly provided by A. Tiktak (PBL, Bilthoven, Nether‐
lands). The assumption has been made that only dissolved pesticide may degrade (see Beltman et al., 2008)
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7.5. Parallel stream tube model

This approach has been developed by Bresler and Dagan in two highly innovative papers in
1979, and their analyses for a conservative tracer was later extended to reacting chemicals (Van
der Zee and Van Riemsdijk, 1987, Destouni and Cvetkovic, 1992). It is very effective to capture
the effect that fronts do not move with the same velocity for all places. It is used more for
leaching in unsaturated soil, than for groundwater transport, because stream tubes are more
unidirectional in soil (vertical) than in groundwater.

For the vertical transport of solute, the simplest model is the purely convective model. For the
case of linear sorption, it is given by:

zc = vt
R (118)

for each concentration that at time 0 was located at depth (z) equal to zero. For gravity leaching,
the velocity is determined by the unit gradient and the hydraulic conductivity, where the latter
has been demonstrated to be strongly spatially variable. The retardation factor is likewise
known to vary spatially. This implies, that even if all concentrations ‘start’ at time 0 at the same
position (say z=0), then after a certain time, they will have moved more in some stream tubes
than in others. This is illustrated in Figure 9. Due to spatial variability of flow velocity and
retardation factor, also the front moves with a distributed velocity!

Figure 9. Illustration of the PST model for unsaturated soil, and Heaviside input of solute. The top panel was obtained
by calculating the front position for many horizontal positions, giving a front position with above a relative concentra‐
tion of 1 and below of 0. The bottom panel was obtained by calculating the fraction of the horizontal plane, for which
the relative concentration is 1. This fraction is then the horizontally averaged (relative) concentration.

Now, it is important to recognize with which complexity we wish to describe such spatiotem‐
poral variable transport. In case of the PST model, we are satisfied if we know how the transport
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is for the entire area (for instance field) on average, and we are less interested in which part of
the field the transport is fast or slow. In that case, the configuration of the solute front in x and
y is of less importance, and we consider the field average front. For that front, we can be
interested in the mean front position, its distribution, and its variance. In this chapter, we focus
on the mean position and the distribution around this mean.

The field average front can be easily determined using Monte Carlo simulation, where random
numbers are drawn for the distributed parameters, combined in the convective model, to
determine the distributed front position at designated time (Van der Zee and Van Riemsdijk,
1987). However, it is also possible to determine the field average front analytically, in case that
the parameters v and R are lognormally distributed. This analytical procedure is as follows,
for the simple case of a Heaviside solute input at the soil surface.

First, we experimentally or theoretically determine the mean (m) and standard deviation (s) of
the lognormally transformed v and R, i.e. of ln(v) and ln(R). The so-called reproductive
properties of the lognormal distribution are for the purely convective transport model of use
to determine the statistics of front depth: if z=vt/R, then:

mlnZ =mlnv + ln(t) - mlnR

slnZ
2 = slnv

2 + slnR
2 (119)

As for the Heaviside input, the concentration at the soil surface changes abruptly from one
value to another, we obtain different results depending on the initial and boundary conditions.
As a first step, we determine, for a distributed ln(z) (for front depth), what is the probability
that the front has not passed a certain depth. This probability is given by:

Pr{z < z *}= ∫-∞
z *

f zdz (120)

with the pdf given in section 8.3. Inserting the lognormal pdf, with statistics as just determined,
we obtain:

Pr{z < z *} = 1
2 erf { ln(z *) - mlnz

slnz 2
} (121)

This probability is the probability that the front has not passed the depth z*. To interpret that
as a concentration, we have to reason what that means. If the front has not passed a certain
depth, at that depth we still find the original (initial) concentration. Hence, Pr represents the
fraction of the area, where we still find the initial concentration at depth z=z*. We now consider
two simplified systems. In the first case, the initial concentration is 1 and the incoming
concentration is 0. In that case, the areally averaged concentration at depth z* is:

C(z *) = Pr{z < z *} (122)
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If, on the other hand, the initial concentration is equal to 0 and the incoming concentration is
1, then:

C(z *) =1 - Pr{z < z *} = 1
2 erfc{ ln(z *) - mlnz

slnz 2
} (123)

More generally, if the initial and final (or input) concentrations are not equal to 0 or 1, the mean
concentration can be transformed in the real value, using transformations such as:

C =
C (z *) - Cinitial

C final - Cinitial
(124)

Due to the logarithmic transforms, the mean concentration profile commonly looks as in
Figure 10.
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also convenient, if the convective PST model is adopted: the reproductive properties hold for multiplication and division in case of 
a lognormal pdf, whereas they are additive/subtractive for the normal pdf: see Eq. (119). Also, lognormally distributed parameters 
cannot be negative, whereas normally distributed parameters can. This is important, because for instance the hydraulic 
conductivity and the retardation factor cannot be negative. 

Although transport in the water unsaturated soil is predominantly vertically downward or upward, some horizontal displacement 
always happens. This transversal transport can also be important, for instance, if a slug of contaminant moves downwards, but 
dispersional mixing and movement in the transversal directions occurs for a contamination event of limited areal extent (in the 
horizontal x and y directions). In that case, the explained theory is valid but spatial moments have to be calculated in the other 
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7.6. Multidimensional stochastic modelling 
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Figure 10. Areally averaged concentration (vertical axis) as a function of depth (horizontal), for different times: initial
concentration 0 and final concentration 1.

In the presentation so far, we assumed that the important properties are lognormally distrib‐
uted, i.e., taking the logarithmic transform, we obtain numbers that are normally distributed.
Often, this assumption is appropriate (Van der Zee et al., 1988), but also convenient, if the
convective PST model is adopted: the reproductive properties hold for multiplication and
division in case of a lognormal pdf, whereas they are additive/subtractive for the normal pdf:
see Eq. (119). Also, lognormally distributed parameters cannot be negative, whereas normally
distributed parameters can. This is important, because for instance the hydraulic conductivity
and the retardation factor cannot be negative.

Although transport in the water unsaturated soil is predominantly vertically downward or
upward, some horizontal displacement always happens. This transversal transport can also
be important, for instance, if a slug of contaminant moves downwards, but dispersional mixing
and movement in the transversal directions occurs for a contamination event of limited areal
extent (in the horizontal x and y directions). In that case, the explained theory is valid but
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is for the entire area (for instance field) on average, and we are less interested in which part of
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Figure 10. Areally averaged concentration (vertical axis) as a function of depth (horizontal), for different times: initial
concentration 0 and final concentration 1.

In the presentation so far, we assumed that the important properties are lognormally distrib‐
uted, i.e., taking the logarithmic transform, we obtain numbers that are normally distributed.
Often, this assumption is appropriate (Van der Zee et al., 1988), but also convenient, if the
convective PST model is adopted: the reproductive properties hold for multiplication and
division in case of a lognormal pdf, whereas they are additive/subtractive for the normal pdf:
see Eq. (119). Also, lognormally distributed parameters cannot be negative, whereas normally
distributed parameters can. This is important, because for instance the hydraulic conductivity
and the retardation factor cannot be negative.

Although transport in the water unsaturated soil is predominantly vertically downward or
upward, some horizontal displacement always happens. This transversal transport can also
be important, for instance, if a slug of contaminant moves downwards, but dispersional mixing
and movement in the transversal directions occurs for a contamination event of limited areal
extent (in the horizontal x and y directions). In that case, the explained theory is valid but
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tion function. For this assumption, analytical expressions were derived for the hydraulic head
and the specific discharge RSF. Water flow understanding was compiled in the milestone book
by Gedeon Dagan (1987), and an insightful paper on water flow in unsaturated soil was written
by Kurt Roth (1995), with attractive illustrations of water channeling due to hydraulic
conductivity variability, under steady state flow.

Whereas numerical and analytical work has been done with regard to solute transport in 2D
heterogeneous conductivity fields, only in 1993 two papers came out that addressed transport
of solutes that adsorb linearly, hence with RSF for the hydraulic conductivity as well as for the
(linear) adsorption coefficient, and retardation factor (Bellin et al., 1993, Bosma et al., 1993).
Results were produced in terms of second central moments of the displacement distance.

At the moment, the techniques to generate RSF for hydraulic parameters has advanced
enormously compared to the early days of stochastic groundwater hydrology and contaminant
hydrology. Therefore, it has become possible to look at real cases of soil and groundwater
contamination, taking random variability of properties into account. This versatility is made
a bit more modest, as it remains a critical, often subjective and much debated issue of which
values to give to core properties, such as the dispersivities.

8. Conclusion

Solute transport has originally been considered for the local scale, where small scale hetero‐
geneity resulted in a diffusion-dispersion type of mixing that at the scale of interest (often
columns of porous media, soil between soil surface and groundwater level, or aquifers)
resulted in a normally distributed concentration in space and time. Because of this normal
distribution, this mixing could be described by a normally (or Gaussian, Fickian) distributed
process, which is in full agreement with a linear parabolic partial differential equation.

In the past few decades, particularly between 1979, with the pioneering work of Bresler and
Dagan (1979), and today, it has become apparent, that also at larger scales than the sand grain,
heterogeneity leads to variability in flow and transport. This variability has been approached
predominantly from a stochastic point of view, by considering it as a spatially distributed
stochastic process. This approach appeared to be a rewarding one to address both real mixing
and uncertainty at scales of interest: the decision and management scale. At the same time, it
is still debatable which values of the dispersivities are appropriate, and in view of the theory
provided in this chapter, section 3, this also holds for the discretization used in numerical
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modelling. For instance, the stochastic theory for water flow and solute transport resulted in
equations for the macro dispersivities. However, these dispersivities do not necessarily
represent real mixing. Briefly, this issue is discussed by both Janssen et al. (2006) and Eeman
et al. (2012).

Whereas conventional solute transport often considered only one scale of heterogeneity (the
grain or soil sample scale), the stochastic approach addressed so far mainly two scales, the
microscopic and one larger scale, the last characterized by statistics of macroscopic properties
such as the hydraulic conductivity or the retardation factor. In reality, we have to deal with a
whole hierarchy of scales, from grain, to sample, horizon/layer, geological strata, to watershed.
Comprehensive theory cannot address all these scales in a simple theory, so it considers those
that are deemed most important.

Scientifically, further advances are being made. Whereas the mentioned work in section 7
particularly addresses spatial variability, in the research on transport of tracers and reactive
solutes in soil and groundwater, also the variability in time is getting more interest. A
prominent example in this respect has been that since 2000, eco-hydrological theory has been
added to the spectrum, that emphasizes variability as a function of time, particularly through
atmospheric forcing: rainfall varies erratically as a function of time (Rodriguez-Iturbe and
Porporato, 2004, Vervoort and Van der Zee, 2008). In near future, these developments of, on
one side, spatial, and on the other side temporal variability, will be no doubt combined.

In soil and groundwater management, modelling as discussed in this chapter is essential to
prioritize decision making. Recently, a paper considered policy making in the Netherlands
(Witte et al., 2012), and was quite influential nationally and internationally. This paper
emphasized local variations of several conditions that affect the fate of factors that influence
ecological impacts. It is a clear example of the potential and limitations of transport modelling.

Meanwhile, throughout the world, this type of modelling is central in risk assessments of soil
and groundwater contamination, in dimensioning soil and groundwater remediation, and in
evaluations of how policy decisions work out in practice for the cases of changed and un‐
changed policies. For these reasons, awareness and in some cases experience, with models as
described in this chapter, is important.

Appendix A: Stability analysis of explicit finite difference transport
equation

Consider the explicit finite difference approximation of the 1-dimensional solute transport
equation, where the advective term has been approximated by a central difference:
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Collecting terms, this can be rewritten as:
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where:
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Now assume that at a certain time a small error ε (perturbation) is introduced in the solution
to the equations. That can e.g. be caused by roundoff errors in a computer calculation. If we
indicate the “correct” solution with C

_
, subtitution of the perturbed solution C in the finite

differencd equation (126) leads to:
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Since the correct solution C
_

 obeys equation (126), we obtain the following equation for the

perturbation ε:
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The fact that the perturbation ε is given by the same equation as the correct value of C is caused
by the fact that the equation in C is a linear one.

Now consider one Fourrier component of the perturbation given by:

i x
i e we l= (130)
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where ω is the wavenumber, and λ the time dependent amplification factor. In order to have
a stable solution, we will require that any perturbation ε in the solution will decrease with time
for any wave number. Basically this means that λ will decrease with time.

Substitution of (130) in (129) gives:
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Division by λneiωx then gives:
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Now we will use the following relations:
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Substitution in equation (132) then leads to:
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If we now take the abolute value, and substitute for shorthand θ=ωΔx, the following relation
is obtained:
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From well known goniometric relations:
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Substitution in equation (135) gives, after rearranging terms:
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In order to have a stable solution, the absolute value of the ratio of λn/λo should be <1. Bearing
in mind that both sin2 and sin4 are always positive, it is sufficient to require that:
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The second relation in (138) can be written as:
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and the first relation as:
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Note, that in order to obtain a stable solution, both requirements (A-15) and (A-16) need to be
fulfilled.
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1. Introduction

The Brazilian Cerrado makes up one of the most biodiverse savannas in the world and it
harbors a mosaic of plant physiognomies that include from open forms (grasslands) to forest
(dense woodlands), possessing high structural, functional and life forms diversity. Little
valued traditionally, the Cerrado has been neglected in most of the conservationist initiatives
because its vegetation is considered sparse and of low value.

The Brazilian Cerrado comprises an area of 2,036,448 km2 [1]. Its largest part is within the Aw
type of Köpen climatic classification (tropical seasonal savanna), with a rainy period, from
October to March, followed by a dry period, from April to September. In this environment,
the irregular distribution of the rain and the existence of short droughts constitute serious
limitation for farming in the absence of irrigation.

The main soils of the Cerrado area are Latosols (Oxisols) that correspond to 46%, followed by
Neosols (Entisols) with 16% and Argisols (Ultisols) with 15%. Latosols occupy a flat to gentle
rolling topography in the landscape, which facilitates the mechanized management, those soils
being of high potential for the production of annual and perennial crops and also pasture.

In recent decades the Cerrado has undergone various transformations as to its land use, mainly
due to the high investments in soil correctives, fertilizers and various crop varieties adapted
to this biome. This generated a disordered occupation of the land, with a rampant increase of
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deforestation that contributed to the loss of species diversity and, concomitantly, some
inadequate soils management techniques propitiated the fast degradation of that resource [2],
erosion, aquifer pollution, ecosystem degradation, alteration of the soil physical, chemical and
biological attributes and consequent reduction of the soil quality.

In that context, according to [3], the soil quality is expressed when the soil works within the
limits of a natural ecosystem, so as to sustain biological production, promote animal and plant
health, and to maintain the quality of the environment. It is usually determined by a group of
physical, chemical and biological attributes, that represents the different soil characteristics
and that influences its various functions. Each one of these edaphic attributes, in turn, may or
may not perform well, which will influence agricultural production in a significant way.

The direct evaluation of the soil properties seems to be the most appropriate way to measure
or to monitor its conservation or any degradation process underway [4]. Thus, the evaluation
of the soil quality has been increasingly proposed as an integrated indicator of the environ‐
mental quality and sustainability of agricultural systems. The quantification of soil attribute
alterations, due to the intensification of production systems or natural systems exploration,
besides being useful in the evaluation of anthropic interference in the environment because it
considers the relationship between the soil and the other aspects of the ecosystem, supplies
important subsidies to the definition of rational management systems, contributing to making
the soil less susceptible to the loss of productive capacity and, fundamentally, to the environ‐
mental conservation [5].

The soil quality indicator attributes are defined as measurable properties that have influence
on the capacity of the soil to produce crops or on the performance of environmental functions
[6]. For those attributes to be capable of indicating soil quality alterations, they should be well
correlated with processes within the ecosystem; be applied in a relatively easy manner under
field conditions and be appraised not only by specialists but also by producers; they should
be sensitive to variations in management and climate, reflecting soil quality changes, without
being influenced by accidental alterations and be components of previously existent databases
[6]. For reference [7] no individual indicator is able to describe and quantify all of the soil
quality aspects and not even an isolated soil function is enough, since it should have a
relationship among all its attributes.

Among the various soil attributes responsible for its quality, the physical attributes stand out,
the soil structure being of one of the most important indicators for plant growth, since it has
a direct influence on the densification, compaction, crusting, water infiltration and soil
susceptibility to erosion conditions [8]. The structure can be evaluated through the soil density,
macro and microporosity, aggregate stability, and resistance to water penetration and
infiltration in the soil. These indicators show the effect of the soil management, being easy to
measure, with fast and reasonably precise responses [3].

Knowing the soil density is an important indicator of the soil management conditions and its
value will reflect in the characteristics of the soil pore system, so as to hinder the water and
oxygen supply, limiting the plant development and organisms activity [9], thus influencing
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various fundamental processes that the soil exercises in its function [10]. The porosity is the
volumetric fraction of the soil occupied with air and/or water and it is empirically divided in
macroporosity (pores diameter > 0.05 mm) and microporosity (pores diameter < 0.05 mm). The
phenomena of water infiltration in the soil (descending flow) occur mainly via the macropores,
while the storage (retention) of water occurs in the micropores. The soil compaction tends to
mainly reduce the macroporosity values, the reason why there is water infiltration reduction
and, consequently, an increased erosion risk.

The aggregate stability varies with the inherent soil characteristics and with the management
systems. The intense soil tillage provokes the aggregate breakup, being able to drastically
reduce its stability. With the breakage of the aggregates, the organic matter which was in its
interior becomes unprotected, accelerating its decomposition process, reducing both resistance
of these aggregates and the soil quality [10].

As such, due to the importance of the physical attributes for the soil quality maintenance, the
objective of the present study was to analyze and characterize the physical attributes indicative
of the quality of the Latosols in native, agricultural, pasture and planted forest environments,
in the Cerrado biome.

2. Location, climate, soil and management systems

In order to conduct this study, it was constructed a physical attribute database of the Latosols
located in areas under Cerrado. The database in question was prepared through the selection
of information and data contained in the files of the Soil and Water Conservation Sector, Soil
Science Department, Federal University of Lavras, gathering information from [11- 16]. The
studied physical attributes indicators of soil quality were the soil density, total pore volume,
macroporosity, microporosity, average geometric diameter, hydraulic conductivity of the
saturated soil and soil resistance to penetration.

3. Study areas

The study was conducted in several areas of the Brazilian Cerrado, with samplings in the State
of Minas Gerais (Campos das Vertentes, Vale do Rio Doce - Guanhães, Noroeste, Vale do Rio
Doce - Belo Oriente, Central) and the State of Goiás (South). Figure 1 presents the location of
the environments under study.

3.1. Campos das Vertentes, MG

Campos das Vertentes is located in the Alto Rio Grande basin (20° 21'-21° 42' S; 43° 16'-44° 42'
WGr), in the South-Central of Minas Gerais State. According to the Köppen climatic classifi‐
cation, the predominant climate in the area is the Cwa type (mild-temperate mesothermal),
that is characterized by having an average temperature of the coldest month under 18°C and
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The study was conducted in several areas of the Brazilian Cerrado, with samplings in the State
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Doce - Belo Oriente, Central) and the State of Goiás (South). Figure 1 presents the location of
the environments under study.

3.1. Campos das Vertentes, MG
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the average of the hottest month over 22°C, with rainy summers and dry winters. The average
annual precipitation is 1435 mm, concentrated between December and April.

Figure 1. Location of the studied areas.

The soil of the mentioned area is classified as typical acric Red-Yellow Latosol (LVA1) of clayey
texture (EMBRAPA, 2006), developed over a geological substratum corresponding to poor
metapelitic rocks of the São João del Rei (phyllite) and Andrelândia (micaschist) groups. The
selection of the studied management systems was conducted was conducted attempting to
reach a better representativeness of the area the area over that soil class, as shown in Table 1.

3.2. Vale do Rio Doce, Guanhães, MG

The Vale do Rio Doce region, municipal district of Guanhães (18° 46' S; 42° 55' WGr), State of
Minas Gerais, presents the Cwa climate (dry winter and rainy summer) with temperature of
the coldest month under 18°C and the one of the hottest month passing 22°C, according to
the Köppen climatic classification. The dry season occurs between the months of April and
September, the average annual precipitation of the area being 1,180.8mm and an average al‐
titude of 850m.
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Systems Symbol Characteristic of the systems

Native Cerrado NC1
Primary vegetation represented by the sub deciduous tropical

Cerrado and Savanna woodland.

Conventional cultivation with

potato
CCP Conventional cultivation with potato, sampled postharvest.

Conventional cultivation with

potato and oat
CCPO

Conventional cultivation with potato, followed by oat, after a

postharvest subsoiling of potato and rotated with corn,

sampled 15 days after the corn planting.

Conventional cultivation with corn CCC Conventional cultivation with corn

No-till with corn DPC

No-till with corn after the conventional cultivation with potato

in the harvest, rice and conventional corn, sampled 52 days

after planting.

Conventional eucalyptus CE1
Conventional eucalyptus cultivation, without application of

subsequent management practices.

Source: [16] modified.

Table 1. Characterization of the management systems in typic acric Red-Yellow Latosol in the Campos das Vertentes -
MG region.

The soil of the area under studies is classified as typical dystrophic Red Latosol (LV1), very
clayey texture, prominent A horizon, alic, kaolinitic-oxidic, mesoferric, wavy relief, gneiss and
granite-gneiss substrate. The selected study areas are presented in Table 2.

Systems Symbol Characteristic of the systems

Native savanna NC2 Original condition

Native pasture NP Degraded native pasture of long duration.

Uncovered soil UCS1 System where the soil does not possess plant covering.

Eucalyptus planted following the slope,

with burning of crop debris
ESq

Eucalyptus planted in line accompanying the slope of the

land, burning of crop debris being carried out.

Eucalyptus planted following the slope,

without burning of crop debris
ES

Eucalyptus planted in line accompanying the slope of the

land, the crop debris being left on the surface.

Eucalyptus planted cross slope ECS1
Eucalyptus planting line is perpendicular to the slope

direction.

Source: [12] modified.

Table 2. Characterization of the management systems in typical dystrophic Red Latosol (LV1) Vale do Rio Doce region,
town of Guanhães – MG.
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3.3. Northwest Minas Gerais

The Northwest region of the State of Minas Gerais is located between latitudes 16° 10' and 18°
42' S, and longitudes 44° 24' and 47° 44' WGr, the climate of the area being the Cwa type,
characterized by the temperature of the coldest month under 18° C, and the precipitation of
the driest month less than 60 mm with annual averages varying from 1,300 to 1,400 mm. The
soil is classified as typical dystrophic Red Latosol (LV2) [17]. Seven production systems were
studied in this area, according to Table 3.

Systems Symbol Characteristic of the systems

Native Cerrado NC3
Typical Cerrado vegetation, without reports of human interference and

agricultural use.

Eucalyptus + rice ER Eucalyptus intercropped with rice, eucalyptus being 4 months of age.

Eucalyptus + soybeans ESy
Eucalyptus intercropped with soybeans. On the date of the sampling,

the eucalyptus was 1 year and 4 months old.

Eucalyptus + pasture EP
Eucalyptus intercropped with planted pasture. On the date of the

sampling, the eucalyptus was 3 years and 4 months old.

Eucalyptus + pasture + cattle EPC
Eucalyptus intercropped with planted pasture. On the date of the

sampling, the eucalyptus was 7 years and 4 months old.

Conventional pasture CP Conventional pasture

Conventional eucalyptus CE2 Conventional eucalyptus (3x2 spacing)

Source: [14] modified.

Table 3. Characterization of the management systems in a typical dystrophic Red Latosol (LV2), Northwestern Minas
Gerais region.

3.4. Vale do Rio Doce, Belo Oriente, MG

In the municipal district of Belo Oriente (19° 17’ S; 42° 23’ WGr), in the Rio Doce region, State
of Minas Gerais, the predominant climate is the Aw type, in other words, tropical, with dry
winters and rainy season in the summer, according to the Köppen classification, presenting
an average annual temperature varying between 22° and 27°C, the maximum temperature
being 32° C and the lowest, 18° C with an average annual precipitation varying from 701 to
1500 mm at an altitude of 233m. The dry season occurs between the months of May to
September.

The soil of this area was classified as typical dystrophic Red-Yellow Latosol (LVA2), very clayey
texture. The geological formation is granite-gneisse bedrock of the Pre-Cambrian period, and
the material of origin are gnaisse alterations. The study areas were made up of six soil use
systems, as presented in Table 4.
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Systems Symbol Characteristic of the systems

Native Cerrado NC4 Reference system in equilibrium

Planted pasture PP1 Pasture of Brachiaria sp. Soil use reference in the study area.

Eucalyptus planted cross slope ECS2
Planting line of the eucalyptus is perpendicular to the slope

direction.

Conventional eucalyptus with burning

of crop debris
ECq

Eucalyptus planted in line accompanying the slope of the land,

burning of crop debris being carried out.

Conventional eucalyptus CE3
Eucalyptus planted in line accompanying the slope of the land,

the crop debris being left on the surface.

Uncovered soil UCS2 System Referencial in degradation process.

Source: [15] modified.

Table 4. Characterization of the management systems in a dystrophic Red-Yellow Latosol (LVA2) in the Vale do Rio
Doce region, town of Belo Oriente – MG.

3.5. Central region of Minas Gerais

The samples were collected in the city of Sete Lagoas, MG, located at 19° 25’south and 44°15’
west at an altitude of 732m. The average annual temperature in the area is 22.1°C and the
average annual precipitation is 1340 mm. According to the Köppen climatic classification, the
climate is Aw (seasonal tropical savanna).

The soil is an alic Red Latosol (LV3), with moderate A horizon, very clayey texture, Cerrado
tropical semideciduous phase and gentle undulated relief, derived from pelitic rocks of the
Late Proterozoic Bambuí group. For the Sete Lagoas area, five production systems and a
reference environment were studied, according to Table 5.

Systems Symbol Characteristic of the systems

Native Cerrado NC5 Environment without anthropic interference

Disk harrow and corn cultivation DHCC
Conventional preparation with disk harrow and continuous

cultivation with corn

Disk plow and cultivation with corn DPlCC
Conventional preparation with disk plow and continuous

cultivation with corn

Disk plow and cultivation in rotation

with corn and beans
DPlRCB

Conventional preparation with disk plow and cultivation in

rotation with corn and beans.

No-till and corn DPCntC No-till and continuous cultivation with corn

No-till and cultivation with rotation with

corn and beans
DPRCB No-till and cultivation with rotation with corn and beans

Source: [11] modified.

Table 5. Characterization of the management systems in an alic Red Latosol (LV3) in the Sete Lagoas region.
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3.6. Southern region of Goiás

The work was developed in agricultural properties in the municipal districts of Morrinhos and
Caldas Novas in the Southern area of the State of Goiás, located in the Central Goiano Plateau
geomorphological unit, Lowered Goiânia Plateau sub-unit.

The soil was classified as typical dystrophic Red Latosol (LV4), according to [17]. Being this
soil developed from Pleistocenic lateritic-residues covering on micaxists of the group Araxá
of Proterozóico Inferior. The studied areas were constituted of eight systems of use of the soil
as presented in Table 6.

System Symbol Characteristic of the systems

Native Cerrado NC6 Environment without anthropic interference

Pasture PP2
Planted pasture of long use, without fertility management in the last 10

years and under continuous cattle grazing.

Irrigated No-till IDP 1

System under central pivot in the last 5 years, with corn cultivation in

rotation with beans, with subsoiling to 15 cm of depth 2 years before the

harvest.

Irrigated No-till IDP 2

No-till under central pivot in the previous 5 years, with corn, beans and

rice cultivation and a harvest of industrial tomato with surface harrowing

from 0 to 1 cm depth, 2 years before.

Dryland No-till DDP
No-till planting with soybean cultivation over millet straw in the previous

7 years, after conventional system (soybeans).

Irrigated conventional

planting
ICP 1

Conventional system, with use of heavy harrowing, irrigated under

central pivot in the previous 2 years, with corn after more than 15 years

of dryland soybeans-corn succession.

Irrigated conventional

planting
ICP 2

Recently irrigated conventional system, with use of heavy harrowing,

under central pivot in the previous 2 years, with squash/beans/sweet

corn rotation, after more than 10 years as pasture.

Dryland conventional

planting
DCP

Conventional dryland system, with use of heavy harrowing for the soil

preparation and soybeans-corn succession for more than 15 years.

Source: [13] modified.

Table 6. Characterization of the management systems in a typical dystrophic Red Latosol (LV4) in the South of State of
Goiás.

4. Determination in the field

Samples with undisturbed structures were collected with the use of the Uhland sampler, in
cylinders with average dimensions of 8.25 cm of height by 6.90 cm of internal diameter. The
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samples with deformed structure were collected in the depth of 0-20 cm, being air-dried and
sieved in a 2 mm mesh sieve (fine soil) for analyses.

The soil resistance to penetration was determined in the field using an impact penetrometer
(IAA/PLANALSUCAR STOLF model), according to the methodology of [18]. The values
obtained in Kgf cm-2 were multiplied by a factor of 0.098 to be expressed in MPa.

5. Laboratory determinations

The textural analysis was conducted by the pipette method [19], using NaOH 1 mol L-1 as
chemical dispersant and fast agitation (12,000 rpm), for 10 minutes. The soil density was
determined according to [20]. The total pore volume was determined according to the
expression recommended by [21]. The pore size distribution was determined using a porous
filter plate funnel in the suction unit with 60 cm of water column height for macro and
microporosity separation in samples previously saturated for 48 hours. In this situation, the
water volume retained in the samples after the equilibrium corresponds to the microporosity,
the macroporosity being obtained by difference between the total pore volume and the
microporosity [22].

The aggregates with diameter from 4.76 to 7.93 mm were obtained by soil sieving, and the
aggregate stability determined through sieving in water after slow pre-wetting of the aggre‐
gates by capillarity for 24 hours [23-24]. Sieves with 2.00; 1.00; 0.50; 0.25 and 0.105 mm meshes
were used for separation of the aggregate size classes [25]. Concerning the aggregate stability
and size distribution, the procedure involves a known weight of soil mass which is submitted
to slow wetting and sieving, so the average geometric diameter could be used as an index of
the aggregate size distribution [25].

The soil water permeability was evaluated in laboratory, from samples previously saturated
by capillarity and using a constant-head permeameter, adapted for elimination of the perco‐
lated water close to the cylinder walls, following methodology described by [26].

6. Granulometric characterization of soil

The granulometric characteristics and the particle density (PD) of the studied Latosols are
presented in Table 7.

In relation to the relative particle size proportion, we verified high clay fraction and low of silt
content and a silt/clay ratio lower than 0.7. The particle density values of presented variations
from 2.29 to 2.65 kg dm-3, and the particle density is not influenced by mechanical alterations,
but by the organic matter content in the soils.
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3.6. Southern region of Goiás
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Table 6. Characterization of the management systems in a typical dystrophic Red Latosol (LV4) in the South of State of
Goiás.

4. Determination in the field

Samples with undisturbed structures were collected with the use of the Uhland sampler, in
cylinders with average dimensions of 8.25 cm of height by 6.90 cm of internal diameter. The
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samples with deformed structure were collected in the depth of 0-20 cm, being air-dried and
sieved in a 2 mm mesh sieve (fine soil) for analyses.

The soil resistance to penetration was determined in the field using an impact penetrometer
(IAA/PLANALSUCAR STOLF model), according to the methodology of [18]. The values
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by capillarity and using a constant-head permeameter, adapted for elimination of the perco‐
lated water close to the cylinder walls, following methodology described by [26].

6. Granulometric characterization of soil

The granulometric characteristics and the particle density (PD) of the studied Latosols are
presented in Table 7.

In relation to the relative particle size proportion, we verified high clay fraction and low of silt
content and a silt/clay ratio lower than 0.7. The particle density values of presented variations
from 2.29 to 2.65 kg dm-3, and the particle density is not influenced by mechanical alterations,
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Local Soil
Silt Clay Sand

Silt / Clay
PD

--------- g kg-1 ------- kg dm-3

Campos das Vertentes – MG LVA1 155 627 218 0.25 2.43

Guanhães – MG LV1 71 598 331 0.12 2.56

Northwest – MG LV2 141 681 178 0.21 2.29

Belo Oriente – MG LVA2 109 425 466 0.26 2.50

Central – MG LV3 234 582 184 0.40 2.65

South – Goiás LV4 198 335 467 0.59 2.52

Table 7. Silt, clay, sand content and particle density for the Latosols under Cerrado [27].

7. Mineralogical properties

The tropical soils present high degree of weathering, with the clay fraction mineralogy
dominated by silicate minerals of the 1:1 type and iron and aluminum oxides [28]. Latosols are
what best represents the pedogenetic tendencies of the tropical soils, being defined as those
that present a latosolic mineral subsurface B horizon, that evidences an advanced of weather‐
ing stage, as shown by the complete or almost total alteration and decomposition of easily
weathered minerals, the high depth and by the low cationic exchange capacity [29].

Latosols present clay fraction mineralogy basically dominated by kaolinite, gibbsite, goethite
and hematite, besides poorly crystallized iron and aluminum oxides. Although the predomi‐
nant mineralogical composition in the tropical soils can be considered simple, variations that
can occur within and among the mineral groups as to particle size and specific surface, exposed
faces, degrees of isomorphic substitution and crystallinity can provide high soil behavior
variability within a same class [30].

The mineralogical properties of the studied Latosols are presented in Table 8

Local Symbol
Gb Kt Gb/

Gb+Kt

SiO2 Al2O3 Fe2O3 TiO2
ki kr

mg kg -1 - - - - - - - -g kg -1 - - - - - - -

Campos das Vertentes -

MG
LVA1 290 350 0.45 161 260 145 10.8 1.05 0.78

Guanhães - MG LV1 162 364 0.31 177 235 69 13.6 1.28 1.08

Northwest - MG LV2 480 260 0.65 175 252 72 6.3 1.18 1.00

Belo Oriente - MG LVA2 117 380 0.24 116 173 77 16.6 1.14 0.89

Central - MG LV3 160 310 0.34 234 319 120 5 1.24 1.08

South - Goiás LV4 335 188 0.64 123 174 140 1.96 1.2 0.8

Gb = gibbsite; Kt = kaolinite; Ki = SiO2/Al2O3 molecular ratio; Kr = SiO2/(Al2O3 + Fe2O3) molecular ratio.

Table 8. Mineralogical characteristics of Latosols under Cerrado [27].
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8. Soil density

The soil density (SD) increased in the management systems that underwent anthropic in‐
terference,  three lowest  values being the found in natural  environments,  represented by
the native Cerrado (NC5)  of  the  Central  Minas Gerais  region and native Cerrado (NC2
and NC4), both from Vale do Rio Doce, MG, with values of 0.83, 0.87 and 0.93 kg dm-3,
respectively (Table 9).

The highest soil density values were observed for the use systems installed in the South of
Goiás, the three highest values being for the irrigated conventional planting, conventional
dryland and direct dryland planting (ICP2, DCP and DDP), with values of 1.36, 1.35 and 1.31
kg dm-3, respectively. The maintenance of the soil in the uncovered forms (UCS1 and UCS2)
caused increases of 41 and 39% in the soil density in relation to the native environment of the
same area, because in these areas the direct impact of the rain drops occurs, which provides
elevation of the soils density. The density results found for Latosols under study were below
the value of 1.40 kg dm-3, a value that, according to [31], is restrictive to the plants root growth
in clayey soils.

Alterations in the cultivated soil density values in relation to the natural condition have been
reported by several references [5, 32]. The soil density in non-cultivated environments is a
physical property that depends on pedogenetic factors and processes. The lowest soil density
value for native areas and that did not undergo anthropic interference results from a higher
accumulation of plant residues incorporated into the soil, associated to the non-disturbance of
the structure by the machines and agricultural implements traffic, animal trampling, intensive
cultivation and inadequate management systems [33].

According to [34], it becomes difficult to affirm under which use systems the soil density
increase would tend to be harmful to other functions and the soil quality in reason of the
differences in the granulometric composition, the chemical and mineralogical nature of the
soil, the time of use of the management systems and the resilience and resistance inherent to
each soil class, among other factors.

Land use
Ds Pt Macro Micro Ks AGD

Kg dm-3 ---------------- m3m-3 ------------- mm h-1 mm

Campos das Vertentes – MG - LVA1

CCP 1.17 0.52 0.09 0.43 42.6 4.67

CCPO 1.22 0.51 0.10 0.41 29.8 4.85

CCC 1.05 0.56 0.10 0.46 49.4 4.68

DPC 1.18 0.52 0.05 0.47 13.8 4.64

CE1 1.15 0.53 0.07 0.46 41.3 4.77

NC1 1.11 0.55 0.18 0.37 38.0 4.87
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8. Soil density
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caused increases of 41 and 39% in the soil density in relation to the native environment of the
same area, because in these areas the direct impact of the rain drops occurs, which provides
elevation of the soils density. The density results found for Latosols under study were below
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the structure by the machines and agricultural implements traffic, animal trampling, intensive
cultivation and inadequate management systems [33].
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Land use
Ds Pt Macro Micro Ks AGD

Kg dm-3 ---------------- m3m-3 ------------- mm h-1 mm

Vale do Rio Doce – Guanhães – MG - LV1

NC2 0.87 0.65 0.33 0.32 230.0 4.90

NP 1.08 0.56 0.19 0.38 90.0 4.71

UCS1 1.23 0.49 0.10 0.40 183.0 4.79

ESq 1.14 0.54 0.17 0.37 174.0 4.92

ES 1.13 0.55 0.18 0.37 160.0 4.92

ECS1 1.18 0.54 0.17 0.37 75.0 4.89

Northwest – MG – LV2

NC3 1.07 0.54 0.24 0.30 733.7 4.39

ER 1.06 0.54 0.23 0.31 136.4 4.05

ESy 1.01 0.55 0.19 0.36 348.6 4.17

EP 1.15 0.54 0.23 0.31 74.95 3.92

EPC 1.13 0.56 0.27 0.29 128.6 4.00

CP 0.99 0.60 0.21 0.39 240.9 4.03

CE2 1.14 0.52 0.28 0.24 214.5 4.33

Vale do Rio Doce – Belo Oriente – MG – LVA2

NC4 0.93 0.60 0.30 0.30 191.0 4.55

PP1 1.20 0.50 0.15 0.35 81.8 4.36

ECS2 1.13 0.55 0.26 0.29 180.0 4.57

ECq 1.21 0.51 0.19 0.32 161.0 4.46

CE3 1.19 0.52 0.21 0.3 152.0 4.35

UCS2 1.29 0.47 0.11 0.36 70.0 1.95

Central – MG – LV3

DHCC 1.11 0.58 0.16 0.42 6.1 2.44

DPICC 1.10 0.59 0.16 0.43 13.5 1.93

DPIRCB 0.98 0.62 0.21 0.41 14.2 3.87

DPCntC 1.11 0.58 0.17 0.41 6.7 3.87

DPRCB 0.97 0.63 0.21 0.42 6.7 2.71

NC5 0.83 0.68 0.29 0.39 95.0 4.42

South – Goiás – LV4

NC6 1.27 0.52 0.19 0.35 174.5 4.62

PP2 1.14 0.56 0.21 0.35 340.8 4.42
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Land use
Ds Pt Macro Micro Ks AGD

Kg dm-3 ---------------- m3m-3 ------------- mm h-1 mm

IDP1 1.21 0.51 0.17 0.34 65.1 4.38

IDP2 1.18 0.56 0.21 0.35 145.1 4.38

DDP 1.31 0.49 0.17 0.32 76.3 3.67

ICP1 1.19 0.56 0.23 0.33 253.6 3.15

ICP2 1.36 0.50 0.13 0.37 114.8 4.56

DCP 1.35 0.50 0.23 0.27 159.9 2.63

Descriptive statistics

Minimum 0.83 0.47 0.05 0.24 6.1 1.93

Lower quartile 1.08 0.52 0.16 0.32 46.0 3.96

Average 1.13 0.56 0.21 0.38 136.2 4.07

Median 1.14 0.54 0.19 0.36 114.8 4.39

Upper quartile 1.20 0.56 0.23 0.40 177.2 4.68

Maximum 1.36 0.68 0.33 0.47 733.7 4.92

Table 9. Soil density (Ds), total porosity (Pt), macroporosity, microporosity, hydraulic conductivity (Ks) and average
geometric diameter (AGD) for land use systems in the Cerrado [27].

8.1. Total porosity and pore distribution per size

Considering all of the management systems, the values of total porosity varied between 0.47
and 0.68 m3m-3 (Table 9). Among the soil use systems without anthropic interference, two
systems presented the largest total porosity values, the native Cerrado of the Central area
(NC5) being the system that presented the highest value, followed by the native Cerrado (NC2)
of Guanhães, respectively 0.68 and 0.65 m³m-³, whereas No-till plus crop rotation with corn
and beans (DPRCB) and planting with conventional preparation with disk plow plus crop
rotation with corn and beans (DPlRCB), both in the Vale do Rio Doce of Minas Gerais,
presented total porosity values of 0.63 and 0.62 m3m-3, respectively.

The reduction in the total porosity in areas under agricultural management in relation to the
native areas is in agreement with the observations of [9, 35] and the latter verified a reduction
of up to 24% in the total porosity, when compared with areas that did not undergo anthropic
action. The trampling by animals, agricultural machines and inadequate management lead to
interferences in the soil structure, promoting reduction in the total porosity. According to [36],
crop rotation systems can increase the total porosity of the soil when implanted in agricultural
areas, an effect being confirmed in this study.

The lowest total porosity values were found in the uncovered soils (UCS2 and UCS1), followed
by the dryland No-till (DDP), irrigated conventional planting (ICP2) and dryland conventional
planting (DCP), presenting values of 0.47, 0.49, 0.49, 0.50 and 0.50 m3m-3, respectively. The fact
that the area with uncovered soil presented the lowest total porosity values can be related to
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8.1. Total porosity and pore distribution per size

Considering all of the management systems, the values of total porosity varied between 0.47
and 0.68 m3m-3 (Table 9). Among the soil use systems without anthropic interference, two
systems presented the largest total porosity values, the native Cerrado of the Central area
(NC5) being the system that presented the highest value, followed by the native Cerrado (NC2)
of Guanhães, respectively 0.68 and 0.65 m³m-³, whereas No-till plus crop rotation with corn
and beans (DPRCB) and planting with conventional preparation with disk plow plus crop
rotation with corn and beans (DPlRCB), both in the Vale do Rio Doce of Minas Gerais,
presented total porosity values of 0.63 and 0.62 m3m-3, respectively.

The reduction in the total porosity in areas under agricultural management in relation to the
native areas is in agreement with the observations of [9, 35] and the latter verified a reduction
of up to 24% in the total porosity, when compared with areas that did not undergo anthropic
action. The trampling by animals, agricultural machines and inadequate management lead to
interferences in the soil structure, promoting reduction in the total porosity. According to [36],
crop rotation systems can increase the total porosity of the soil when implanted in agricultural
areas, an effect being confirmed in this study.

The lowest total porosity values were found in the uncovered soils (UCS2 and UCS1), followed
by the dryland No-till (DDP), irrigated conventional planting (ICP2) and dryland conventional
planting (DCP), presenting values of 0.47, 0.49, 0.49, 0.50 and 0.50 m3m-3, respectively. The fact
that the area with uncovered soil presented the lowest total porosity values can be related to
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the absence of the crop root systems, because after the decomposition of the roots, a soil pore
increase occurs, and in these areas old pores can be obstructed due to reorganization of the
surface after the removal of the plant covering.

The highest macroporosity values were found for areas without anthropic interference (Table
9), and the native Cerrado (NC2) in Guanhães, MG, the native Cerrado (NC4) in Belo Oriente
and the native Cerrado (NC5) in the Central area of MG, presented macroporosity values equal
to 0.32; 0.30 and 0.29 m3 m-3, respectively. These data show that a soil macropore reduction
tendency exists when native areas are transformed into agricultural or forest areas.

The lowest macroporosity values were found in the systems installed in Campos das Vertentes
(MG). According to [37], the low macropore presence tends to occur in the same area, because
this attribute is related to the soil texture. In the Campos das Vertentes area the macropores
presented low values, on the order of 0.05; 0.07; 0.09; 0.10 and 0.10 m3m-3 for the DPC; CE1;
CCP; CCPO and CCC systems, respectively. For this area, the native Cerrado (NC1) presented
a macroporosity value above that of the agricultural systems, 0.18 m3m-3, which demonstrates
the sensitivity of this attribute in the detection of the alterations imposed by the different
management systems under natural conditions.

The highest microporosity values were found in the area of Campos das Vertentes, in Minas
Gerais (Table 9). This occurs by the same explanation given to the macroporosity in the area,
because, for the same total porosity, an increase in the macroporosity causes the reduction of
the microporosity.

The Northwest area of MG uses an agrosilvopastoral system and it presented the lowest
microporosity values, among them the conventional eucalyptus system (CE2) and eucalyptus
+ pasture + cattle (EPC) stand out with values of 0.24 and 0.29 m3m-3, respectively.

9. Permeability of the soil to water

The permeability of the soil to water, appraised through the hydraulic conductivity of the
saturated soil, presented accentuated difference among the management systems used in
Latosols (Table 9). The lowest soil permeability values were found in the Central area of Minas
Gerais, and the systems of agricultural management underwent reductions between 85 and
93.3% of its permeability when compared to the native Cerrado of the same area. In the other
environments, the system that uses No-till with corn (DPC) in the Campo das Vertentes, MG,
presented the lowest permeability value, 13.8 mm h-1. This value is justified since this system
presented the lowest macroporosity value found in the studied soils, according to Table 9.

The highest permeability values were found in the native Cerrado (NC3) and eucalyptus +
soybeans (ESy) systems of the Northwest area, MG, followed by the pasture (PP2) and irrigated
conventional planting (ICP 1) of the South of Goiás and pasture of the Northwest area, MG,
that presented values of 733.77; 348.6; 340.8; 253.6 and 240.92 mm h-1.
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According to the permeability classes adapted from the [38] and presented in Table 10, 71.8%
of the soils were classified with the permeability varying between the moderate and fast
classes, being this high permeability one of the characteristics of Latosols.

Class Permeability (mm h-1)

Fast > 254.00

Moderate to fast 254.00 – 127.00

Moderate 127.00 – 63.50

Slow to moderate 63.50 – 20.00

Slow 20.00 – 5.00

Very slow < 5.00

Table 10. Classes of soil permeability to water [38].

9.1. Aggregate stability

The Average Geometric Diameter (AGD) represents an estimate of the most frequent aggregate
size and demonstrates the stability of the structure facing the disaggregation action of the
water, and may indicate the susceptibility degree of soil to hydric erosion [39].

As such, the native systems inside each area and the systems that possess eucalyptus in the
area of Guanhães and Belo Oriente, MG, by not presenting constant tillage of the soil, low
machine traffic and animal trampling, are the systems that possess the largest size of aggregates
(Table 9).

Among the five lowest AGD values, three were found in soil use systems installed in the
Central region of MG, they being conventional soil preparation with disk plow for corn
planting (DPlCC ), conventional preparation with disk harrow for corn planting (DHCC), and
no-till with corn and beans rotation with (DPRCB), that present AGD values of 1.93, 2.44 and
2.71 mm, respectively. The other two systems are the uncovered soil (UCS2) of Belo Oriente,
MG, and the dryland conventional planting (DCP) in the South area of the State of Goiás. A
characteristic of these systems, except for DPRCB, was the high soil tillage operations for the
soil preparation that fractioned the larger aggregates into smaller ones. For DPRCB, a possible
explanation for the low AGD indexes presented would be the short transformation time from
the conventional planting to no-till, thus the system still maintains AGD indexes from when
the soil was tilled.

In general, a very high aggregate stability was verified for Latosols of the Cerrado area, since
most of the aggregates diameter was superior to 4 mm, as suggested in Table 11. This high
aggregate stability is a characteristic of Latosols, which enables the installation of intensive
farming without even greater damage to the environment [40].
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Class Average geometric

diameter - mm

Very high > 4

High 4 – 3

Moderate 3 – 2

Low 2 – 1

Very low < 1

Source: Summary of bibliographic research – DCS/
UFLA

Table 11. Aggregate stability classes.

10. Soil resistance to penetration

The penetration resistance until the depth of 60 cm for the management systems studied in
Cerrado Latosols are presented in FIGURES 2 to 7.

Figure 2. Penetration resistance for LVA1, located in Campos das Vertentes, MG [27].
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Figure 3. Soil penetration resistance for LV1, located in Vale do Rio Doce, Guanhães, MG [27].

Figure 4. Penetration resistance of LV2, Northwest region, MG [27].
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Figure 5. Soil penetration resistance for LVA2, Vale do Rio Doce, Belo Oriente, MG [27].

Figure 6. Soil penetration resistance for LV3, Central MG region [27].
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Figure 7. Soil penetration resistance for LV4, South Goiás region [27].

The  penetration  resistance  values  varied  from 0.84  MPa to  6.77  MPa (Table  12).  In  the
native systems, except for the native Cerrado (NC2) of Guanhães, the average soil pene‐
tration resistance increases considerably in the sublayers, reaching values of 5.11 MPa in
the  native  Cerrado  of  the  Northwest  area  of  Minas  Gerais  in  the  40-45  cm  depth.  As
such,  a  natural  densification tendency is  verified in  Latosols  located under  the Cerrado
biome, that can reach the average to high penetration resistance classes according to the
classification contained in Table 13.

Depth

Soil penetration resistance, MPa

Lowest
Lower

Quartile
Average Median

Upper

Quartile
Highest

0-10 0.84 1.50 2.24 1.75 2.80 6.30

10-20 0.84 1.82 3.27 2.79 5.00 6.66

20-30 0.98 2.31 3.41 2.93 4.68 6.77

30-40 1.56 2.30 3.15 2.89 3.98 6.32

40-50 1.40 2.01 2.88 2.83 3.68 5.69

50-60 1.37 1.89 2.73 2.79 3.35 5.03

0-60 0.84 1.90 2.96 2.7 3.83 6.77

Table 12. Descriptive statistics for the soil penetration resistance in the Cerrado.
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Class Penetration resistance (MPa) Root growth limitation

Very low < 1.1 Without limitations

Low 1.1 – 2.5 Few limitations

Moderate 2.6 – 5.0 Some limitations

High 5.1 – 10.0 Serious limitations

Very high 10.1 – 15.0 Roots practically do not grow

Extremely high "/> 15.0 Roots do not grow

Source: Camargo & Alleoni (1997).

Table 13. Classes of soil mechanical penetration resistance and degree of root growth limitation [41].

The 0-10 cm depth was the one which presented the lowest average soil penetration resistance,
and the lowest values were found in environments without anthropic interference, as in the
native Cerrado of the Central area of Minas (NC5) and native Cerrado of Guanhães (NC2),
that presented values of 0.84 and 0.86 MPa, respectively. In this depth the uncovered soil of
Guanhães (UCS1) and of Belo Oriente (UCS2) presented high penetration resistance, with
values of 6.30 and 4.18 MPa, respectively, a characteristic that can hinder the plant growth due
to these values being classified in the average to high penetration resistance classes (Table
13). Even at this depth, the conventional pasture (CP) and eucalyptus + pasture + cattle (EPC)
systems, both from the Northwest area of Minas Gerais, and planted pasture of Belo Oriente
(PP1) presented values of 6.13; 5.75 and 4.9 MPa, that can be due to the animal trampling that
can cause compaction, mainly in the first centimeters of the soil, proven for higher increases
in the 0-10 cm depth [42].

In the 10-20 cm depth the tendency is continued for the layer above this, and the native Cerrado
of the Central of Minas Gerais region (NC5) and the native Cerrado of Guanhães (NC2) systems
present the lowest penetration resistance values. In this depth the systems that use potato
planting (CCP and CCPO) in the Campo das Vertentes, MG, present low penetration resist‐
ance, due to the potatoes harvest process that provokes a high tillage of the soil.

The depths over 20 cm presented high soil penetration resistance values, which cannot only
be demonstrated by the animal trampling in the pasture systems, because this effect is only
limited to the surface layer of the soil. According to [43], the compaction and higher soil
penetration resistance can also be the result of particle settling, a consequence of the pore
blockage by the finer particles, as well as the wetting and drying cycles of the soil.

For [31] the root growth of annual cultures undergoes restriction in penetration resistance
values over 2.0 MPa, and according to Table 12, above 2.6 MPa there are some restrictions to
the root growth, and with this, for the depths over 20 cm, the development of roots in the
studied areas can be compromised, because most of the soils presented penetration resistance
over 2.5 MPa.
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11. General overview on the variations among the physical indicators

Analyzing the soil physical attributes as indicators of soil quality in native and antrophic
systems, it is verified that the land use for agricultural purposes provokes soil physical
atttributes quality reduction. This degradation varies according to the geographical region,
soil types and soil use and management practices. However, the use of conservationist systems
coupled with little soil revolving tends to improve the soil physical attributes.

The systems that provoke soil revolving are more likely to compact the soil and increase water
erosion, being this the main cause for the Brazilian soils degradation. Systems with reduced
revolving or even the ones with no revolving (no-till) maintain the soil structure. Thus, those
systems allow rapid water infiltration in the soil and, hence, reduce the water erosion.

12. Conclusions

The physical attributes analyzed in Latosols of Cerrado were sensitive to the reduction of the
soil quality due to the substitution of native areas by agricultural areas, mainly in the planting
systems that highly upturn the soil.

In most cases, the exploitation of the native soil caused an increase of the soil density and soil
penetration resistance and it reduced the total porosity, macroporosity, hydraulic conductivity
of the saturated soil and the average geometric diameter of the aggregates.

Systems that use direct planting and eucalyptus reforestation without burning present higher
organic matter content, total organic carbon and carbon storage than agricultural systems.

The impact of the findings presented from this research is high considering the geographical
extension of the Brazilian Cerrado region (one of the latest world agricultural frontiers) and
their potential for developing land use and management policies is highly significant.
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1. Introduction

The fast changes in soil use and higher vegetal resource demands favor the triggering of water
erosion that needs to have its rates expressed in space and time for the proper adaptation of
control practices and resources for agricultural planning. The physical processes of disaggre‐
gation, transport and soil deposition that define the erosive process are hydrologically directed
and the movement of the water on the soil undergoes the interference of the topography,
climate, soil class and land use, so that the studies regarding the theme are based on the intense
experimentation of the effects of the variations of these factors on the sediment production.
The estimate of the topographic variables, although benefitted by automatic generation and
spatial distribution made possible by the Geographical Information Systems (GIS’s), is the
target of controversy related to the formulation of algorithms for this end, so that its three-
dimensional calculation is not a current procedure in the geoprocessing programs [1].

Given the scope of the process, the topographic modeling in the erosion analyses can differ in
terms of complexity, processes considered and data required for model use and calibration,
which can be empirical, physical and conceptual [2]. In the empirical models most used, such
as USLE (Universal Soil Loss Equation) [3] and the revised version of USLE (Revised Universal
Soil Loss Equation - RUSLE) [4], the topographic factor is expressed by the association of the
steepness and the length of the slope called, respectively, factors S and L. Considering the
proper formulation of USLE and its adaptation to the work context in the Digital Elevation
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1. Introduction

The fast changes in soil use and higher vegetal resource demands favor the triggering of water
erosion that needs to have its rates expressed in space and time for the proper adaptation of
control practices and resources for agricultural planning. The physical processes of disaggre‐
gation, transport and soil deposition that define the erosive process are hydrologically directed
and the movement of the water on the soil undergoes the interference of the topography,
climate, soil class and land use, so that the studies regarding the theme are based on the intense
experimentation of the effects of the variations of these factors on the sediment production.
The estimate of the topographic variables, although benefitted by automatic generation and
spatial distribution made possible by the Geographical Information Systems (GIS’s), is the
target of controversy related to the formulation of algorithms for this end, so that its three-
dimensional calculation is not a current procedure in the geoprocessing programs [1].

Given the scope of the process, the topographic modeling in the erosion analyses can differ in
terms of complexity, processes considered and data required for model use and calibration,
which can be empirical, physical and conceptual [2]. In the empirical models most used, such
as USLE (Universal Soil Loss Equation) [3] and the revised version of USLE (Revised Universal
Soil Loss Equation - RUSLE) [4], the topographic factor is expressed by the association of the
steepness and the length of the slope called, respectively, factors S and L. Considering the
proper formulation of USLE and its adaptation to the work context in the Digital Elevation
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Model (DEM), obviously the advantages associated to DEM derive almost entirely on issues
related to the topographic LS factor, because it can be evaluated with the aid of DEM and where
the precision of the extracted parameters can become apparent [5].

An aspect that hinders the estimate of appropriate topographic factor (LS) values for applica‐
tions in GIS and results in high limitation in the use of the USLE and RUSLE erosion models
[6, 7] are the dynamics of the erosive process in complex reliefs and hydrographic basins, since
USLE was primarily developed for the prediction of the erosion in not very accentuated and
uniform slope stretches, in other words, not considering if they are concave, convex [8], or in
combination. The limitation of the empirical modeling in the soil loss estimates in complex
profiles impelled the development of conceptual models (or semi-empirical), such RUSLE 3D
and USPED (Unit Stream Power Erosion and Deposition) [9]. Derived from USLE, these
models intend to represent their advancements by adding a physical basis that tries to relate
the morphology of the relief and the erosion defining parameters.

In this sense, given the strategic need for generation and diffusion of algorithms for automatic
mapping of the topographic variables used in the operationalization of the digital analyses of
water erosion, the objective of the present chapter was to conduct a review of the topographic
factor development in erosion equations applied in computational geoprocessing systems,
with prominence for USLE and RUSLE, addressing the main theories and algorithms used in
the digital treatment of the data.

2. Digital Elevation Model (DEM)

In the landscape, the topography determines the behavior of the surface runoff, the phase of
the hydrologic cycle that is most directly associated to the water erosion and that requires a
rigorous and effective analysis throughout its entire extension, make possible with the use of
digital elevation models (DEM). The analyses developed on a DEM allow: to visualize the
model in planar geometric projection; generating gray scale images, shaded images and
thematic images; calculating fill (embankment) and cut volumes; conducting profile analyses
on predetermined trajectories; and generating derivative maps, such as steepness and
exposure maps, drainage maps, contour maps and visibility maps. Products of the analyses
can even be integrated with other geographical data types aiming at the development of several
geoprocessing applications, such as urban and rural planning, agricultural suitability analyses,
risk area determination, environmental impact report generation [10], elaboration of digital
soil maps, as well as maps of soil attributes such as soil organic matter content [11], among
others. Therefore, DEM should faithfully represent the relief allowing to capture the topo‐
graphic variations presented.

The elaboration and creation of a DEM, indispensable for the representation of a real surface
on the computer, can be represented by analytical equations or a network (grid) of points, in
a way that transmits the spatial characteristics of the land to the user [12]. Therefore, the
information contained before in specific points (vectors) are transformed into a continuous
spatial distribution of the relief (raster), enabling new inferences about the local relief. Different
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methods exist for the interpolation of the data and DEM generation, which are built through
regular rectangular grids, such as the Topogrid [13], or triangulated irregular networks (TIN)
[14]. For the choice of efficient DEM in the evaluation of the erosive process, an intense
preliminary analysis of information, from a hydrologic point of view, is recommended,
because the development of the water erosion occurs in response to the manner the water
moves through and on the landscape [15].

The geomorphological and hydrological consistency of a DEM is reached when the matrix
image faithfully represents the relief features, such as the hydrographic basin watershed,
thalwegs and concave and convex elements, and it assures the convergence of the surface
runoff for the mapped drainage network. In this sense, several water erosion analysis and
modeling works have used the TIN model [16-18], as well as the Topogrid model [19-21] for
DEM generation. In a research conducted with the objective of defining the drainage network
in a sub-basin [22], the original contour curves (scale 1:10.000) were compared to the curves
generated by DEM's of the Topogrid, linear TIN and TIN natural neighbor interpolators. A
higher Topogrid hydrological consistency was observed verified in the better continuity of the
contour curves and higher drainage area and watershed detailing, resulting in a smaller
amount of flat areas and in more detailed drainage pathways. The authors emphasized that
all of the generated models have high reliability due to the precise topographic surveys data
from which they originated, a fact also observed by [15, 18]. Starting from this same comparison
among interpolators, other works [23, 24] made similar observations regarding the behavior
and reliability of the models.

The precision of the data collection will influence the quality of the corresponding digital
model and the choice of the database to be used in the construction of DEM becomes funda‐
mental. Such data can be derived from contour curves, elevation points, photogrammetric
analysis from aerial photography, information collected by stereoscopic satellite images, or
radar [25, 26]. The digital database can result from a digitized manual survey obtained through
direct readout digital equipment (total stations, topographic GPS), or by remote sensing
equipment (radar, laser) in which different DEM generation models can be applied supplying
DEM's with varying precision [26]. The spatial distribution and the amount of errors propa‐
gated can vary according to the spatial resolution, therefore, the effect of the spatial resolution
on supplying useful information for the determination of an appropriate resolution should be
investigated [27]. The higher the scale of a map, the higher detail it presents, and to the contrary,
the lower the scale in a map, the higher the degree of generalization seen which increases the
minimum cartographic area of the land [27]. With better horizontal resolution DEM’s, it is
possible to include more relief roughness aspects, reducing the length of the slope straight line
segments and increasing the accuracy of the L and S factors [18].

The evolution of the geographical information systems and the growing availability of better
quality radar images enabled the obtaining of terrain elevation models (DEM) with increas‐
ingly better spatial resolutions. However, data surveys considered as having high precision
(below 10 meters of resolution) still possess high costs, limiting their use in research. Currently,
the most widely used digital database for the generation of DEM’s originates from of the
digitization of topographic maps or those obtained by remote sensing maintaining their
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amount of flat areas and in more detailed drainage pathways. The authors emphasized that
all of the generated models have high reliability due to the precise topographic surveys data
from which they originated, a fact also observed by [15, 18]. Starting from this same comparison
among interpolators, other works [23, 24] made similar observations regarding the behavior
and reliability of the models.

The precision of the data collection will influence the quality of the corresponding digital
model and the choice of the database to be used in the construction of DEM becomes funda‐
mental. Such data can be derived from contour curves, elevation points, photogrammetric
analysis from aerial photography, information collected by stereoscopic satellite images, or
radar [25, 26]. The digital database can result from a digitized manual survey obtained through
direct readout digital equipment (total stations, topographic GPS), or by remote sensing
equipment (radar, laser) in which different DEM generation models can be applied supplying
DEM's with varying precision [26]. The spatial distribution and the amount of errors propa‐
gated can vary according to the spatial resolution, therefore, the effect of the spatial resolution
on supplying useful information for the determination of an appropriate resolution should be
investigated [27]. The higher the scale of a map, the higher detail it presents, and to the contrary,
the lower the scale in a map, the higher the degree of generalization seen which increases the
minimum cartographic area of the land [27]. With better horizontal resolution DEM’s, it is
possible to include more relief roughness aspects, reducing the length of the slope straight line
segments and increasing the accuracy of the L and S factors [18].

The evolution of the geographical information systems and the growing availability of better
quality radar images enabled the obtaining of terrain elevation models (DEM) with increas‐
ingly better spatial resolutions. However, data surveys considered as having high precision
(below 10 meters of resolution) still possess high costs, limiting their use in research. Currently,
the most widely used digital database for the generation of DEM’s originates from of the
digitization of topographic maps or those obtained by remote sensing maintaining their
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original precision. Because the influence of the pixel size has a significant weight in the analyses
derived from DEM’s, the choice of the spatial resolution proportional to the scale of the primary
data must have certain considerations, among them, the original contour curve scale and the
characteristics of the mapped relief. For instance, with a minimum horizontal distance between
the curves on the order of 20 m, the spatial resolution of 15 m can be shown appropriate for
the detailing of the relief presented in the original base, considering that lower resolutions
would tend to generate erroneous information (nonexistent), while higher resolutions would
not detail the relief in a satisfactory way [11]. Furthermore, a sufficient spatial resolution cannot
only depend on the aimed information and/or the precision used in the collection of this
information, but also on the topography. In areas where simple hillsides exist with flat
topography, a coarse resolution (> 20 m) may not lead to major errors in hydrographic basins,
being able to be used with little uncertainty. In a complex topography, with accentuated slopes,
a coarse resolution can result in great uncertainty, and a better resolution could be necessary.

Along those lines, studies have been developed seeking to define the best DEM resolution that
is capable of precisely representing the variations of the relief, thus reducing the uncertainties
of the erosion prediction models that need topographic modeling. In Slovakia, the S factor
derived from a MED with 50 m resolution, obtained from digitized contours of the topographic
maps in a 1:50.000 scale, promoted a sufficient level of detail for this type of regional evaluation
and the spatial resolution selected reflected the scale of the primary data [28]. To determine
the resolution of DEM when the objective is to promote an impartial average global estimate,
the global variance of the LS factor can be used [29].

The local variance of a cell measure the average local space variability, while the global
variance measures the global variation of the estimates showing a considerable difference of
behavior with the increase of the DEM resolution. Thus, in [29] the objective of the research
was to evaluate the appropriate DEM resolution for the spatial prediction of the LS factor. A
decrease of the global variation of the LS values obtained in the 30 by 100 meter resolution in
DEM was observed, followed by a stabilization after 100 m. The local average variance and
semivariance of a cell increased with the 30 by 50 m resolution and it decreased after 50 m. The
highest local variance and semivariance of a cell was at the 50 m resolution and thus it could
be considered appropriate for the necessary detailing of the spatial information (distribution
and variability) for the LS factor prediction [29].

A study developed in Thailand analyzed the influence of the spatial resolution on the results
of the LS factor [30]. Two DEM resolutions extracted from a SRTM (Shuttle Radar Topography
Mission) radar image with 90 m of resolution (original image resolution) and 30 m (resampling
of the 90 m resolution) were appraised. The grid size change affected the steepness values,
compromising the L and S factor values, since the L factor depends on the grid size and the
steepness and the S factor only on the steepness. When affecting the L and S factors, the
resolution also affected the sediment transport ratio. The best sediment production estimates
were observed in DEM with resolution of 30 m. A fundamental observation is made by the
authors of the study, who highlight that the better results of the 30 m resolution compared to
the 90 m using the USLE methodology, is probably due to fact this resolution is closer to the
22.4 m slope length, the length used in the derivation of the USLE relationships. Another study
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[31] compared SRTM radar images with spatial a resolution of 90 x 90 m and digitized
hypsometric curves to determine the topographic factor. The highest detail was obtained by
the SRTM images that evidenced lower LS ranges. They concluded that the difference occurred
due to the higher detailing in plane areas, where LS is lower (ramp height lower than 40 m,
with low steepness).

3. Water erosion modeling

3.1. USLE and RUSLE empirical modeling

The empirical models are the simplest ones, generally possessing less data and lower compu‐
tational base than the physical and conceptual ones. The empirical models normally have a
high aggregation of time and space and are based on analyses of the erosion process using
statistic techniques. For this reason, they are particularly useful as the first step to identify the
sediment sources. Universal Soil Loss Equation (USLE) and Revised Universal Soil Loss
Equation (RUSLE) have been the most used models in the world for predicting erosion
processes due to their simplicity and the availability of information.

The  topographic  factor  is  the  most  sensitive  parameter  of  USLE/RUSLE in  the  soil  loss
predictions, where a higher relative effect of the steepness factor is observed in a simple
analysis of sensitivity. However, an interaction of the steepness (S) and the slope length
(L) exists and, LS being used as the “only” parameter in the sensitivity analysis, its influ‐
ence is even higher on the soil loss than the remaining parameters, including L and S in‐
dividually [32]. By definition, the slope length (L) is the distance from the point of origin
of the surface flow to the point where each slope gradient (S)  decreases enough for the
beginning of deposition or when the flow comes to concentrate in a defined channel [3].
The  soil  losses  increase  with  the  increase  of  the  slope  length  and steepness,  conditions
where the surface flow reaches high-speeds.

The procedure to obtain the slope length was originally manual in these models, which may
be adapted to GIS framework. It initially consists of slope length identification through
information plans of slope steepness and classified aspects, such as the exposition angle
between the slopes and the north. From each rill slope or polygon, the average slope steepness
(degrees) and the altitude are calculated [33, 34]. It is possible to calculate the slope length
through the following equation [33]:

sina
=

DHL (1)

Where L is slope length (m); DH is altitude difference (m); and α is average slope steepness
(degrees).

The slope angle α corresponds to the inverse of the tangent angle that may be calculated
dividing sin α (altitude difference) by cos α (distance between level curves and/or quoted
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original precision. Because the influence of the pixel size has a significant weight in the analyses
derived from DEM’s, the choice of the spatial resolution proportional to the scale of the primary
data must have certain considerations, among them, the original contour curve scale and the
characteristics of the mapped relief. For instance, with a minimum horizontal distance between
the curves on the order of 20 m, the spatial resolution of 15 m can be shown appropriate for
the detailing of the relief presented in the original base, considering that lower resolutions
would tend to generate erroneous information (nonexistent), while higher resolutions would
not detail the relief in a satisfactory way [11]. Furthermore, a sufficient spatial resolution cannot
only depend on the aimed information and/or the precision used in the collection of this
information, but also on the topography. In areas where simple hillsides exist with flat
topography, a coarse resolution (> 20 m) may not lead to major errors in hydrographic basins,
being able to be used with little uncertainty. In a complex topography, with accentuated slopes,
a coarse resolution can result in great uncertainty, and a better resolution could be necessary.

Along those lines, studies have been developed seeking to define the best DEM resolution that
is capable of precisely representing the variations of the relief, thus reducing the uncertainties
of the erosion prediction models that need topographic modeling. In Slovakia, the S factor
derived from a MED with 50 m resolution, obtained from digitized contours of the topographic
maps in a 1:50.000 scale, promoted a sufficient level of detail for this type of regional evaluation
and the spatial resolution selected reflected the scale of the primary data [28]. To determine
the resolution of DEM when the objective is to promote an impartial average global estimate,
the global variance of the LS factor can be used [29].

The local variance of a cell measure the average local space variability, while the global
variance measures the global variation of the estimates showing a considerable difference of
behavior with the increase of the DEM resolution. Thus, in [29] the objective of the research
was to evaluate the appropriate DEM resolution for the spatial prediction of the LS factor. A
decrease of the global variation of the LS values obtained in the 30 by 100 meter resolution in
DEM was observed, followed by a stabilization after 100 m. The local average variance and
semivariance of a cell increased with the 30 by 50 m resolution and it decreased after 50 m. The
highest local variance and semivariance of a cell was at the 50 m resolution and thus it could
be considered appropriate for the necessary detailing of the spatial information (distribution
and variability) for the LS factor prediction [29].

A study developed in Thailand analyzed the influence of the spatial resolution on the results
of the LS factor [30]. Two DEM resolutions extracted from a SRTM (Shuttle Radar Topography
Mission) radar image with 90 m of resolution (original image resolution) and 30 m (resampling
of the 90 m resolution) were appraised. The grid size change affected the steepness values,
compromising the L and S factor values, since the L factor depends on the grid size and the
steepness and the S factor only on the steepness. When affecting the L and S factors, the
resolution also affected the sediment transport ratio. The best sediment production estimates
were observed in DEM with resolution of 30 m. A fundamental observation is made by the
authors of the study, who highlight that the better results of the 30 m resolution compared to
the 90 m using the USLE methodology, is probably due to fact this resolution is closer to the
22.4 m slope length, the length used in the derivation of the USLE relationships. Another study
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[31] compared SRTM radar images with spatial a resolution of 90 x 90 m and digitized
hypsometric curves to determine the topographic factor. The highest detail was obtained by
the SRTM images that evidenced lower LS ranges. They concluded that the difference occurred
due to the higher detailing in plane areas, where LS is lower (ramp height lower than 40 m,
with low steepness).

3. Water erosion modeling

3.1. USLE and RUSLE empirical modeling

The empirical models are the simplest ones, generally possessing less data and lower compu‐
tational base than the physical and conceptual ones. The empirical models normally have a
high aggregation of time and space and are based on analyses of the erosion process using
statistic techniques. For this reason, they are particularly useful as the first step to identify the
sediment sources. Universal Soil Loss Equation (USLE) and Revised Universal Soil Loss
Equation (RUSLE) have been the most used models in the world for predicting erosion
processes due to their simplicity and the availability of information.

The  topographic  factor  is  the  most  sensitive  parameter  of  USLE/RUSLE in  the  soil  loss
predictions, where a higher relative effect of the steepness factor is observed in a simple
analysis of sensitivity. However, an interaction of the steepness (S) and the slope length
(L) exists and, LS being used as the “only” parameter in the sensitivity analysis, its influ‐
ence is even higher on the soil loss than the remaining parameters, including L and S in‐
dividually [32]. By definition, the slope length (L) is the distance from the point of origin
of the surface flow to the point where each slope gradient (S)  decreases enough for the
beginning of deposition or when the flow comes to concentrate in a defined channel [3].
The  soil  losses  increase  with  the  increase  of  the  slope  length  and steepness,  conditions
where the surface flow reaches high-speeds.

The procedure to obtain the slope length was originally manual in these models, which may
be adapted to GIS framework. It initially consists of slope length identification through
information plans of slope steepness and classified aspects, such as the exposition angle
between the slopes and the north. From each rill slope or polygon, the average slope steepness
(degrees) and the altitude are calculated [33, 34]. It is possible to calculate the slope length
through the following equation [33]:

sina
=

DHL (1)

Where L is slope length (m); DH is altitude difference (m); and α is average slope steepness
(degrees).

The slope angle α corresponds to the inverse of the tangent angle that may be calculated
dividing sin α (altitude difference) by cos α (distance between level curves and/or quoted
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points). The α angle of a surface defined by two points (A and B) is calculated with the
horizontal as show in Figure 1 [35].

Figure 1. Trigonometric variables in the calculation of the slope.

The slope length (L) and slope steepness (S) factors of the USLE were developed for uniform
slopes based on empirical models, which means that they use dependent field measurements.
For USLE/RUSLE, they are calculated from the comparison with a ramp length of 22.1 m and
9% slope with the use of a factor m for different steepness classes [3].

The L factor can also be obtained by pixel size in the DEM. If one size of the pixel is considerate
as flow length, an equal value is determined for the flown length; therefore it is assumed that
the inclination is composed by segments of equal dimensions, consequently with different
inclinations, which is not true. However, this approach is considerably feasible if a pixel of
suitable dimension is used [36]. A study developed in Thailand evaluated two DEM resolu‐
tions and observed better results from 30 m resolution using USLE methodology due to the
fact that this one is closer to 22.1 m slope length, which is used for the derivation of model
relations [30].

The calculation methodology of LS factors proposed by the USLE was improved in the
equation revision, named RUSLE [4], considered more extensive than the previous model. The
L factor, in both USLE and RUSLE, is expressed as [3]:

22.1
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Where L is slope length effect on soil loss standardized for 22.1 m length; λ is field slope length
(m); and m is slope length exponent.
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In the USLE, the m recommend value is from 0.2 to 0.5 for slope levels lower than 1%; 1-3%;
3.5-4.5%; and 5% or more, respectively. Therefore, if a slope gradient is higher than 5%, slope
length factor do not change with slope inclination. However, in the RUSLE, m continues to
increase with slope inclination (Equation 3). Thus, in the RUSLE, the slope length effect is a
function of the erosion ratio of rill to interrill [36].
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Where β is ratio of rill to interrill erosion; and θ is slope angle.

Researchers observed that the m = 0.5 exponent of USLE is better adapted for very accentuate
slopes [37]. When the slope increases from 9% to 60%, the m exponent increases from 0.5 to
0.71. The slope length exponent, m, is 0.7 for a 50% slope with 60 m length and a more
moderated ratio of rill and interrill erosion. When the 0.7 factor is used, the RUSLE predicts
an addition of 22% of soil loss than the USLE (m = 0.5) through a 60 m of length slope. When
the slope is lower than 9%, the USLE will predict a higher soil loss than RUSLE and, being
steeper than 9%, the RUSLE will predict a higher soil loss than USLE. The higher difference
occurs in much accentuated slopes.

The equation used in the USLE slope factor (S) (Equation 5) was modified to obtain more
accurate results in RUSLE model (Equation 6), probably due to changes in the slope factor [34,
38], which depends on the slope angle Ө.

265.4sin 4.56sin 0.0654S q q= + + (5)

10.8sin 0.03, for <9% or 16.8sin 0.50S Sq q q= + = - (6)

3.1.1. USLE and RUSLE limitations

The restrictions of the USLE and RUSLE empirical models frequently occur because neither
examines the hydrologic phenomena in their geographical context, using a simplified repre‐
sentation of spatial elements that assumes the hydrographic basin as uniform [39]. Many
methods have been developed seeking to include complex slopes, common in a context of
hydrographic basins [40]. In a comparison of several manual methods it was concluded that
there is no obviously better method [41]. The errors of the empirical models are produced
because the water erosion, being a hydrologically driven process, is not evaluated in relation
to the surface runoff [42-45]. In the soil loss estimates using the USLE and RUSLE models the
surface runoff is not considered in a direct way, though they indirectly consider that the flow
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points). The α angle of a surface defined by two points (A and B) is calculated with the
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The slope length (L) and slope steepness (S) factors of the USLE were developed for uniform
slopes based on empirical models, which means that they use dependent field measurements.
For USLE/RUSLE, they are calculated from the comparison with a ramp length of 22.1 m and
9% slope with the use of a factor m for different steepness classes [3].

The L factor can also be obtained by pixel size in the DEM. If one size of the pixel is considerate
as flow length, an equal value is determined for the flown length; therefore it is assumed that
the inclination is composed by segments of equal dimensions, consequently with different
inclinations, which is not true. However, this approach is considerably feasible if a pixel of
suitable dimension is used [36]. A study developed in Thailand evaluated two DEM resolu‐
tions and observed better results from 30 m resolution using USLE methodology due to the
fact that this one is closer to 22.1 m slope length, which is used for the derivation of model
relations [30].

The calculation methodology of LS factors proposed by the USLE was improved in the
equation revision, named RUSLE [4], considered more extensive than the previous model. The
L factor, in both USLE and RUSLE, is expressed as [3]:
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3.5-4.5%; and 5% or more, respectively. Therefore, if a slope gradient is higher than 5%, slope
length factor do not change with slope inclination. However, in the RUSLE, m continues to
increase with slope inclination (Equation 3). Thus, in the RUSLE, the slope length effect is a
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Where β is ratio of rill to interrill erosion; and θ is slope angle.

Researchers observed that the m = 0.5 exponent of USLE is better adapted for very accentuate
slopes [37]. When the slope increases from 9% to 60%, the m exponent increases from 0.5 to
0.71. The slope length exponent, m, is 0.7 for a 50% slope with 60 m length and a more
moderated ratio of rill and interrill erosion. When the 0.7 factor is used, the RUSLE predicts
an addition of 22% of soil loss than the USLE (m = 0.5) through a 60 m of length slope. When
the slope is lower than 9%, the USLE will predict a higher soil loss than RUSLE and, being
steeper than 9%, the RUSLE will predict a higher soil loss than USLE. The higher difference
occurs in much accentuated slopes.

The equation used in the USLE slope factor (S) (Equation 5) was modified to obtain more
accurate results in RUSLE model (Equation 6), probably due to changes in the slope factor [34,
38], which depends on the slope angle Ө.
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10.8sin 0.03, for <9% or 16.8sin 0.50S Sq q q= + = - (6)

3.1.1. USLE and RUSLE limitations

The restrictions of the USLE and RUSLE empirical models frequently occur because neither
examines the hydrologic phenomena in their geographical context, using a simplified repre‐
sentation of spatial elements that assumes the hydrographic basin as uniform [39]. Many
methods have been developed seeking to include complex slopes, common in a context of
hydrographic basins [40]. In a comparison of several manual methods it was concluded that
there is no obviously better method [41]. The errors of the empirical models are produced
because the water erosion, being a hydrologically driven process, is not evaluated in relation
to the surface runoff [42-45]. In the soil loss estimates using the USLE and RUSLE models the
surface runoff is not considered in a direct way, though they indirectly consider that the flow
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transports the eroded sediment and the concentration of sediments depends on the kinetic
energy level of the rain, in the sample space of a parcel [44]. Thus, the surface runoff in the
empirical models is a primitive factor. This presupposition limits the potential of these models
in predicting erosive factor changes, on the scale of basins or drainage systems, which are
favored in models based on physical and semi-empirical processes where the surface runoff
constitutes a fundamental factor in the water erosion prediction.

For local conservation planning, the LS factor is usually estimated or calculated from length
and inclination measurements in the field [6], or even through manual procedures on carto‐
graphic bases, making the procedure very difficult and slow due to the difficulty of individu‐
alization of each slope [1]. The measurement of the ramp length is made from the evaluated
point in relation to the watershed. Besides possessing the difficulty of locating the watershed,
this procedure considers the straight line distance until the watershed, concealing the impor‐
tance of the relief form, because the erosion is affected by the torrent that comes from the whole
contribution area. These labor intensive in-field measurements rendered the soil erosion
modeling obviously unviable on a regional scale [6] leading to the determination of the ramp
length based on the estimate of an average value for hydrographic basins, which is an
oversimplification of the true situation [7]. Furthermore, an underestimate of LS values,
obtained manually, and consequently also of the erosion risk is observed when compared to
the irregular slopes considered in automated models [46].

A second shortcoming of these models is the evaluation of only the erosion, without sediment
deposition prediction [47]. When adopting an average rate for an entire slope or hydrographic
basin, addressing the erosion using the USLE and RUSLE models does not offer any informa‐
tion as to the sources and sinks of the erosion materials. In spite of the methodology of dividing
complex landscapes into series of semi-homogeneous planes used by these models, to provide
some consideration as to the convexity and concavity of the inclination, the erosion is only
calculated along the flow in a rectilinear manner, without full consideration of the convergence
and divergence flow influence [45]. No approach adequately supplies spatially distributed
information on the erosion necessary for effective control of the erosion and sediments. Thus,
on a hydrographic basin or landscape scale, the spatial distribution of the soil erosion predicted
by such models will distort the current conditions and will tend to overestimate the erosion
[47, 48]. Some studies mention overestimates in lower soil losses and underestimates for the
high losses using the USLE and RUSLE models [44, 49, 50]. As a solution, studies recommend
to first identify those portions of the landscape subject to the deposition and to exclude them
from the analysis when applying the USLE and RUSLE models [9].

USLE was related to GIS due to the advantages of handling great amounts of spatial data. Until
the middle of the 1990’s, a great limitation in the use of the USLE and RUSLE erosion models
on a regional landscape scale was the difficulty in estimating appropriate LS factor values for
applications in GIS [7], since such models evaluate the effects of the topography on the erosion
in a two-dimensional way. In that context, the use of models distributed in space came to
represent a powerful environmental analysis tool, highlighting soil erosion by water on the
hydrographic basin scale.
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3.2. Conceptual modeling

The conceptual methods incorporate the impact of different erosive processes through
empirical parameters [51] usually obtained through calibration with observed data, such as
flow discharge and sediment concentration [52]. Therefore, these models represent the
processes within the scale in which they were simulated [53]. It is noteworthy, particularly on
a large scale, to mention that deposition patterns and sediment residence time are still little
understood in a way that the erosion prediction and the sediment deposition rates on these
scales are based, usually, on empirical or semi-empirical studies that are applied in a uniform
way throughout the whole area [54].

The semi-empirical LS factor explains the double phenomenon of drainage convergence and
furrow [27]. The result of the LS factor thus comes to be equivalent to the traditional LS factor
on flat surfaces, but with the advantage of being applicable to slopes with complex geometries
[55-57]. When substituting the empirical topographic factor by the semi-empirical one in USLE,
the laminar and concentrated flow in complex terrains is considered in the spatial distribution
of the erosion, making the estimate more precise.

In the conceptual models the slope length factor is substituted by the upstream contribution
area [9, 46, 55, 56] whose modeling conducted in the digital elevation model (DEM) allows to
determine the drainage network considering the direction of the surface runoff and the
accumulated flow. For each cell, the contribution area upstream is obtained from DEM initially
calculating the steepness and aspect maps, building the water flow paths later. The upstream
contribution area map is determined from the water flow path lines and the DEM spatial
resolution. The precision of the model is related to the uncertainty of the empirical parameters
used in the LS factor equation, the accuracy and resolution of DEM and to the methods for
derivation of the topographical variables related to LS, such as steepness, aspect and contri‐
bution area [27]. In that way, the topographical LS factor can be finally obtained.

Incorporating this concept, an equation modified to compute the LS factor in the form of finite
difference in a grid of cells representing a segment of the hillside was derived [46]. Another
model, called RUSLE 3D (Revised Universal Soil Loss Equation 3D) presented a simple and
continuous form of the LS factor equation considering the impact of the convergent flow [9].
Also considering the contribution area, the USPED model (Unit Stream Power Erosion and
Deposition) was developed from the drainage force unit theory [56, 57] for analysis of the
erosion and deposition.

3.2.1. Contribution area modeling

The modeling of the contribution area is conducted resorting to DEM, because it contains
information that allows to determine the surface runoff network. As such, based on DEM, the
flow direction and the accumulated flow and the steepness are determined. The area of
contribution of each cell (pixel) of DEM, considering a grid of cells, is its own area plus the
area of the upstream neighbors that possess some drained fraction for the pixel in question.
The contribution area (A) of a specific grid of cells is calculated from the product of the
accumulated flow (χ) and the area of each cell (η) [58]:
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transports the eroded sediment and the concentration of sediments depends on the kinetic
energy level of the rain, in the sample space of a parcel [44]. Thus, the surface runoff in the
empirical models is a primitive factor. This presupposition limits the potential of these models
in predicting erosive factor changes, on the scale of basins or drainage systems, which are
favored in models based on physical and semi-empirical processes where the surface runoff
constitutes a fundamental factor in the water erosion prediction.

For local conservation planning, the LS factor is usually estimated or calculated from length
and inclination measurements in the field [6], or even through manual procedures on carto‐
graphic bases, making the procedure very difficult and slow due to the difficulty of individu‐
alization of each slope [1]. The measurement of the ramp length is made from the evaluated
point in relation to the watershed. Besides possessing the difficulty of locating the watershed,
this procedure considers the straight line distance until the watershed, concealing the impor‐
tance of the relief form, because the erosion is affected by the torrent that comes from the whole
contribution area. These labor intensive in-field measurements rendered the soil erosion
modeling obviously unviable on a regional scale [6] leading to the determination of the ramp
length based on the estimate of an average value for hydrographic basins, which is an
oversimplification of the true situation [7]. Furthermore, an underestimate of LS values,
obtained manually, and consequently also of the erosion risk is observed when compared to
the irregular slopes considered in automated models [46].

A second shortcoming of these models is the evaluation of only the erosion, without sediment
deposition prediction [47]. When adopting an average rate for an entire slope or hydrographic
basin, addressing the erosion using the USLE and RUSLE models does not offer any informa‐
tion as to the sources and sinks of the erosion materials. In spite of the methodology of dividing
complex landscapes into series of semi-homogeneous planes used by these models, to provide
some consideration as to the convexity and concavity of the inclination, the erosion is only
calculated along the flow in a rectilinear manner, without full consideration of the convergence
and divergence flow influence [45]. No approach adequately supplies spatially distributed
information on the erosion necessary for effective control of the erosion and sediments. Thus,
on a hydrographic basin or landscape scale, the spatial distribution of the soil erosion predicted
by such models will distort the current conditions and will tend to overestimate the erosion
[47, 48]. Some studies mention overestimates in lower soil losses and underestimates for the
high losses using the USLE and RUSLE models [44, 49, 50]. As a solution, studies recommend
to first identify those portions of the landscape subject to the deposition and to exclude them
from the analysis when applying the USLE and RUSLE models [9].

USLE was related to GIS due to the advantages of handling great amounts of spatial data. Until
the middle of the 1990’s, a great limitation in the use of the USLE and RUSLE erosion models
on a regional landscape scale was the difficulty in estimating appropriate LS factor values for
applications in GIS [7], since such models evaluate the effects of the topography on the erosion
in a two-dimensional way. In that context, the use of models distributed in space came to
represent a powerful environmental analysis tool, highlighting soil erosion by water on the
hydrographic basin scale.
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3.2. Conceptual modeling

The conceptual methods incorporate the impact of different erosive processes through
empirical parameters [51] usually obtained through calibration with observed data, such as
flow discharge and sediment concentration [52]. Therefore, these models represent the
processes within the scale in which they were simulated [53]. It is noteworthy, particularly on
a large scale, to mention that deposition patterns and sediment residence time are still little
understood in a way that the erosion prediction and the sediment deposition rates on these
scales are based, usually, on empirical or semi-empirical studies that are applied in a uniform
way throughout the whole area [54].

The semi-empirical LS factor explains the double phenomenon of drainage convergence and
furrow [27]. The result of the LS factor thus comes to be equivalent to the traditional LS factor
on flat surfaces, but with the advantage of being applicable to slopes with complex geometries
[55-57]. When substituting the empirical topographic factor by the semi-empirical one in USLE,
the laminar and concentrated flow in complex terrains is considered in the spatial distribution
of the erosion, making the estimate more precise.

In the conceptual models the slope length factor is substituted by the upstream contribution
area [9, 46, 55, 56] whose modeling conducted in the digital elevation model (DEM) allows to
determine the drainage network considering the direction of the surface runoff and the
accumulated flow. For each cell, the contribution area upstream is obtained from DEM initially
calculating the steepness and aspect maps, building the water flow paths later. The upstream
contribution area map is determined from the water flow path lines and the DEM spatial
resolution. The precision of the model is related to the uncertainty of the empirical parameters
used in the LS factor equation, the accuracy and resolution of DEM and to the methods for
derivation of the topographical variables related to LS, such as steepness, aspect and contri‐
bution area [27]. In that way, the topographical LS factor can be finally obtained.

Incorporating this concept, an equation modified to compute the LS factor in the form of finite
difference in a grid of cells representing a segment of the hillside was derived [46]. Another
model, called RUSLE 3D (Revised Universal Soil Loss Equation 3D) presented a simple and
continuous form of the LS factor equation considering the impact of the convergent flow [9].
Also considering the contribution area, the USPED model (Unit Stream Power Erosion and
Deposition) was developed from the drainage force unit theory [56, 57] for analysis of the
erosion and deposition.

3.2.1. Contribution area modeling

The modeling of the contribution area is conducted resorting to DEM, because it contains
information that allows to determine the surface runoff network. As such, based on DEM, the
flow direction and the accumulated flow and the steepness are determined. The area of
contribution of each cell (pixel) of DEM, considering a grid of cells, is its own area plus the
area of the upstream neighbors that possess some drained fraction for the pixel in question.
The contribution area (A) of a specific grid of cells is calculated from the product of the
accumulated flow (χ) and the area of each cell (η) [58]:
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The determination of the accumulated drainage areas (or accumulated flow), which allows the
simulation of the hydrographic network, are defined based exclusively on the flow directions.
The accumulated flow represents the amount of rain that will drain through each cell,
supposing that all of the rain become torrents and there is no interception, evapotranspiration,
or loss of underground water. Each pixel receives a value corresponding to the sum of the
areas of all of the pixels whose drainage contributed to the analyzed pixel [59].

The flow direction defines the flow path of water, as well as sediments and nutrients, in areas
adjacent to the lower altitude points in all of the positions in the hydrographic basin [60].
Independent of the magnitude of the rain event, the flow algorithm in a GIS establishes a one-
dimensional flow network connecting each cell with other cells of the hydrographic basin in
DEM until the point where the whole surface runoff generated inside the hydrographic basin
meets, defined as the mouth [61]. As such, the hydrological relationships are built between
different points within a hydrographic basin, topographical continuity being necessary so that
functional drainage exists [62].

The estimate of the flow direction is based on the physical principle that the mass of controlled
gravity proceed in the direction of the most accentuated slope. The slope is characterized
identifying the plane tangent to the topographical surface in the center of the cell. The
maximum plane elevation change rate characterizes the inclination gradient, while the
correspondent cardinal direction of this larger difference is the aspect [63] (Figure 2).

Figure 2. Code of flow direction in analogy to cardinal points generated on the aspect map.

Many algorithms have been developed to consider the contribution area. The flow direction
methods, profoundly different, are classified in: concentrative, also called single direction or
eight directions, that transfer the whole source pixel matter to the downstream pixel in question
[59, 64-68]; and dispersive or multiple direction, that divide the matter of the source cell among
several receptors [63, 66, 69-73]. That means that, while those of single flow consider all of the
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slopes as concave or parallel, the multiples also differentiate the convex ones [46]. In water
erosion analysis, the most thoroughly used methods are the concentrative [1, 7, 29, 47, 74-81].

The first and simpler method to specify the flow direction attributes the flow of each pixel to
one of their eight neighbors, be it adjacent or diagonal, in the direction of the steepest hillside
slope. This method, designated Deterministic 8 Algorithm (D8), is based on the fact that the wa‐
ter can move in 8 possible directions, as demonstrated in Figure 2 (8 flow directions) [64]. The
D8 approach has disadvantages arising from the determination of the flow distributed equally
in only one of the eight possible directions, separate by 45˚, that is expressed in parallel (or con‐
vergent) flow patterns in the directions of the cardinal or diagonal points, intermediate values
not being possible [60]. In a complex topography, however, the divergent flow frequently can
occur causing a significant impact on the delimitation of the basin contribution area [80].

Is suggested to overcome these random flow direction attribution problems for one of the de‐
scending neighbors, with the probability proportional to the slope [65]. Other flow direction
methods [69, 70] have also been suggested in an attempt to solve the limitations of D8. These at‐
tribute a fractional flow to each smaller neighbor, proportional to the slope (or, in the case of the
Freeman method, inclination to an exponent) for that neighbor. The multiple flow direction
method, here designated by MS (based on multiple slope directions), have the disadvantage
that the pixel flow is dispersed for all of the neighboring pixels with lower elevation.

An algorithm was developed using the aspect associated to each pixel to specify the flow
directions [71]. The flow is directed as if it was a ball rolling on a plane, liberated from the
center of each cell grid. This plane is suited to the elevation of the corners of the pixel, and such
corner elevations are estimated by the average of the elevations of the central elevation of the
adjacent pixels. This procedure has the advantage of continually specifying the flow direction
(an angle between 0 and 2π) without dispersion. Extending the ideas of the previous meth‐
odology, a group of elaborated procedures was presented called Demon [66]. Gridded
elevation values are used as pixel corners, instead of limiting to the center, and a plane surface
is formed for each pixel. The authors recognize the flow as two uniform dimensional origins
along the area of the pixel, instead of flow paths drawn from the center of each pixel. The
upstream area is evaluated through the construction of detailed flow tubes. It is presupposed
that a local plane adjustment for each pixel requires approximation because only three points
are necessary to determine a plane. The best adjustment plane, in general, cannot cross the
four elevations in the corners, leading to a surface representation discontinuity on the edges
of the pixel. The local plane adjustment for specific combinations can lead to inconsistent or
deduced flow directions that are a problem in the Lea and Demon methods [63].

Being such, a new procedure to represent the flow directions and calculation of the upstream
areas using a grid based DEM was suggested, see reference [63], called infinite D or D∞. The
D∞ method calculates the water flow direction according to the steepness of the terrain,
distributing the flow proportionally among the neighboring cells. This procedure continually
specifies the flow direction (an angle between 0 and 2π) taken in the most accentuated hillside
slope, distributing it among the eight facets generate by a 3 x 3 pixel mesh that contains the
analyzed pixel in the center. These facets avoid the approximation involved in the plane
adjustment and the influence of neighbors with higher altitudes on the upstream water flow
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correspondent cardinal direction of this larger difference is the aspect [63] (Figure 2).
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slopes as concave or parallel, the multiples also differentiate the convex ones [46]. In water
erosion analysis, the most thoroughly used methods are the concentrative [1, 7, 29, 47, 74-81].

The first and simpler method to specify the flow direction attributes the flow of each pixel to
one of their eight neighbors, be it adjacent or diagonal, in the direction of the steepest hillside
slope. This method, designated Deterministic 8 Algorithm (D8), is based on the fact that the wa‐
ter can move in 8 possible directions, as demonstrated in Figure 2 (8 flow directions) [64]. The
D8 approach has disadvantages arising from the determination of the flow distributed equally
in only one of the eight possible directions, separate by 45˚, that is expressed in parallel (or con‐
vergent) flow patterns in the directions of the cardinal or diagonal points, intermediate values
not being possible [60]. In a complex topography, however, the divergent flow frequently can
occur causing a significant impact on the delimitation of the basin contribution area [80].

Is suggested to overcome these random flow direction attribution problems for one of the de‐
scending neighbors, with the probability proportional to the slope [65]. Other flow direction
methods [69, 70] have also been suggested in an attempt to solve the limitations of D8. These at‐
tribute a fractional flow to each smaller neighbor, proportional to the slope (or, in the case of the
Freeman method, inclination to an exponent) for that neighbor. The multiple flow direction
method, here designated by MS (based on multiple slope directions), have the disadvantage
that the pixel flow is dispersed for all of the neighboring pixels with lower elevation.

An algorithm was developed using the aspect associated to each pixel to specify the flow
directions [71]. The flow is directed as if it was a ball rolling on a plane, liberated from the
center of each cell grid. This plane is suited to the elevation of the corners of the pixel, and such
corner elevations are estimated by the average of the elevations of the central elevation of the
adjacent pixels. This procedure has the advantage of continually specifying the flow direction
(an angle between 0 and 2π) without dispersion. Extending the ideas of the previous meth‐
odology, a group of elaborated procedures was presented called Demon [66]. Gridded
elevation values are used as pixel corners, instead of limiting to the center, and a plane surface
is formed for each pixel. The authors recognize the flow as two uniform dimensional origins
along the area of the pixel, instead of flow paths drawn from the center of each pixel. The
upstream area is evaluated through the construction of detailed flow tubes. It is presupposed
that a local plane adjustment for each pixel requires approximation because only three points
are necessary to determine a plane. The best adjustment plane, in general, cannot cross the
four elevations in the corners, leading to a surface representation discontinuity on the edges
of the pixel. The local plane adjustment for specific combinations can lead to inconsistent or
deduced flow directions that are a problem in the Lea and Demon methods [63].

Being such, a new procedure to represent the flow directions and calculation of the upstream
areas using a grid based DEM was suggested, see reference [63], called infinite D or D∞. The
D∞ method calculates the water flow direction according to the steepness of the terrain,
distributing the flow proportionally among the neighboring cells. This procedure continually
specifies the flow direction (an angle between 0 and 2π) taken in the most accentuated hillside
slope, distributing it among the eight facets generate by a 3 x 3 pixel mesh that contains the
analyzed pixel in the center. These facets avoid the approximation involved in the plane
adjustment and the influence of neighbors with higher altitudes on the upstream water flow
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[82]. When the direction does not follow one of the cardinal (0, π/2, π, 3π/2) or diagonal (π/4,
3π/4, 5π/4, 7π/4) directions, the accumulated flow is calculated from the flow contribution of
a pixel between the two upstream pixels according to the proximity of the flow angle in relation
to a right angle for the central pixel. A great advantage of the method D∞ is in considering the
form of the divergent surface, in other words, the flow also becomes divergent [83]. Comparing
results of the statistical tests and map influence and dependence analysis on the calculation of
the upstream area in DEM, a better performance of the D∞ method was observed in relation
to the D8, MS and Lea methods, being comparable to Demon, but overcoming its problems of
frequent inconsistencies [63].

On defining the drainage directions, it is expected that the resulting drainage network is
located within the river channel. Depending on the method used, significant DEM differences
in the distribution of the contribution area are obtained. Figure 3 presents the accumulated
flow map using the D8 and D∞ methods. As the D8 method routes the whole flow to the cell
of higher gradient, rectilinear drainage lines are observed. In turn, the D∞ method, since it
considers a proportional distribution among the pixels according to the steepness, does not
present the characteristic angular tracings of the flow path restriction.

Using low and high resolution DEM assay data examples, differences are more notable with
the increase of the DEM data resolution, especially on the slopes scale [63]. Furthermore, the
drainage direction determination methods can produce different results that do not always
agree with the reality, mainly when applied in plane areas [60, 84, 85], because they depend
on the treatment that each algorithm gives to these regions.

Figure 3. The accumulated flow by the D8 and D-infinity (D∞) methods. (Source: Elaborated by the authors).

Seeking to define a hydrologically consistent digital elevation model and to obtain a sub-basin
drainage network, a study [22] tested the D8 [64] and D∞ [63] methods. In the analysis of the
mean error between the observed and estimated drainage, the D∞ method provided higher
drainage pathway detailing and agreement among the drainage networks. The D8 method
provoked errors in the orientation of the drainage network matrix.
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The inability of the single direction method (D8) to simulate the flow direction along the
inclination of the hillside was also noted [60], which emphasized best performance of the
multiple direction method (D∞). The same observations were made in erosive process spatial
distribution analysis studies [20, 83, 86-88]. These results were even verified in a study whose
purpose was the modeling of the topographic factor [46], which opted for the multiple flow
direction method due to its better adjustment in the erosive process analyses.

3.2.2. Desmet & Govers algorithm

The great disadvantage observed in the USLE/RUSLE models is the two-dimensional evalu‐
ation used to determine the effects of the topography. In these models, the landscape has been
generically treated as homogeneous, with plane characteristics. The first research that devel‐
oped a procedure for the soil loss calculation capable to consider the slope form divided the
irregular slopes into a limited number of uniform segments was [89]. Continuing this study,
weights were attributed for the slope stretches according to their convexity or concavity [3].

Extending the study of [89], the upstream contribution area concept was introduced for the
calculation of the L factor [46] that was applied to the RUSLE LS factor equations [90, 91]. For
the calculation of the contribution area, a multiple flow direction algorithm was used [70]. The
L factor is expressed according to the equation:
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Where Li,j is the slope length factor of a cell with coordinates (i, j); Ai,j-in is the contribution area
of a cell with coordinates (i, j) (m2); D = is the cell grid size (m); xi,j is the flow direction value,
obtaining the equation x = senα+ cosα, where α is the flow direction angle; m is the coefficient
that assumes the values: 0.5, if S ≥ 5% (S the steepness degree); 0.4, if 3% ≤ S < 5%; 0.3, if 1% ≤
S < 3%; and 0.2, if S < 1%.

For the steepness calculation, the following algorithm was employed [92]:

2 2
ij x yG G G= + (9)

Where Gx and Gy are, respectively, the gradient in the direction x (m/m) and the gradient in
the direction y (m/m).

The LS factor for a grid of cells can be thus obtained by the insertion of Li,j and Gij in the LS
factor equations of the chosen USLE or RUSLE approach.

This algorithm makes calculations of the steepness, flow direction and the amount of flow that
accumulated upstream from a pixel for each pixel [46]. As such, the pixel to pixel topographical
factor is calculated along complex slopes. As result, it is possible to define where there is signifi‐
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The inability of the single direction method (D8) to simulate the flow direction along the
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multiple direction method (D∞). The same observations were made in erosive process spatial
distribution analysis studies [20, 83, 86-88]. These results were even verified in a study whose
purpose was the modeling of the topographic factor [46], which opted for the multiple flow
direction method due to its better adjustment in the erosive process analyses.
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The great disadvantage observed in the USLE/RUSLE models is the two-dimensional evalu‐
ation used to determine the effects of the topography. In these models, the landscape has been
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calculation of the L factor [46] that was applied to the RUSLE LS factor equations [90, 91]. For
the calculation of the contribution area, a multiple flow direction algorithm was used [70]. The
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of a cell with coordinates (i, j) (m2); D = is the cell grid size (m); xi,j is the flow direction value,
obtaining the equation x = senα+ cosα, where α is the flow direction angle; m is the coefficient
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S < 3%; and 0.2, if S < 1%.

For the steepness calculation, the following algorithm was employed [92]:
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Where Gx and Gy are, respectively, the gradient in the direction x (m/m) and the gradient in
the direction y (m/m).

The LS factor for a grid of cells can be thus obtained by the insertion of Li,j and Gij in the LS
factor equations of the chosen USLE or RUSLE approach.

This algorithm makes calculations of the steepness, flow direction and the amount of flow that
accumulated upstream from a pixel for each pixel [46]. As such, the pixel to pixel topographical
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cant distance from the watershed and where there is flow convergence (concave slopes), as well
as high steepness, where the LS value tends to be high. In compensation, that value is low in the
interfluves (hill tops and plateaus), because the slope length and the steepness are reduced.

The method is not limited to express the sediment transport capacity by the runoff, but it also
considers the surface flow, the ramp geometry - if concave or convex - and the erosion way [94].
Comparing the results obtained in the automatic method [46] and manual one [3], a research
work [94] verified similar LS values in areas of low steepness. However, in the case of complex
slopes, in more sloping areas, the LS values generated by the Desmet & Govers algorithm [46]
were significantly superior. That can probably be explained by the assimilation of the conver‐
gence and by the respective flow accumulation of this method, which does not occur with the
Wischmeier & Smith method [3].

Refining the method of Desmet & Govers, another study [80] incorporated an infinite flow
direction model (D∞) and additional methods to isolate the slope length factor. Such method
can be applied in situations where a complex topography can influence the surface runoff path
and where the excessively long slope lengths, calculated from DEM, can be in need of new
landscape detailing. The authors validated the method by the comparison of the statistical
distribution of the LS values in GIS with the LS distribution, calculated from field observation
data, providing support for applicability of the GIS method to obtain spatial heterogeneity and
LS factor magnitude. The evaluation in GIS presented statistical distributions of the LS factor
values very similar to those described in the field data, supplying strong support for the use
of GIS based methods to represent the spatial heterogeneity and LS factor magnitude for the
first time.

3.2.3. RUSLE–3D

From Equation 8, derived by Desmet & Govers, an LS factor equation was generated that is
used by the RUSLE 3D model [9]. The model includes irregular hillsides integrating a wide
spectrum of hillside convexities and concavities and it incorporates the contribution area A for
the determination of the LS factor:

2 2
ij x yG G G= + (10)

Where A(r) is the upstream contribution area (m2); β(r) is the slope inclination angle (degrees);
and m and n are flow type dependent parameters.

Typical m values are 0.4-0.6 and for n 1-1.3. The exponents for the runoff and slope terms in
the soil detachment and sediment transport equations reflect the interaction among different
flow, detachment and soil transport types. Figure 4 shows the spatial pattern of the topographic
potential by RUSLE-3D with different values for the exponent m. For laminar flow (m = 0.1),
the detachment and transport of sediments increase relatively little with the amount of water.
This type of flow is typical for areas with good plant covering, but also for a severely compacted
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soil, where the compacting prevents the detachment and formation of furrows. The value of
the exponent m of this flow is low, represented by the contribution area [51].

In case the area presents both flow types, usually due to the spatial variability of soil use and
properties, an m value=0.4 balances the impact of the surface laminar and turbulent flow and
it supplies average satisfactory results [51] (Figure 4). When furrow and gully erosion in
degraded soils vulnerable to the formation of deep furrows prevails, there are high water flow
turbulence conditions and higher water impact, reflecting in a high exponent (m=0.6). The
dense vegetation impedes the creation of furrows and maintains a dispersed water flow, while
in situations of bare soil, the detachment caused by the flow turbulence increase leads to the
formation of furrows [51].

Figure 4. LS factor of RUSLE-3D with m value of = 0.1 for laminar flow; m = 0.4 for laminar and concentrated flow
impact; and m = 0.6 for high flow impact in the erosion pattern. (Source: Elaborated by the authors).

The exponent of the spatial variable based on the covering can vary seeking to increase the
negative impact of the disturbed areas and to reduce the impact in vegetated areas [51]. For
instance, for forest m=0.2, for pasture m=0.4, for degraded pasture m=0.5 and for degraded
areas m=0.6. In a study of these coefficient calibrations for two hydrographic sub-basins with
forest vegetation, pastures and native field (prairie) in Mexico [95], the estimated value for m
was 0.49. In the evaluation of the water erosion in forest systems [17] the value adopted for
the coefficient was 0.4. In a hydrographic sub-basin with prevalence of native forest in
Australia, the coefficient m=0.6 was considered more representative [96]. It was observed that
the m value is low (m=0.1) when sediment detachment and transport increase relatively little
with the amount of water. Thus, the geometric properties of the topography (slope, curvatures)
play a more important role in the evolution of the soil detachment and erosion/deposition
pattern than the water flow pattern [95].

The RUSLE model supplies an exponent m expressed in function of the slope angle that reflects
the predominating dispersed flow in plane hillsides of gentle slope, while the flow in accen‐
tuated slopes is more turbulent. However, in the RUSLE-3D model this exponent supplies

Development of Topographic Factor Modeling for Application in Soil Erosion Models
http://dx.doi.org/10.5772/54439

125



cant distance from the watershed and where there is flow convergence (concave slopes), as well
as high steepness, where the LS value tends to be high. In compensation, that value is low in the
interfluves (hill tops and plateaus), because the slope length and the steepness are reduced.

The method is not limited to express the sediment transport capacity by the runoff, but it also
considers the surface flow, the ramp geometry - if concave or convex - and the erosion way [94].
Comparing the results obtained in the automatic method [46] and manual one [3], a research
work [94] verified similar LS values in areas of low steepness. However, in the case of complex
slopes, in more sloping areas, the LS values generated by the Desmet & Govers algorithm [46]
were significantly superior. That can probably be explained by the assimilation of the conver‐
gence and by the respective flow accumulation of this method, which does not occur with the
Wischmeier & Smith method [3].

Refining the method of Desmet & Govers, another study [80] incorporated an infinite flow
direction model (D∞) and additional methods to isolate the slope length factor. Such method
can be applied in situations where a complex topography can influence the surface runoff path
and where the excessively long slope lengths, calculated from DEM, can be in need of new
landscape detailing. The authors validated the method by the comparison of the statistical
distribution of the LS values in GIS with the LS distribution, calculated from field observation
data, providing support for applicability of the GIS method to obtain spatial heterogeneity and
LS factor magnitude. The evaluation in GIS presented statistical distributions of the LS factor
values very similar to those described in the field data, supplying strong support for the use
of GIS based methods to represent the spatial heterogeneity and LS factor magnitude for the
first time.

3.2.3. RUSLE–3D

From Equation 8, derived by Desmet & Govers, an LS factor equation was generated that is
used by the RUSLE 3D model [9]. The model includes irregular hillsides integrating a wide
spectrum of hillside convexities and concavities and it incorporates the contribution area A for
the determination of the LS factor:

2 2
ij x yG G G= + (10)

Where A(r) is the upstream contribution area (m2); β(r) is the slope inclination angle (degrees);
and m and n are flow type dependent parameters.

Typical m values are 0.4-0.6 and for n 1-1.3. The exponents for the runoff and slope terms in
the soil detachment and sediment transport equations reflect the interaction among different
flow, detachment and soil transport types. Figure 4 shows the spatial pattern of the topographic
potential by RUSLE-3D with different values for the exponent m. For laminar flow (m = 0.1),
the detachment and transport of sediments increase relatively little with the amount of water.
This type of flow is typical for areas with good plant covering, but also for a severely compacted
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soil, where the compacting prevents the detachment and formation of furrows. The value of
the exponent m of this flow is low, represented by the contribution area [51].

In case the area presents both flow types, usually due to the spatial variability of soil use and
properties, an m value=0.4 balances the impact of the surface laminar and turbulent flow and
it supplies average satisfactory results [51] (Figure 4). When furrow and gully erosion in
degraded soils vulnerable to the formation of deep furrows prevails, there are high water flow
turbulence conditions and higher water impact, reflecting in a high exponent (m=0.6). The
dense vegetation impedes the creation of furrows and maintains a dispersed water flow, while
in situations of bare soil, the detachment caused by the flow turbulence increase leads to the
formation of furrows [51].

Figure 4. LS factor of RUSLE-3D with m value of = 0.1 for laminar flow; m = 0.4 for laminar and concentrated flow
impact; and m = 0.6 for high flow impact in the erosion pattern. (Source: Elaborated by the authors).

The exponent of the spatial variable based on the covering can vary seeking to increase the
negative impact of the disturbed areas and to reduce the impact in vegetated areas [51]. For
instance, for forest m=0.2, for pasture m=0.4, for degraded pasture m=0.5 and for degraded
areas m=0.6. In a study of these coefficient calibrations for two hydrographic sub-basins with
forest vegetation, pastures and native field (prairie) in Mexico [95], the estimated value for m
was 0.49. In the evaluation of the water erosion in forest systems [17] the value adopted for
the coefficient was 0.4. In a hydrographic sub-basin with prevalence of native forest in
Australia, the coefficient m=0.6 was considered more representative [96]. It was observed that
the m value is low (m=0.1) when sediment detachment and transport increase relatively little
with the amount of water. Thus, the geometric properties of the topography (slope, curvatures)
play a more important role in the evolution of the soil detachment and erosion/deposition
pattern than the water flow pattern [95].

The RUSLE model supplies an exponent m expressed in function of the slope angle that reflects
the predominating dispersed flow in plane hillsides of gentle slope, while the flow in accen‐
tuated slopes is more turbulent. However, in the RUSLE-3D model this exponent supplies
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satisfactory results only for short segments. The formula for m based on the slope can result
in values of 0.8 or higher in longer slopes. For slopes with hundreds of meters in length or for
the concentrated flow this exponent predicts extremely high erosion rates in RUSLE-3D due
to the contribution area [51]. As such, the RUSLE equation for the variable m was developed
for the slope length and traditional field applications, and therefore it is not recommended for
use as contribution area without evaluating the results through field measurements.

Considering this question, a study conducted the calibration of the m and n parameters
through the comparison of the result of each soil loss estimated by the different coefficients,
with the soil losses obtained in sample portions inserted in an analyzed sub-basin [48]. Joint
analysis the values that presented good performance in relation to the mean error and mean
difference for the soil loss estimates were determined. The obtained results, m=0.5 and n=1.0,
correspond to those mentioned in [51] (m=0.4 and n=1.0) for areas with high spatial variability
of use and soil properties under which both flow types, laminar and concentrated, occur. In
fact, the forest use is predominant in the sub-basin and so the laminar flow is favored. At the
same time, the high variability of soils and their respective properties also influenced by the
relief can generate concentrated flows.

3.2.4. USPED

As the RUSLE-3D model, the Unit Stream Power Erosion and Deposition (USPED) [9] model
is derived from USLE and represents its modifications or improvements. The model was
developed considering the limitation of the empirical models when estimating the soil loss for
convergent and divergent terrain in large areas allied to the Geographic |Information System
(GIS). Proposing an adaptation of the contribution area variable the LS topographic factor was
derived using the drainage force unit theory to describe the erosive process associated to the
laminar and furrow flow in steep hillsides starting from a DEM [55-57].

An advantage of USPED is the fact that it predicts the spatial distribution of the erosion, as well
as the deposition rates under conditions of uniform surface flow and high precipitation. Thus,
this model can be applied in complex terrains where the erosion is limited by the capacity of the
runoff to transport sediment. The topographic index represents the change in the transport ca‐
pacity of the flow direction, being positive for areas with topographic potential for deposition
and negative for areas with erosion potential. The contribution area is used as the representa‐
tion of the water flow in a place or grid of cells. In USPED, the LS factor equation is [9]:

( ) ( )sin( 1) 22.13 0.09
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Where A is the contribution area (m2); θ is the slope angle; and m and n are constants that
depend on the flow and soil property types. For situations where the furrow erosion domi‐
nates, these parameters are usually established as m = 1.6 and n = 1.3; where the laminar erosion
prevails, m = n = 1.0 is considered [57, 97].

Soil Processes and Current Trends in Quality Assessment126

In this model, the water erosion in a DEM cell is dependent on the surface runoff in this cell
that in turn depends on the upstream drainage area. When substituting the slope length the
upstream contribution area generates the erosion network calculated as the convergence of
the sediment flow and the deposition network obtained by the alteration in the sediment
transport capacity.

Due to USPED computing divergence of the sediment flow, the impact of the exponents is
more complex when compared to RUSLE 3D [51]. In USPED the water flow exponent controls
the ratio between the erosion extension and deposition, reflecting the fact that the turbulent
flow can transport sediments and the impact of the concentrated erosion will be wider than if
the flow was dispersed throughout the vegetation. Figure 5 shows the spatial pattern of
topographic potential by USPED with different values for the exponent m. For m = 1, a case of
dispersed laminar flow and deposition along the hillside. With m = 1.4 we have the case of the
influence of both flow types, laminar and in furrows, on the erosion and deposition, with the
deposition beginning in the lower third of the hillside and gullying beginning in headwater
areas. For m=1.6, furrows and concentrated flows prevail beginning with great force in the
headwater areas and turning the erosion even longer and wider with potential for gullying.
In this situation, the extension of the deposition areas is even more reduced.

Figure 5. Spatial pattern of topographic potential for erosion and deposition by USPED with m=1.0; m=1.4; and
m=1.6. (Source: Elaborated by the authors).

The variation of the LS factor coefficients of USPED interferes in the soil loss estimates by
varying with the relief forms, plant covering and erosive processes. For this reason, the value
of the exponents has been documented and established for different climates and areas. For
the United States, the value suggested for n in [98] varies from 0.3 to 2.0. In laminar erosion
situations the coefficient n=1.0 prevails and where the erosion in furrows is dominant, n=1.3.
For a hydrographic basin of forest and agricultural use in Italy, the values adopted were m=n=1
[99], as well as in [95] after the calibration of these parameters. In the identification of the mining
impact in an agricultural area of India, the coefficients m=1.6 and n=1.3 were adopted [100],
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as the deposition rates under conditions of uniform surface flow and high precipitation. Thus,
this model can be applied in complex terrains where the erosion is limited by the capacity of the
runoff to transport sediment. The topographic index represents the change in the transport ca‐
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and negative for areas with erosion potential. The contribution area is used as the representa‐
tion of the water flow in a place or grid of cells. In USPED, the LS factor equation is [9]:
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Where A is the contribution area (m2); θ is the slope angle; and m and n are constants that
depend on the flow and soil property types. For situations where the furrow erosion domi‐
nates, these parameters are usually established as m = 1.6 and n = 1.3; where the laminar erosion
prevails, m = n = 1.0 is considered [57, 97].
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In this model, the water erosion in a DEM cell is dependent on the surface runoff in this cell
that in turn depends on the upstream drainage area. When substituting the slope length the
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the sediment flow and the deposition network obtained by the alteration in the sediment
transport capacity.

Due to USPED computing divergence of the sediment flow, the impact of the exponents is
more complex when compared to RUSLE 3D [51]. In USPED the water flow exponent controls
the ratio between the erosion extension and deposition, reflecting the fact that the turbulent
flow can transport sediments and the impact of the concentrated erosion will be wider than if
the flow was dispersed throughout the vegetation. Figure 5 shows the spatial pattern of
topographic potential by USPED with different values for the exponent m. For m = 1, a case of
dispersed laminar flow and deposition along the hillside. With m = 1.4 we have the case of the
influence of both flow types, laminar and in furrows, on the erosion and deposition, with the
deposition beginning in the lower third of the hillside and gullying beginning in headwater
areas. For m=1.6, furrows and concentrated flows prevail beginning with great force in the
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Figure 5. Spatial pattern of topographic potential for erosion and deposition by USPED with m=1.0; m=1.4; and
m=1.6. (Source: Elaborated by the authors).

The variation of the LS factor coefficients of USPED interferes in the soil loss estimates by
varying with the relief forms, plant covering and erosive processes. For this reason, the value
of the exponents has been documented and established for different climates and areas. For
the United States, the value suggested for n in [98] varies from 0.3 to 2.0. In laminar erosion
situations the coefficient n=1.0 prevails and where the erosion in furrows is dominant, n=1.3.
For a hydrographic basin of forest and agricultural use in Italy, the values adopted were m=n=1
[99], as well as in [95] after the calibration of these parameters. In the identification of the mining
impact in an agricultural area of India, the coefficients m=1.6 and n=1.3 were adopted [100],
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while in Poland, they opted for m=1.4 and n=1.2 for two hydrographic basins with the presence
of intense erosive processes [101]. In a sub-basin of forest use located in Brazil, the coefficients
m=n=1.0 were determined [48].

As the conceptual models reflect the physical processes that govern the system describing them
with empirical relationships, various quantitative evaluation studies of erosion risk in
hydrographic basins have opted for the association of the USLE model with an LS factor that
reflects the expected surface drainage according to the topography, in order to reach soil loss
estimates closer to reality [1, 55, 56, 77, 79, 102-104]. The analysis of the erosion risk in a sub-
basin was conducted evaluating the performance of four topographic factor models (USLE,
RUSLE, RUSLE 3D and USPED) in the USLE model [48]. The USPED (0.1286 ton ha-1) and
RUSLE 3D (0.0668 ton ha-1) models did not present statistical differences in relation to the field
losses (0.1354 ton ha-1) and they generated a water erosion distribution meditated by the
accumulated flow, while the LS factors of RUSLE (2.74 ton ha-1) and USLE (3.65 ton ha-1)
overestimated the soil losses [48]. The model considered most efficient in the modeling of the
erosion was USPED. This model represented the erosive process in a broad manner when
estimating potential erosion and deposition areas, thus allowing to more precisely define the
priority areas for conservationist practices under different management sceneries, agreeing
with other studies [51, 99]. The advantages of USPED related to the possibility of predicting
the spatial distribution of the erosion as well as the deposition rates were stood out in [105],
after its comparison with the LS factor of RUSLE 3D. In this context, several research works
are opting for the use of the USPED model [9, 45, 51, 98-100, 106, 107].

4. Models in real environmental scenarios

Application these topographic models in the real environmental scenarios have permitted
more accuracy and faster estimate of soil erosion in different regions, reliefs and land uses than
manual methods. This way, studies have tried to figure out better results applying different
LS factor in the water erosion models to estimate and understand this process on watersheds.

LS RUSLE was utilized by [38] in the USLE model to estimate water erosion distribution
caused  by  forest  ecosystems  in  a  small  watershed  and  generating  soil  loss  prediction
maps  according  different  land  use  situations.  This  same  LS  factor  was  used  in  USLE
model by [108] allowing identification of the water erosion potential in a watershed for‐
ested with eucalyptus and by [109] to estimate of the sediment delivery ratio in a water‐
shed upstream from the hydroelectricity plants.

[110] applied USPED to identify the influence of changing land use on erosion and sedimen‐
tation in different land use situations in watershed. [48] applied USLE, RUSLE 3D and USPED
in a small watershed for predicting water erosion by eucalyptus plantation founding best
results for USPED model. USPED and RUSLE were also applied for assessing the impact of
soil erosion/deposition on the archaeological surface at the archaeological site in Greece and
USPED presented better results [111]. Using USPED, [112] presented a modeling approach to
implement the support practices factor using geographic systems information where data are
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unavailable and they concluded that USPED with adequate support practices permit to reduce
erosion process.

Thus, considering the erosion problems in the world and data available efforts have been done
to improve erosion models.

5. Final considerations

The analysis  and obtaining of  the  topographic  factors  conducted in  the  digital  environ‐
ment has become a fundamental  piece in erosion model  progress,  because they address
the systematic  analyses from specific  Geographical  Information Systems (GIS’s)  tools,  as
well as allow the empirical processing of the data through adaptations of analogical tech‐
niques,  thus maintaining researcher interpretation. The analysis of the topography in GI
enables the analyses of the landscape on a large scale,  considers the effects of the topo‐
graphical complexity more fully in the soil erosion, makes the data processing easier and
faster and reduces the relative cost. It is stood out that the reliability of these estimates is
directly related to the precision of the topographic surveys used for the derivation of the
digital elevation model (DEM).

Evolution of LS factor driven by advanced technology allows the application of different
topographic models in the USLE/RUSLE equations modernizing, and improving the estimate
of those models. In semi-empirical algorithms, where the contribution area constitutes the
central concept, advantages include application in slopes of complex geometries, representa‐
tion of the surface runoff paths and incorporation of the convergent and divergent flow impact
by calibration of empirical coefficients that allow to indicate the qualitative and quantitative
effects of the changes in the land use without demanding large spatial and temporal databases.
Such models, besides determining the erosion areas on a hydrographic basin level, in the case
of the USPED model, even allows to determine the deposition areas, including the erosive
process to its full extent.
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1. Introduction

The setting up of sustainable development strategies, able to balance the opposite demands
of economic growth and environmental protection, is one of the fundamental challenges for
the international community. Our developing world is experiencing growing pressures on
its land, water, and food production systems and the role of the human society in determin‐
ing change within the Earth environment is becoming ever more central [1]. In this context,
preserving the land productivity is a prior goal, especially in those areas, such as drylands,
which are particularly fragile from an ecological point of view.

One of the most serious problem threatening these areas is land degradation, which is de‐
fined as the (persistent) reduction of biological and economic productivity [2] or, equivalent‐
ly, as the reduction in the capacity of the land to provide ecosystem goods and services and
to assure its functions [3,4]. Land degradation is due to a mix of predisposing factors (thin
soil horizons, low soil organic matter, sparse vegetation cover, etc.) frequently accentuated
by human mismanagement and periodic drought.

As a crucial component of terrestrial ecosystems, soil plays a prominent role in triggering or
exacerbating land degradation. The combined action of climatic factors (aridity, extreme
events, rainfall erosivity) and human pressure (overgrazing, deforestation, intensification of
agriculture, tourism development, see e.g., [5]) can result in a general soil degradation and
in some cases in a irretrievable loss of lands suitable for agricultural/grazing/forest use [6].

In particular, as far as the anthropic pressure is concerned, the demographic boom and the
economic growth have caused a rapid and unplanned change of land use patterns [7-9] as a
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consequence of the conversion of natural and semi-natural areas in areas often managed
through intensive farming techniques. These mainly consist in the use of a considerable
amount of external inputs (frequent use of fertilizers, pesticides and genetically modified or‐
ganisms, see [10-12]) and in a set of unsuitable management practices (too deep ploughing,
large irrigation schemes, monoculture, etc., [13]). It is evident that the progressive intensifi‐
cation of agricultural practices can accelerate soil degradation phenomena especially in
those areas marked by poor soil qualities [14]. In fact, cropping and grazing cause land deg‐
radation more than non-agricultural uses of soil [15].

According to the European Commission, six soil degradation processes (water, wind and
tillage erosion, loss of soil organic carbon, compaction, salinization and alkalinization, con‐
tamination, and decline in biodiversity) were identified as induced or worsened by bad agri‐
cultural practices [13].

Also livestock husbandry can represent a potential degradation driver when a high number
of head of cattle is strongly concentrated in limited areas, as it often occurs in Southern Eu‐
rope (overgrazed land, e.g., [16]).

Furthermore, degradation phenomena affect land surface processes and particularly vegeta‐
tion covers which play a decisive role in the surface energy exchanges and water balance
[17,18]. Therefore vegetation assessment is crucial for evaluating land degradation vulnera‐
bility, particularly in areas that are still productive. Stressed vegetation, characterized by a
decrease of photosynthetic activity and/or patch fragmentation processes, can have negative
repercussions on the other biophysical components (soil and climate, [19]). This is particu‐
larly true for Mediterranean landscapes, often marked by a gradual reduction of biological
productivity (e.g., [20, 21]), low resilience of vegetation [7,9] and abrupt modifications due
to wildfires [22,23] and land use/land cover changes [24,25].

On the whole, today, a quarter of world population is threatened by the effects of degrada‐
tion phenomena [26], which affect nearly 84% of agricultural lands [26]. Then it is clear the
reason why land degradation is listed among the most important socio-environmental is‐
sues having direct and indirect effects on food security, climate change at local scale, eco-
refugees and wars linked to the exploitation of natural resources [28-30].

The need to halt and prevent soil/land degradation has urged the international scientific
community to improve the knowledge on causes and consequences of the interest phenom‐
ena and identify efficient monitoring tools. These have to help policy makers in developing
effective conservation/rehabilitation measures adapted to each involved area. In particular,
scientists must provide efficient tools for the early detection of sensitive areas by classifying
them in different levels of land degradation vulnerability [8]. At this aim many different
methodologies have been used to study land degradation (field measurements, visual inter‐
pretation, social enquiries, mathematical models, remote sensing, environmental indicators,
etc.), including the use of simple models based on indicators that synthesize information on
the state and tendency of complex processes [31].

In particular, in the context of the Mediterranean basin the most used methodology is the
indicator-based Environmentally Sensitive Areas (ESA) model developed within the MEDA‐
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LUS project [32]. This combines information concerning the biophysical component (climate,
soil and vegetation) and the anthropic one to detect areas prone to degradation and defines,
at the same time, relative values of vulnerability. The standard scheme of the ESA model is
not free from faults consisting in too little detailed guidance on the choice and the distribu‐
tion in vulnerability classes of anthropic indicators, lack of dynamical information on the
vegetation component and lack of an objective weighting system based on statistical analy‐
sis for the used indicators [33,34]. Nevertheless, the ESA model is the most frequently ap‐
plied in the Mediterranean basin enabling comparability with other similar studies. This is
due to the immediacy of the adopted approach in dealing with land degradation and the
consequent easy and rapid interpretation of the produced cartography. Moreover, the flexi‐
bility of the model, allowing inclusion/exclusion of variables, is particularly suitable to
match local biophysical and socio-economic peculiarities of each examined area [35].

In this chapter we approach the assessment of the vulnerability to land degradation of a typ‐
ical Mediterranean environment using a modified version of the ESA model. This approach
combines analyses of the socio-economic component with analyses of the vegetation trends.

According to the standard ESA strategy, different indicators representing the impact of agri‐
cultural and grazing activities are used. The main feature of these indicators is that they are
census-based and consequently suitable only for the analysis at municipal scale. Therefore
we have also elaborated a mechanization index (proxy for soil compaction induced by agri‐
cultural machineries) that uses land cover and morphological data [36], enabling high spa‐
tial resolution and faster rate of update.

The indicators related to the anthropic impact are integrated into an overall Land Manage‐
ment Index (LMI) and in each area it is possible to enhance the main contributing factors to
highlight the prevailing forces that drive human-induced degradation processes.

In order to include vegetation in the vulnerability map we analyze satellite vegetation index
NDVI (Normalized Difference Vegetation Index) which is recognized as ideal tool for moni‐
toring long term trends of degradation phenomena and assessing different values of severi‐
ty of the concerned processes [37,38].

The final result of our analyses is an integrated vulnerability map of the investigated region,
accounting for management and vegetation factors, which allows us to identify priority sites
where restoration/rehabilitation interventions are urgent.

The adopted procedure can be easily applied to geographic contexts characterized by high
complexity in terms of land cover type and economic vocation (intensive agriculture, graz‐
ing, industrial activities) thus enabling an early detection of the areas most vulnerable to
land degradation.

2. Study area

The Basilicata region covers an area of about 10000 km2 in the core of Southern Italy (Fig. 1).
This is recognized as a region at potential risk of land degradation by several studies [39-41].
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In this area, as in all the Southern Italy, vulnerability to land degradation results from the
co-occurrence of some specific bioclimatic features (uneven reliefs with steep slopes, highly
erodible soils, wide climate variability, recurrent drought) and from an improper land use
(urbanization intensive farming, industrial pollution). For example, inappropriate agricul‐
tural practices may significantly contribute to land degradation, determining a strongly im‐
pact on the economic value of the lands [42].

Figure 1. Location of the study area within Southern Italy and its main placenames

From a geographic point of view, Basilicata is a mountain region, including only a small per‐
centage of lowland (less than 10% of the total surface) in the Ionian coastal area.

In the study area, soils often show a high susceptibility to degradation due to different caus‐
es. In the Ionian coastal area (Metaponto plain) we find soils affected by salinization phe‐
nomena caused both by coastline regression and by an incorrect agro-forestry management
[43,44]; in the Central-Eastern hills, soils show singular geo-mineralogical composition, ir‐
regular morphology and are exposed to strong climatic fluctuations shaping the badlands
(see e.g., [45,46]).

Vegetation is highly heterogeneous according to the different orography: dense and wide‐
spread vegetation in the central area, occupied by the Apennine chain, where broad-leaved
forests, maquis and pastures are dominant; sparse vegetation and bare soils in the Eastern
part of the region. On the Ionian coast several irrigation schemes enable a diversified agri‐
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culture including different cultivation types: orchards, permanent crops and arable lands.
These last are also prevalent in the Northern zone, near to the Apulia region.

The Basilicata region is not univocally classified in a single climatic zone. Along the coasts
climate is typically Mediterranean (rainy and mild autumns-winters, hot and dry summers)
while the mountain areas are characterized by cold winters and by abundant precipitations;
finally, inland areas, (Melfi industrial area, Basento valley and Agri valley), are character‐
ized by very warm summers and mild winters with annual rainfall lower than 600 mm. In
these areas, the period 1994-2003 has shown a significant decrease of the average annual and
winter precipitation compared with the precipitation observed from 1916 to 1980s [47] thus
evidencing an increase of dryness also in the wettest periods of the year.

The specific geomorphological characteristics of this region and a limited infrastructure net‐
work determine the concentration of industrial districts in small dedicated areas (Melfi area,
Basento valley and Agri valley area). At now the tertiary is the prevalent economic sector. In
the agriculture sector, though farms and cultivated lands decreased in the last decade
(-31.9% and -4.7 respectively, [48]), the number of employees is still very high (about one
fifth of the total employees, [49]).

Intensive and often inadequate farming practices have worsened degradation phenomena
under way especially where climatic conditions are particularly unfavorable (e.g. badlands,
[50]); mountainous areas have experienced a remarkable dynamism in the zootechnical sec‐
tor, with a net increase in the number of head of cattle and in the size of farms.

3. Data

3.1. Satellite data

In order to evaluate the state of vegetation cover and its variations we used a vegetation in‐
dex time series (2000-2010) acquired by the MODIS (Moderate Resolution Imaging Spectror‐
adiometer) sensor. We analyzed NDVI (Normalized Difference Vegetation Index) values
available at full spatial resolution (250m) as 16-day composite from the MODIS dataset by
NASA LP DAAC (Land Processes Distributed Active Archive Center). Among different veg‐
etation indices available in literature, NDVI is one of the best-known and best-working indi‐
ces, and is recognized as a suitable proxy for vegetation activity. It is defined as the ratio
[51,52]:

NIR REDNDVI
NIR RED

-
=

+
(1)

where RED is the reflectance in the red band of the sensor and NIR is the reflectance in the
near infrared band. NDVI takes values between -1 and 1; negative values indicate water and
thick clouds, very low positive values correspond to barren areas (mainly rock, sand) or
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snow cover, whereas high positive values correspond to vigorous and healthy vegetation
cover (Fig. 2).

The choice of MODIS sensor has been determined by its peculiar characteristics. High tem‐
poral resolution (2 images per day), moderate spatial resolution (250m), and the availability
of a time series since 2000 make it suitable for monitoring vegetation variability at the na‐
tional/regional scale. Furthermore, MODIS data are widely used to analyze vegetation con‐
ditions in the context of land degradation studies [53-56].

Figure 2. Spectral reflectance of natural surfaces (see http://bluemarble.ch/wordpress/2003/01/07/)

3.2. Census data

In order to estimate anthropic pressure indicators we extracted information from census da‐
tabase. The main source has been the Agricultural Census carried out by ISTAT (Italian Na‐
tional Institute of Statistics) for the years 1990 and 2000 (latest available census). Data are
provided by municipality (i.e., the minimum administrative level) for the Basilicata region.

In particular, we gathered data on:

• Utilized Agricultural Area (UAA, years 1990 and 2000);
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• Permanent grass and Pasture areas (PP, year 2000);

• Number of heads of cattle (bovines, buffalos, sheep, goats and equines, year 2000).

3.3. Ancillary data

For the elaboration of the Mechanization Level Index (MLI), we used the following ancillary
data:

• level-3 Corine Land Cover (CLC) 2000 map (Fig. 3), downloaded from the High Institute
for Environment Protection and Research (ISPRA - former APAT, see http://
www.eea.europa.eu/data-and-maps/data/corine-land-cover-2000-clc2000-seamless-vec‐
tor-database-4);

• number of machinery passes per cultivation type (source ENAMA – Italian National
Agency of Agricultural Mechanization);

• 20m resolution DEM (Digital Elevation Model, Fig. 4) of the Basilicata provided by the Ba‐
sin Authority of the Region.

Figure 3. CLC map for Basilicata region
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Figure 4. Digital Elevation Model for Basilicata region

4. Methodological procedure

4.1. Estimation of the vulnerability due to anthropic factors

In the last years, despite scientists have paid much attention to anthropogenic factors as po‐
tential land degradation drivers [57,34], the socio-economic component still remains difficult
to explore. The main problems are related to the qualitative character, the strong spatial ag‐
gregation, and the infrequent update of the information [58]. Our approach takes into ac‐
count the so called “agricultural impact” hypothesis [59] as potential explanation for the
most part of the land degradation processes, by focusing on crop intensification/land aban‐
donment and overgrazing in Southern Italy. Among the indicators already adopted in simi‐
lar studies [60-62], we selected the following ones: variation of cultivated surfaces,
percentage of permanent grass and pasture on the total agricultural area, grazing intensity
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and mechanization level. The first three indicators are based on census data, the last is calcu‐
lated combining information on land cover and the other ancillary data.

According to the ESA model, in order to make the used indicators comparable, we classified
them in a common range of vulnerability levels starting from 1 (the lowest vulnerability to
land degradation) up to 2 (the highest vulnerability to land degradation).

4.1.1. Census based indicators

The first indicator calculates the percentage variation of the cultivated surfaces (UAA_VAR)
referred to a time horizon of ten years, as follows:

2 1

1

_ 100t t

t

UAA UAA
UAA VAR

UAA
-

= × (2)

where UAA
t1
 and UAA

t2
 are the Utilized Agricultural Area (arable land, permanent grass‐

land, permanent crops and other agricultural land such as kitchen gardens, see http://
epp.eurostat.ec.europa.eu/statistics_explained/index.php/Category:Agriculture_glossary) at
the start and at the end of the investigated period (t1=1990 and t2=2000 in this study). The
absolute value makes this indicator a good proxy both for agricultural intensification and
land abandonment (Table 1).

Vulnerability class
UAA_VAR Values

Decreases Increases

(2) high < - 50 > 50

medium - high -50 : -20 20 : 50

medium -20 : -10 10 : 20

medium - low -10 : -5 5 : 10

(1) low -5 : 5 -5 : 5

Table 1. Distribution of vulnerability classes for the index of agricultural area variations (UAA_VAR)

In fact, both these processes are considered potential land degradation drivers: the increase
in cultivated surfaces means a reduction in natural lands and requires additional inputs
(water resources, fertilizers, tilling, etc.) that strongly impact on the environment; on the
other hand, the decrease in cultivated areas is associated to the abandonment of marginal
lands (lack of maintenance of drainage network, terracing, etc.) causing acceleration of deg‐
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and mechanization level. The first three indicators are based on census data, the last is calcu‐
lated combining information on land cover and the other ancillary data.

According to the ESA model, in order to make the used indicators comparable, we classified
them in a common range of vulnerability levels starting from 1 (the lowest vulnerability to
land degradation) up to 2 (the highest vulnerability to land degradation).

4.1.1. Census based indicators

The first indicator calculates the percentage variation of the cultivated surfaces (UAA_VAR)
referred to a time horizon of ten years, as follows:
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In fact, both these processes are considered potential land degradation drivers: the increase
in cultivated surfaces means a reduction in natural lands and requires additional inputs
(water resources, fertilizers, tilling, etc.) that strongly impact on the environment; on the
other hand, the decrease in cultivated areas is associated to the abandonment of marginal
lands (lack of maintenance of drainage network, terracing, etc.) causing acceleration of deg‐
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radation [63,64], or urbanization/industrialization phenomena with consequent soil sealing
and pollution.

The second indicator  estimates  the  percentage  of  Permanent  grass  and Pasture  surfaces
(Sur_PP) with respect to the total Utilized Agricultural Area (UAA) according to this formula:

_
_ 100

Sur PP
PP UAA

UAA
= × (3)

The rationale behind this indicator is the basic assumption that grass and pasture can be
considered low-impact covers because they do not require considerable amount of external
input (fertilizers, herbicides, mechanization and irrigation scheme), accomplishing an im‐
portant protection function against erosional processes [61]. Therefore, the higher the indica‐
tor value, the lower the vulnerability level (Table 2).

Vulnerability class PP_UAA Values

(2) high < 5

medium - high 5 : 10

medium 10 : 30

medium - low 30 : 50

(1) low 50 : 100

Table 2. Distribution of vulnerability classes for the percentage of permanent grass and pasture on the Utilized
Agricultural Area (PP_UAA)

The third indicator is used to estimate the Grazing Intensity (GI), by evaluating the amount
of Adult Bovine Unit (ABU) on the total area of permanent grass and pasture (expressed in
hectares), as follows:

_
ABUGI

Sur PP
= (4)

where ABU is computed accounting for the unit number of various livestock types (referred
to the 2000 year), homogenizing them to the size of adult bovine [60]:

n. sheepn. goatsABU  n.bovines  n. buffalos  n. equines  
10 10

= + + + + (5)
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Overgrazing remains a typical driver of degradation in many areas of Southern Italy, result‐
ing from the inappropriate practice of grazing too many livestock for too long periods ex‐
ceeding the productive capacity of the considered areas. Livestock hooves remove
vegetation cover, exposing soil to be washed away and reducing its capacity of water stor‐
age, previously facilitated by vegetation [65]. As additional effects, soil compaction arises
and runoff increases. On this basis, the highest vulnerability scores are associated to the
highest values of the indicator (Table 3).

Vulnerability class GI Values

(2) high > 100

medium - high 30 : 100

medium 10 : 30

medium - low 3 : 10

(1) low 0 : 3

Table 3. Distribution of vulnerability classes for grazing intensity (GI)

4.1.2. Land cover based indicator

The  index  of  mechanization  level  is  a  proxy  for  soil  compaction  due  to  heavy  equip‐
ments used in agriculture.  Multiple passes of machinery on the same lanes facilitate the
formation of a compacted layer of soil  (ploughsole) with a severe deterioration of many
soil properties, such as porosity, hydraulic conductivity and root penetration [66-68]. The
plant roots often spread out horizontally exhibiting stunted growth because of the insuf‐
ficient access to soil water and nutrients [69]. Altogether, mechanization can increase risk
of runoff [70], flood events and loss of nutrients by leaching [71].

The mechanization level index adopted in this work follows a new formulation based on
land cover and morphological data [36], so as to obtain information more flexible for res‐
olution,  update  frequency,  and  quality  compared  to  census  data,  which  are  normally
used  to  calculate  this  indicator  [72,73].  Our  indicator  estimates  soil  compaction  due  to
heavy vehicle traffic by taking into account the variable number of passes for each culti‐
vation type (extracted from the land cover map and ancillary information) and the differ‐
ent impact on soil produced by using tyres or tracks (evaluated thanks to morphological
data).

As  a  first  step,  starting  from  level-3  CLC  we  separated  cultivable  from  natural  or  an‐
thropized classes.  Then we associated  an  average  number  of  passes,  obtained from the
aggregation of ENAMA data (Table 4), for each agricultural CLC class.
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plant roots often spread out horizontally exhibiting stunted growth because of the insuf‐
ficient access to soil water and nutrients [69]. Altogether, mechanization can increase risk
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land cover and morphological data [36], so as to obtain information more flexible for res‐
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used  to  calculate  this  indicator  [72,73].  Our  indicator  estimates  soil  compaction  due  to
heavy vehicle traffic by taking into account the variable number of passes for each culti‐
vation type (extracted from the land cover map and ancillary information) and the differ‐
ent impact on soil produced by using tyres or tracks (evaluated thanks to morphological
data).

As  a  first  step,  starting  from  level-3  CLC  we  separated  cultivable  from  natural  or  an‐
thropized classes.  Then we associated  an  average  number  of  passes,  obtained from the
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Cultivation type and corresponding CLC2000 level3 code
Number of average

passes

Arable land (cereals, legumes, crops, vegetables, etc.) - 2.1.1/2.1.2 7,5

Permanent crops (vineyards, fruit trees, olive groves) - 2.2.1/2.2.2/2.2.3 7

Pastures - 2.3.1 3

Annual crops associated with permanent crops - 2.4.1 5

Complex cultivation patterns - 2.4.2 4

Land principally occupied by agriculture, with natural areas - 2.4.3 3

Agroforestry areas - 2.4.4 1

Other classes 0

Table 4. Number of average passes for CLC2000 class, obtained aggregating ENAMA data for cultivation type.

In order to take into account the different equipments of the agricultural machinery, consist‐
ing in tyres or tracks, we applied a threshold (20%) on the slope map derived from the 20m
resolution DEM since land on steep slope can be managed only by tracked vehicles, whereas
tyres are adopted in all the other cases. Soil compaction induced by tracks is limited to the
topsoil, that can be rather easily restored, whereas tyres mostly damage subsoil layers that
are more difficult to restore [74,75]. Neglecting such a variable means to estimate equal vul‐
nerability levels in very different conditions of soil tillage. According to this evaluation, we
introduced a correction factor (f) associating a lower vulnerability to areas where tracked ve‐
hicles are used (f =1) with respect to those managed with tyred vehicles (f =1.5). The final
formulation of the index (MLI) is the following:

pMLI N f= × (6)

where Np is the number of average passes for each CLC class, and f represents the correc‐
tion factor accounting for track or tyre use. The indicator was classified within the ESA
range (1-2) to provide values comparable with the values of other land management indica‐
tors (Table 5).

Vulnerability class MLI Values

(2) high >9

medium - high 7 : 9

medium 5 : 7

medium - low 3 : 5

(1) low <3

Table 5. Distribution of vulnerability classes for mechanization level indicator at pixel scale (MLI)
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4.1.3. Land management index

The overall land management index (LMI) is calculated for each pixel as the geometric mean
of the scores of the four indicators previously described:

1/4( _ _ )LMI MLI UAA VAR PP UAA GI= ´ ´ ´ (7)

4.2. Estimation of the vulnerability due to vegetation component

The ESA model is devised to assess only the structural (potential) vulnerability to land deg‐
radation, which is connected, in the specific case of vegetation, to the different sensitivity of
the different land cover classes. Nevertheless, it is frequent to detect areas showing similar
vulnerability levels from a structural point of view and exhibiting, on the contrary, very dif‐
ferent actual signs of degradation. In addition, vegetation conditions change in time and this
temporal evolution can be very interesting for singling out degradation processes. Thus,
moving from the assumption that land degradation should not be regarded as something
static but as a dynamic process [76], multitemporal investigations using satellite time series
can be profitably used for estimating not only the current state of vegetation but also the
changes occurred over time. At this aim, in this chapter, we used NDVI_PV, already adopt‐
ed by APAT [77], as a reliable indicator to carry out a multitemporal analysis of the vegeta‐
tion activity [78].

4.2.1. NDVI_PV indicator

NDVI_PV provides the spatial variability of the changes in the study area at the satellite res‐
olution and is based on the estimation of NDVI interannual variations compared with the
starting conditions. It is calculated as follows:
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(8)

where Y = the number of years (11 in this work); yi = given year; MVCp,i = Maximum Value
Composite for the given pixel and year i; MVCp,in = Maximum Value Composite for the giv‐
en pixel at the first year of the investigated time series.

The normalization to the initial value reported in the formula takes into consideration that
the vulnerability of an area is strongly linked to the starting value and to the type of veg‐
etation cover corresponding to different typical values of NDVI. This aspect is particularly
important,  because  the  same  change  (trend  magnitudo  and  direction)  has  a  different
weight if the examined cover is a densely or sparsely vegetated. Therefore, the percentage
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variation rather than the absolute values allows for better estimating degradation levels.
This  indicator is  able to enhance increase/decrease of  vegetation activity and to identify
slow variations,  long-term processes  (e.g.,  decline  of  forest  areas),  and  sudden  changes
(e.g., fire events).

Finally, the NDVI_PV indicator has been classified within the ESA range 1-2 (Table 6).

Vulnerability class NDVI_PV values

high < -20

medium- high -10 : -20

medium -5 : -10

medium -low 0 : -5

low >0

Table 6. Distribution of vulnerability classes for NDVI_PV indicator.

4.3. Integration of the anthropic and vegetation components

In order to take into account the information provided by the evaluation of the anthropo‐
genic and vegetation components (LMI and NDVI_PV), we integrated them through the
geometric mean. We defined a modified index based on the ESA final index [32]:

1/2
mod ( _ )ESA NDVI PV LMI= ´ (9)

4.4. Main contributing factor

Once defined the different vulnerability levels of a composite index, it is possible to identify
spatial patterns of the main contributing factor (MCF) so as to point out the prevalent driv‐
ing forces acting at pixel scale on the ongoing degradation processes. This is strategic to ad‐
dress ad hoc measures of conservation/mitigation/rehabilitation towards the specific
involved factors. In GIS environment such an analysis is carried out by means of a simple
maximizing algorithm applied on the comparable layers (rasters) representing each land
management indicator:

( 1, 2 , 3,.... )OUTPUT MAX RASTER RASTER RASTER RASTER N= (10)

The  output  raster  shows  the  spatial  dominance  of  one  factor  with  respect  to  the  other
ones.

Soil Processes and Current Trends in Quality Assessment152

5. Results

5.1. Analysis of the land management indicators

Among the anthropic indicators, the highest vulnerability values were found for the
UAA_VAR indicator (Fig. 5). Most of the vulnerable municipalities seem to be equally dis‐
tributed in the study area, confirming that the abandonment of marginal lands (especially in
inland areas), and the agriculture intensification (in lowlands and along the Ionian coast)
represent important human-induced causes of degradation for Basilicata region [79-81].

UAA_VAR Vulture 
Melfese
Basin

Agri
Valley

MateraPotenza

Figure 5. Classification of UAA_VAR in vulnerability classes. In the upper right corner it is shown the geographical ref‐
erence map
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As far as PP_UAA is concerned (Fig. 6), this is an important vulnerability factor only for a
limited number of municipalities. In these areas, UAA is prevalently devoted to intensive
farming activities (permanent crops, arable lands and heterogeneous agricultural areas)
rather than to less-impacting practices that are normally carried out in grass, pasture and
agroforestry areas; conversely, the Apennine and sub-Apennine zones show medium-low or
low values of vulnerability, because the municipal UAA encompasses a fairly considerable
proportion of grass and pasture (see http://censagr.istat.it/basilicata.pdf).

PP_UAA
Vulture 
Melfese
Basin

Agri
Valley

MateraPotenza

Figure 6. Classification of PP_UAA in vulnerability classes. In the upper right corner it is shown the geographical refer‐
ence map

Soil Processes and Current Trends in Quality Assessment154

The vulnerability map of Grazing Intensity (GI - Fig. 7) reveals at a glance that the least im‐
pacting degradation factor in Basilicata region is overgrazing, because we found high vul‐
nerability values only in a very few municipalities, whereas the rest of the examined areas
shows prevalently low vulnerability values.

GI Vulture 
Melfese
Basin

Agri
Valley

MateraPotenza

Figure 7. Classification of GI in vulnerability classes. In the upper right corner it is shown the geographical reference
map
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This agrees with the indications inferred from the previous indicators: even though live‐
stock husbandry is a well-established economic platform comprising a large number of
small to medium size enterprises in Basilicata (also in mountainous areas), the fairly even
abundance of pastures and grasses allows to graze without exceeding the regeneration ca‐
pacity of vegetation. As illustrated in Fig. 8, the mechanization level indicator (MLI), which
is displayed with the spatial resolution of the pixel (20m as the original DEM), allows a
quick discrimination of different vulnerability values also inside the municipal areas.

MLI

Vulture 
Melfese
Basin

Agri
Valley

MateraPotenza

Figure 8. Classification of MLI in vulnerability classes. In the upper right corner it is shown the geographical reference
map

This is a first improvement with respect to previous analyses made at the municipal level,
enabling a better identification of the local critical aspects in terms of induced environmental
impacts. In particular, the arrangement of the vulnerable areas reflects the agricultural pro‐
ductivity patterns of Basilicata, providing a picture of the actual conditions of the investigat‐
ed region which is more realistic of that provided by census-based indicators [82].

We found high and medium-high vulnerability for areas located in lowlands (wide stripe in
the Northeastern part of the region) and along the coast as well as in a large part of the hilly
landscape (e.g., medium and low hills surrounding the city of Matera), which is particularly
devoted to (intensive) farming practices; low vulnerability levels are found instead in moun‐
tain areas, less suitable to be exploited for agricultural purposes.
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Finally, the Land Management Index (LMI), exhibiting the same resolution of the MLI indi‐
cator, is shown in Fig. 9. It is evident that the most severe management problems related to
agriculture/grazing activities are concentrated in the cluster in the Northeastern part of the
region and in some of the coastal areas along the Ionian sea. The rest of the seaboards are
characterized by medium/medium-high levels of vulnerability as well as hilly areas in the
Matera province and some areas surrounding the city of Potenza. The management state for
the Western side of the region, dominated by natural areas, is quite satisfactory, even if
there are patches having medium vulnerability values (Vulture-Melfese and Agri valley).

2

1.3

1.7

1.5

1

LMI Vulture 
Melfese
Basin

Agri
Valley

MateraPotenza

Figure 9. Classification of LMI in vulnerability classes. In the upper right corner it is shown the geographical reference
map

5.2. Spatial pattern of Main Contributing Factors (MCF) related to anthropic pressure

We performed a preliminary analysis consisting in area-weighted average calculations of
the adopted indicators (see radar chart, Fig. 10). According to our results, UAA_VAR shows
the highest average value (1,57). Also MLI and PP_UAA are not negligible (respectively 1,45
and 1,42) whereas the role of GI seems to be nonessential (1,05).
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impacts. In particular, the arrangement of the vulnerable areas reflects the agricultural pro‐
ductivity patterns of Basilicata, providing a picture of the actual conditions of the investigat‐
ed region which is more realistic of that provided by census-based indicators [82].

We found high and medium-high vulnerability for areas located in lowlands (wide stripe in
the Northeastern part of the region) and along the coast as well as in a large part of the hilly
landscape (e.g., medium and low hills surrounding the city of Matera), which is particularly
devoted to (intensive) farming practices; low vulnerability levels are found instead in moun‐
tain areas, less suitable to be exploited for agricultural purposes.
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Finally, the Land Management Index (LMI), exhibiting the same resolution of the MLI indi‐
cator, is shown in Fig. 9. It is evident that the most severe management problems related to
agriculture/grazing activities are concentrated in the cluster in the Northeastern part of the
region and in some of the coastal areas along the Ionian sea. The rest of the seaboards are
characterized by medium/medium-high levels of vulnerability as well as hilly areas in the
Matera province and some areas surrounding the city of Potenza. The management state for
the Western side of the region, dominated by natural areas, is quite satisfactory, even if
there are patches having medium vulnerability values (Vulture-Melfese and Agri valley).
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Figure 9. Classification of LMI in vulnerability classes. In the upper right corner it is shown the geographical reference
map

5.2. Spatial pattern of Main Contributing Factors (MCF) related to anthropic pressure

We performed a preliminary analysis consisting in area-weighted average calculations of
the adopted indicators (see radar chart, Fig. 10). According to our results, UAA_VAR shows
the highest average value (1,57). Also MLI and PP_UAA are not negligible (respectively 1,45
and 1,42) whereas the role of GI seems to be nonessential (1,05).
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Figure 10. Radar chart showing the comparison among the area-weighted average values of land management indi‐
cators for the whole investigated region

In order to investigate the role of each indicator we applied the MCF algorithm (see section
4.4) at the pixel scale. It should be remarked that (see Fig. 11) 70% of the regional surface
shows a unique MFC, while the remaining part of the investigated areas is characterized by
two (about 24% of the total surface), three indicators (about 4% of the total surface), or no
prevailing indicator (about 2% of the total surface). In the last case all the four indicators
reach the maximum vulnerability value.

Figure 11. Frequency distribution of the number of prevalent indicators on the investigated area
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The analysis of the areas in which just one indicator is dominant (Fig. 12) brings out the im‐
portance of the UAA_VAR as the most significant driver of degradation (about 58% of the
considered area). In these areas the degradation mainly comes from the decrease in cultivat‐
ed surfaces.

Apart from the appreciable contribution of the mechanization indicator (MLI, about 29% of
the examined area), neither the scarce presence of grass and pasture (PP_UAA, about 13% of
the examined area) nor the overgrazing (GI, no area involved) contribute meaningfully to
degradation.

Figure 12. Frequency distribution of the prevalent indicators (areas having just one indicator prevalent)

The analysis of the pixels having two dominant indicators (Fig. 13) shows a large prevalence
of the synergy between MLI and PP_SAU (about 75%). On the contrary, the variation of cul‐
tivated lands (UAA_VAR) jointly with PP_UAA or MLI (respectively about 17% and 9% of
analyzed areas) seems not to be particularly diffused as a degradation driver. Owing to the
negligible role of grazing, areas exhibiting simultaneously three dominant indicators are al‐
ways characterized by the values of MLI, PP_UAA, and UAA_VAR.

On the whole, the analysis aimed at identifying the MCF for the anthropic component indi‐
cates that UAA_VAR plays the main role in inducing degradation followed by excessive
mechanization (MLI), whereas PP_UAA and particularly GI seem not to play an important
role in promoting environmental degradation. This last result is due to the positive effects
generated by the widespread presence of grass and pasture, also in non mountainous areas.
These covers represent a mainstay of the local agricultural structure enabling a sustainable
management because, on the one hand, they counterbalance the man-induced impact
caused by intensive agricultural practices (resulting in lower values of the PP_UAA indica‐
tor), on the other, they allow a suitable form of grazing (resulting in very low values of the
GI indicator).
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The spatial patterns of the MCF (Fig. 14) show two opposite paths in the Basilicata region:
marginalization of inland rural areas and further intensification of low-sustainable agricul‐
ture in lowland areas.

The first phenomenon, arising from complex socio-economic dynamics, involves the inland
districts located in the core of the region (prevalently near Potenza town) that were mainly
devoted to poor agricultural practices in the recent past. Today, these areas experience de‐
population (for further details see http://www.istat.it/it/basilicata) as a consequence of the
present economic crisis generating low profitability of agricultural products. This reduction
in profit margin, in turn, can be accelerated by natural factors such as growing aridity and
natural disasters (flood, landslide, fire, etc.) which induce an increase in agricultural man‐
agement costs (e.g., irrigation, agrochemicals products, land rehabilitation, etc.) exacerbating
land abandonment and culminating in a downward spiral of land degradation [83]. This
fact, supported by provisional data of the Sixth National Agricultural Census (indicating a
reduction of farm and cultivated areas, see section 2), stresses one of the most critical aspect
of the local economic-productive system having serious repercussions on environmental
quality and promoting social imbalances between marginal and more populated areas [84].
However, in this case, regional/national policies should be undertaken to strengthen infra‐
structural facilities and promote the redevelopment of marginal lands.

Figure 13. Frequency distribution of the prevalent indicators (areas having two indicators prevalent)
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The second phenomenon focuses on the long-term sustainability of intensive farming. Espe‐
cially in areas where the natural conditions are optimal (e.g., slope) and technologies and infra‐
structure are easily available, we notice a tendency to increase agricultural production. This
occurs at the expense of future land fertility, because enlarging cultivated areas, increasing the
use of mechanization and fertilizers and overexploiting water resources contributes to exacer‐
bate land degradation processes. In these places, we observe the reverse problem affecting
marginal areas and thus appropriate strategies are required to locally encourage farmers to‐
wards sustainable soil management practices and technical skill improvement.

PP_UAA

UAA_VAR

Two or more indicators

MLI

Figure 14. Map of the Main Contributing Factor (MCF) computed for the anthropic component
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5.3. Analysis of trends in photosynthetic activity (NDVI_PV)

In Fig. 15 absolute values of NDVI_PV are displayed. Positive values of the indicator (gener‐
ally fairly high) are visible especially in areas located south of Matera city and they mainly
are estimated for permanent crops (fruit trees and olive groves) and, in some cases, for ara‐
ble lands. Areas mostly characterized by dense vegetation (coniferous and broad-leaved for‐
ests) reveal stability or a slight increase in photosynthetic activity. Negative values are
detected in correspondence with arable lands (the narrow stripe bordering Apulia region)
and industrial districts (geographically concentrated in Tito Scalo, near Potenza and in S.
Nicola di Melfi at the northern of Basilicata, where we find one of the most recent FIAT
plant, see Fig. 15).

By aggregating the NDVI_PV values in 7 ranges (see Fig. 16) we observe a considerable cov‐
erage of stable areas (more than 50%) and a limited extent of areas characterized by low neg‐
ative values (10%). Areas affected by a strong decrease in vegetation activity are only 1% of
the investigated territory; on the contrary, areas marked by positive trends (slight and ap‐
preciable increases in photosynthetic activity) altogether amount to 30% of the examined
surfaces.

Figure 15. Map of the indicator NDVI_PV (not classified). Areas within the circles 1 and 2 belong to the Tito Scalo and
San Nicola di Melfi locations respectively. In the upper right corner it is shown the geographical reference map
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Figure 16. Frequency distribution of the prevalent indicators (values in abscissa represent the percentage of areas in‐
cluded in the given ranges)

By classifying the obtained values of NDVI_PV in the ESA range (1-2), we can extract some
further information: highly vulnerable areas (medium-high and high) reach about 5% of the
Basilicata surface; there are few medium vulnerability areas (about 10%), whereas the extent
of areas with medium-low/low vulnerability is very significant (about 85%, see Fig. 17).

NDVI – PV classified

Figure 17. Map of the indicator NDVI_PV, classified in the ESA range (1-2)
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5.4. Analysis of the integrated vulnerability map (ESAmod)

As we can see from the map in Fig. 18, the combined analysis of the anthropic component
and the vegetation one, does not show a particularly critical picture of the Basilicata region.
The most vulnerable areas (ESAmod>1.5) are located, as expected, in the Northeastern sector
of the region, including the agriculture-oriented lands bordering Apulia region, a part of the
Ionian coast and some areas belonging to the hilly zone in the surrounding of Matera city.
More densely vegetated areas, but also a large part of grasses, pastures and semi-natural
areas, where the anthropic influence is clearly lower, seem to show good health conditions
and thus a rather negligible vulnerability.

As established by the ESA methodology, the arrangement of the examined areas in different
risk classes points out that about 23% of the region is included in the critical areas (ESAmod >
1.38) and nearly the 30% in the fragile (1.23<ESAmod<1.37); the rest of the investigated territo‐
ry is characterized by potential or non-threatened areas (ESAmod<1.22; 50% of the regional
surface) according with results from independent studies [85]. The composite picture emerg‐
ing from all these investigations suggests that for areas falling within the first two categories
(critical and fragile) several measures should be put in place to prevent more severe degra‐
dation processes by promoting mitigation/restoration actions. As for the third category (po‐
tential and non-threatened areas), a periodic monitoring can be a great (and sometimes cost-
effective) solution.

Vulture 
Melfese
Basin

Agri
Valley

MateraPotenza

Figure 18. Map depicting the integration of the analyzed components (ESAmod). In the upper right corner it is shown
the geographical reference map

Finally, Fig.19 shows the ESAmod map segmented according to four different levels of influ‐
ence of MLI and NDVI_PV.

Soil Processes and Current Trends in Quality Assessment164

The extent of areas having both the anthropogenic component (LMI) and the biophysical
one (NDVI_PV) not exceeding the value of 1.4 (vulnerability threshold) is very considerable
(blue pixels). These pixels are principally concentrated in the Western side of the region and
belong to various type of land cover including mainly forested and seminatural areas and
some human-influenced covers such as arable lands. These last dominate, instead, in two of
the four classes: areas showing both negative vegetation trends and inappropriate land man‐
agement (red pixels), and areas affected by substantial decreases of photosynthetic activity
(yellow pixels) but where management is quite satisfactory. Finally, a lot of permanent crops
occupy largely those areas experiencing positive trends of vegetation activity but unsuitable
agricultural practices (green pixels).

NDVI_PVand LMI>1.4

NDVI_PVand LMI<1.4

NDVI_PV>1.4 LMI<1.4

NDVI_PV<1,4 LMI>1.4

Figure 19. Zones of influence resulting from the partition of the ESAmod map
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6. Conclusions

In order to estimate the vulnerability to land degradation of a typical Mediterranean region
(Basilicata) we have jointly considered the impact of the anthropic component and the vege‐
tation conditions, using socio-economic indicators related to agriculture/grazing activities
and analyzing trends of photosynthetic activity. As regards anthropic pressure we have
used census-based indicators (UAA_VAR, PP_UAA and GI computed at municipal scale)
and the mechanization indicator (MLI) based on land cover map and morphological infor‐
mation (DEM). Thanks to its formulation, the new indicator we elaborated is independent
from census data, enabling a faster rate of update and providing a better discrimination of
the vulnerability values because the adopted spatial resolution is connected to the used land
cover map or DEM in state of the municipal level. It allows friendly exportability to different
monitoring scales, which can be obtained by selecting the most opportune land cover map,
and high adaptability, thanks to the possibility of selecting the number of classes for the sat‐
ellite data classification.

We have combined all the socio-economic indicators to define the Land Management Index
(LMI) and have carried out an analysis aimed at identifying the dominant factors driving
human-induced degradation processes.

In order to estimate trends of vegetation activity we have calculated the NDVI_PV indicator
using a time series (2000-2010) of the MODIS sensor observations. This indicator is able to
compute interannual variations of NDVI compared with the starting conditions, so that it is
possible to detect also slow variations and long-term processes of increase/decrease of the
photosynthetic activity in the analyzed period.

The final map of the ESAmod index, taking into account the vulnerability due to the anthropic
and vegetation components, depicts a very complex picture characterized by a wide range
of vulnerability values and by many combinations of degradation causes.

The adopted procedure, which integrates remote sensing data (synoptic view, multi-tempo‐
ral availability) and socio-economic indicators, is a valuable tool for estimating vulnerability
to land degradation in large anthropized areas, which are highly complex in terms of land
cover type and economic vocation (intensive agriculture, grazing, industrial activities).

Our methodology allows the early detection of the most vulnerable areas and the identifica‐
tion of the local prevailing stress factors, providing key information for the setting up of sus‐
tainable development strategies.
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1. Introduction

Soil is characterized as a complex and dynamic system. It is constituted by several layers
that differ in relation to the physical, chemical, mineralogical and biological nature, which
are influenced by the climate and activities of the living organisms. Besides contributing to
the maintenance of all forms of life that occur in the terrestrial surface, soil plays an impor‐
tant role in protecting the groundwater acting as a collector filter of organic and inorganic
residues, helping in sequestering possible toxic compounds [1].

During the last decades of the twentieth century there was an awareness of the importance
of the soil as an environmental component and recognition of the need to maintain or im‐
prove its capacity to allow it to perform its various functions. At the same time there was a
confirmation that the soil is not an inexhaustible resource and, if used improperly or poorly
managed, its characteristics can be lost in a short period of time, with limited opportunities
for regeneration [2].

However, the final disposal of potentially toxic residues in the soil has become a practical
and inexpensive alternative and can cause alterations in the arthropod community [3, 4].
These species can present individual biological alterations (physiological, morphological
and behavioural), which can be extrapolated to field studies in order to analyze ecological
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aspects, such as population dynamics and richness of diversity in the contaminated areas.
Therefore, the gathering of biological studies, both laboratorial and field, combined with
chemical analysis of the contaminants, provides a real scenario of the effects that the toxic
substances can cause in the ecosystem.

Among the  substances  released  in  the  soil  it  can  be  highlighted  the  petroleum deriva‐
tives and heavy metals  [5].  In soils  contaminated with petroleum and derivatives,  some
contaminants stand out compared to others, such as benzene, toluene, ethylbenzene and
xylenes,  known as  BTEX,  polycyclic  aromatic  hydrocarbons  (PAH)  and  total  petroleum
hydrocarbons (TPH) [6, 7].  Pollution by heavy metals is derived from the anthropogenic
activity, mainly associated to the industrial process and natural sources, such as volcanic
eruptions [8].

Although researches involving soil quality are facing an important technologic challenge
with several actions being taken in order to assess, correct and reduce the risks of contami‐
nants in the soil, standardized monitoring combined with remediation strategies are still
needed [5].

Thus, several researches aiming to remediate the effects of the soil contaminants have been
carried out worldwide. Remediation of a contaminated area involves the application of one
or more techniques aiming to remove or contain harmful substances in order to allow the
reuse of the area with acceptable risk limits for human and environmental health. For this
purpose, an ideal remediation process must remove all the contaminants of the soil or, at
least, reduce the percentage of contamination of the environment to acceptable limits;
should also avoid the migration of contaminants to other areas.

For the remediation of soils contaminated with petroleum and heavy metals, several physi‐
cal, chemical and biological techniques have been developed for the removal or degradation
in situ or ex situ of the pollutant [6, 9]. In this context, the chapter aims to provide a thorough
revision of techniques for the removal or degradation of the pollutants as well as a discus‐
sion on the implementation of such techniques for the development of remediation strat‐
egies and policies.

2. Dynamic of pollutants in the soil

Geosphere, or terrestrial layer, is that part of the earth on which the human beings live and
extract the maximum of its resources. Erstwhile it was believed that the earth had unlimited
capacity to absorb the impacts of humankind. Currently, the geosphere is considered very
fragile and vulnerable to injuries originating from anthropogenic activities. According to
Manahan [10] the definition of pollutant can be described as the increase in the concentra‐
tion of a certain substance to higher levels than that they occur naturally, arising from an
external source, generally related to the human activity.

There is great difficulty in predicting the behaviour of a xenobiotic in the soil, since its com‐
position is totally complex and heterogeneous. Therefore, the knowledge of the physico-
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chemical characteristics of the contaminant compounds and the environment is fundamental
to predict its dynamic [11].

It  should be noted that several soils  have the capacity to assimilate and neutralize such
pollutants,  since  chemical  and  biochemical  phenomena  are  capable  of  attenuating  the
harmful  nature  of  the  pollutants.  These  phenomena  include  processes  of  oxi-reduction,
hydrolysis,  acid-base  reactions,  precipitation,  adsorption  and  biochemical  degradation.
Some hazardous  organic  chemical  products  can  be  degraded to  innocuous  products  on
the soil  and the heavy metals  can be sorbed,  immobilized or  mineralized.  In  general,  a
lot of care should be taken in the elimination of the residues, rejects and other potential‐
ly hazardous materials to the soil,  particularly where there is the possibility of contami‐
nating the existing water.

When the contaminant  reaches  the soil,  either  on purpose or  accidentally,  it  suffers  the
action of geochemical and biological phenomena and is distributed by the subsurface in
the vaporized,  residual  or  adsorbed phases,  free  phase and dissolved phase.  The distri‐
bution of such phases will  depend on their  physico-chemical characteristics and also on
the type of the soil [12]. Thus, the mobility of the contaminants and, consequently, their
toxicity  are  directly  related  to  the  capacity  of  the  soil  in  maintaining  them retained  in
their  solid  phase,  making  them  unavailable  to  be  absorbed  by  plants,  eroded  and/or
leachate [13].  Among the factors  that  determine the binding of  contaminants  to the soil
there is the available surface area of the particles (m²/g). Moreover, the electrical charges
of the particles of the soil matrix also influence in the adsorption of the contaminants to
the environment. It is noteworthy that in relation to their physico-chemical properties the
contaminants  are  classified  as  Dense  Non-Aqueous  Phase  Liquid  (DNAPL),  when  the
substance is more dense than the water and Light Non-Aqueous Phase Liquid (LNAPL),
when it is less dense [14].

The main processes of interaction between the organic compounds or metals and the envi‐
ronment are the retention by adsorption, absorption or precipitation; biotic and abiotic
transformations and transport by volatilization, leaching or runoff [15]. There are com‐
pounds highly resistant to degradation that can interact strongly in a reversible or irreversi‐
ble way with the colloidal components of the soil. This process is called sorption, both for
adsorption and absorption. Adsorption is characterized as an interfacial process while ab‐
sorption differs for involving the penetration of the compound in the particles of the soil
and can be accumulated inside the absorber system [11].

In general, the dynamic of the contaminants in the soil can be modelled by three mecha‐
nisms of mass transference, namely: advection, dispersion and attenuation.

a. Advection – it consists in the mechanism where the contaminants coincidentally follow
the flow vectors and keep a direct relationship with the speed of percolation in the soil.
It is the mechanism responsible for the formation and mobilization of the free phase of
hydrocarbons.

b. Dispersion – Consists in the mechanism responsible for the decrease in the concentration
of the contaminants in the fluid percolation and that can occur by two processes: hydro‐
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dynamic dispersion and molecular diffusion. Hydrodynamic dispersion occurs by the
flow restriction in the pores of the soil that generates the reduction in the percolation
velocity of the more viscous components while the molecular diffusion is, intrinsically,
a phenomenon of dilution of the more soluble compounds, and is the main formation
process of the dissolved phase, responsible for the greater mobility of the contaminants.
In the case of emulsions, such as hydrocarbons, the dispersion can occur in a more com‐
plex mechanism, due to the phenomena of hysteresis (delay) of the entrainment of the
contaminants, especially in the saturation fronts and capillary fringe. This process is as‐
sociated to the formation of the adsorbed phase and also by the production of a fraction
of emulsions that can compose the dissolved phase.

c. Attenuation – Consists in the reduction of contaminants transported by advection or di‐
lution by chemical or physico-chemical reactions. Chemical attenuation is the more in‐
tense in soils with higher cation exchange capacity and acts reducing compounds in the
free and adsorbed phase. Also in the list of reactions there are the bioconversion reac‐
tions, in which a part of the hydrocarbons is transformed or totally oxidized in organic
acids. Chemical attenuation is more intense in the region with higher availability of
oxygen.

Physico-chemical attenuation is responsible for the formation of the adsorbed phase and
consists in the imprisonment of the contaminants that adhere to the grains of the soil, espe‐
cially to the grumes of clay with higher activity. However, associated with the mechanisms
of chemical attenuation, it is responsible for the formation of the dissolved phase (facilitated
by the reduction of pH) [16].

3. Contamination of soil and its effects on the edaphic fauna

Soil ecosystem harbours an enormous biodiversity and is increasingly being recognized that
this diversity is essential for the maintenance of the function of other ecosystems [17], since
the activities of the invertebrates have significative effects in its organization and structure,
dynamics of the organic matter and in the growth of plants [18]. Despite this importance,
soil has become a practical and cheap alternative for the final disposal of several toxic resi‐
dues, resulting in negative consequences [4].

Contaminants can be resistant to the decomposition processes and, therefore, can be accu‐
mulated in the soil [19]. Invertebrates easily become exposed to such contaminants, which
can affect their ecological function [20] and influence indirectly the ecosystem and alter the
ratio predator/prey and affect the complex food chain [21]. In order to evaluate the ecologi‐
cal effects of this contamination it is developed tests that aim to quantify the abundance,
mortality and reproduction of the organisms exposed [20].

In this sense, the following topic will address the effects caused in the edaphic fauna due to
the contamination of the soil by heavy metals and petroleum derivatives.
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3.1. Petroleum and its derivatives

According to Leblond [22], it is expected the production of 95 million barrels of petroleum
per day in order to meet the growing worldwide demand of this resource. Crude petroleum
is a complex mixture constituted, mainly, by hydrocarbons, organic sulphur compounds, ni‐
trogen and oxygen [23]. Although about 80% of the total production of crude petroleum is
generated from terrestrial fields, few studies about its impact on the soil are available [24].

Studies on the toxicity of petroleum have shown that some species present higher sensitivity
to these contaminants. Survival of earthworms (Eisenia andrei and E. fetida) and enchytraeids
(Enchytraeus crypticus) can be reduced in soil containing crude petroleum [25, 26], while the
abundance of Isopoda and Hymenoptera in areas contaminated with complex mixtures de‐
rived from refineries can be higher in relation to uncontaminated areas [27].

Among the petroleum derivatives, the Polycyclic Aromatic Hydrocarbons (PAH) have a
prominent role. Chemically, they are aromatic compounds formed by two or more benzene
rings, constituted exclusively by atoms of carbon and hydrogen, arranged in a linear, angu‐
lar or grouped form [28], and are residues of combustion, petroleum refinery and other in‐
dustrial processes of high temperature [29]. There are thousands of these substances in the
environment, each one differing in the number and position of the aromatic ring [30], but
only 16 substances cause environmental concern: acenaphthene, acenaphthylene, anthra‐
cene, benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(ghi)perylene, ben‐
zo(k)fluoranthene, chrysene, dibenzo(a, h)anthracene, phenanthrene, fuoranteno, fuoreno,
indeno(1,2,3-cd)pyrene, naphthalene and pyrene [31].

Although van Brummelen et al. [19] asserted that the exposure of invertebrates to PAH ac‐
cumulated in the soil can affect the ecological function of these organisms, little is known
about their effects [32, 33]. However, it is known that terrestrial invertebrates do not have
the ability to metabolize aromatic compounds, with exception of some species that have mi‐
croorganisms associated to the intestine [34], which implies in a broader problem, since it
generates the bioaccumulation in the organism, enhancing the possibility of contaminating
their predators via the food chain [35].

A small review performed by Souza et al. [7] discusses the main ecotoxicological assays that
can be applied in soils contaminated by petroleum hydrocarbons. In this review, the authors
affirm that bioassays with invertebrates have been efficient, thanks to the important role that
these animals play in the ecological processes of the soil, such as cycling and decomposition.

Studies using earthworms as bioindicator organisms of contamination of the soil by PAH
showed that the impact in these organisms is limited. Both the survival and reproduction
rates were not altered and the concentrations of these substances in the individuals were
low, suggesting low absorption by them [36]. Schaub and Achazi [apud 36] observed that
PAH did not influence the survival and growth of the earthworm E. fetida in the concentra‐
tion of 100.8 mg/kg, but the reproduction was affected in the concentration of 1.008 mg/kg.
Chrysene did not alter the survival of E. fetida in a study carried out by Bowmer [37].

The non-toxicity of PAH for earthworms can be explained by the fact that there is a mutual
interference between them [38, 39]. Earthworms are responsible for assisting the elimination
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dynamic dispersion and molecular diffusion. Hydrodynamic dispersion occurs by the
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3.1. Petroleum and its derivatives
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of the PAH in the soil by improving the natural conditions of biodegradation, contributing
to the increase of its oxygenation due to the intimate contact of the microorganisms present
in their intestine with the soil [36].

In relation to Collembola, Sverdrup et al. [33] affirm that they are more sensitive to PAH
when compared to other organisms, such as earthworms, being, therefore, good models of
toxicity for this class of contaminants. To reach this conclusion, the authors tested 16 differ‐
ent PAH, from which eight affected the reproduction and survival rates of Collembola. Eom
et al. [40] corroborate the fact that Collembola are more sensitive to PAH. Isopoda did not
show to be more sensitive to contamination by PAH. The species Oniscus asellus presented a
small alteration in the abundance after exposure to benzo(a)anthracene and no effect after
exposure to benzo(a)pyrene. The species Porcellio scaber did not present alteration for any of
the two substances [19].

PAH can also act indirectly on organisms and cause alterations in the populations, since the
increase in the density of the soil due to their presence and their hydrophobic properties de‐
crease the inhabitable space within the pores of the soil. Moreover, PAH can also act as fun‐
gicides, eliminating the source of food of some organisms [41].

Due to the reduced number of studies there is not a base to predict alterations in the com‐
munity of invertebrates caused by contaminations of PAH. Studies with this focus does not
seem to be a promising tool to assess the risks of this substance and the use of more sensitive
biochemical markers (concentration of metabolites, damages in the DNA) are better strat‐
egies for this purpose [3].

In this sense, besides the traditional tests with Annelida and Collembola, studies with other
terrestrial invertebrates have been developed to assess the quality of soils [42]. Diplopoda
also make part of the edaphic fauna and are continuously exposed to the contaminants
present in the soil. In these animals, histopathological markers have been applied [43-47].

Tissular alterations in the midgut and perivisceral fat body of the diplopod Rhinocricus pad‐
bergi were studied by Souza and Fontanetti [46] and Souza et al. [42], after exposure of these
animals to a landfarming soil. According to the authors, the chemical analysis showed the
presence of high concentrations of compounds such as PAH and metals, the authors also in‐
ferred that the histological and physiological alterations observed can be an attempt of de‐
fence of the animals exposed to this residue, in an attempt to eliminate and/or neutralize the
assimilation of toxic residues [42].

3.2. Heavy metals

As a consequence of the technological development and global population growth, the agri‐
cultural and industrial activities have intensified, leading to a considerable increase of met‐
als in the different compartments of the environment. Unlike organic pollutants, the toxicity
of metals is intrinsic to their atomic structure and they cannot be transmuted/mineralized to
a total innocuous form [48].
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Pollution by heavy metals in terrestrial ecosystems has been recognized as a serious envi‐
ronmental concern, due to their non-biodegradability and tendency to accumulate in plants
and animal tissues [49]. The extreme sensitivity of the macrofauna to the conditions of the
soil make them potential indicators of the disturbance occurred in this environment [50]. For
studies of this nature, the most used organisms are nematodes, earthworms, Collembola
[apud 51], as well as molluscs [49] and ants, despite the last two ones be quite resistant to
this type of contamination [52].

Among the most common responses of these organisms to the contamination by heavy met‐
als it can be highlighted the decrease in the diversity of species due to changes in the compo‐
sition of the community that eliminate the most sensitive species [53, 54] and promote the
tolerance of opportunistic species [55] (Syrek et al., 2006) or invasive species [56].

Despite the increase in the abundance, richness and/or uniformity is not commonly found,
some studies reported these types of alterations with the increase of pollution by heavy met‐
als. It can be cited the studies developed by Russell and Alberti [57] that observed that Pro‐
tura present tolerance to heavy metals, since this group was the only one found in sites
highly contaminated; by Nahmani and Lavelle [51] that also found that the abundance of
some groups of arthropods, such as larvae of beetles of the subfamily Hoplinae and family
Staphylinidae, was positively correlated with pollution by heavy metals; by Migliorini et al.
[58] that verified increase in the abundance of Protura, Diplura and Collembola with in‐
crease in the pollution by metals; by Grzés [52] that presented clear evidence of the increase
of the diversity of species of ants with the increase in the pollution by metals.

Although no direct explanation for these patterns has been proposed, some of the authors
point out the importance of the interactions between fauna and soil, mainly related to de‐
crease of predation and competition between the edaphic organisms [52]. For this reason,
considering all the macrofauna communities as indicator seems logical, since they have a
wider range of adaptive mechanisms than a single taxonomic group [51, 59].

Pollution by metals can still influence directly the communities by the alteration of the abio‐
tic conditions such as temperature and humidity. If the pollution decreases the density of
the vegetation, the temperature of the environment will increase and this will facilitate the
increase in the diversity of thermophilic organisms [52]. According to the same author, pol‐
lution by metals can favour species with affinity to humidity by reducing the microbial ac‐
tivity, allowing an accumulation of organic matter [52].

4. Types of treatment of contaminated soils

Geochemical and biological processes that determine the mobilization and transformation of
the compounds in the soil involve countless variables, making the remediation process a
complex task. Thus, for the remediation be satisfactory and complies the environmental leg‐
islation, it is necessary to know the treatment technologies available, their advantages and
disadvantages (table 1), cost-benefit relationships, applicability regarding the hydrogeology
of the place and the nature of the contaminant [60].
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TECHNOLOGY ADVANTAGES DISADVANTAGES

Solidification/stabilization • Simple design

• Cost-effective

• Large soil volume can be treated

• Very recommended for metals

• Does not promote the treatment of the

contaminant, promotes only

immobilization

• Short-lived

• Dependent on the soil characteristics

and homogeneity of the mixture

• Process hindered by the depth of the

contaminant

Advanced Oxidative Processes

(AOP)

• Cost-effective

• Mineralization capacity

• Recommended for soils with high

permeability

• Different reagents may be employed

• Mass transfer of the adsorbed phase to

the aqueous phase

• Risk of aquifer contamination by not

recovered solvent

• Limitations for large-scale application

(ex-situ treatment)

• The use of strong acids causes

destruction of the basic structure of the

soil

Advanced Oxidative Processes

(AOP)

• In situ treatment

• Cost-effective

• Rapid process

• Little or no waste is generated

• Lower efficiency for insoluble

compounds

• Susceptible to changes in pH

• May be harmful to soil microorganisms

Thermal desorption or extraction

with supercritical CO2

• High efficiency for volatile

compounds

• Soil aeration can facilitate the

bioremediation process

• Rapid process

• Low environmental impact

• Low efficiency for soils with low

permeability

• Not recommended in saturated areas

• Treatment of the realeased vapors is

required

Incineration • High efficiency

• Rapid process

• Compounds mineralization

• May be used where other processes

are not effective

• High cost

• Release of secondary compounds to the

atmosphere

• Periodic and rigorous monitoring are

riquered

• In situ treatment is not possible

Adsorption with clay • Cost-effective

• Simple design

• Can be combined with other

techniques

• Soil exchange is required

• Limited by buffer capacity of the soil

• Selectivity for specific ions

Electrokinetic • High efficiency

• In situ treatment

• Treatment time depends on the distance

between the electrodes

• pH change in areas near the electrode
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TECHNOLOGY ADVANTAGES DISADVANTAGES

• May be combined with

bioremedition techniques

• Cost depends on the contaminant

concentration and soil

• Lower efficiency in soils with low

permeability

Table 1. Advantages and disadvantages in the use of different techniques in the remediation of soils contaminated by
petroleum and heavy metals

According to Andrade et al. [6], the technique to be used depend on some factors, such as:
physical, chemical and biological conditions of the contaminated site, concentration of the
contaminants and time needed for the degradation/removal of the target compounds, ac‐
cording to the technique to be employed.

The main processes of interaction between the hydrocarbons or metals and the environment
are retentions (adsorption, absorption or precipitation); biotic and abiotic transformations,
transport by volatilization, leaching or runoff [15]. There are compounds highly resistant to
degradation that can interact strongly in a reversible or irreversible way with the colloidal
components of the soil. This process is called sorption, both for adsorption and absorption.
Adsorption is characterized as an interfacial process while absorption differs for involving
the penetration of the compound in the particles of the soil and can be accumulated inside
the absorber system [11].

Since 1993, information of the Environmental Protection Agency (EPA) was considered to
indicate the need for innovative technologies, such as remediation, to replace conventional
processes. New technologies have as objective the treatment of organic compounds, howev‐
er, few alternatives are available for the removal of metals in the soil, particularly in situ.

Among the existing remediation processes it can be highlighted the technologies of immobi‐
lization, destruction of the contaminants and separation. Immobilization technology consists
in the creation of physical barriers to avoid the migration of the contaminants, such as proc‐
esses of solidification/stabilization (encapsulation of the contaminants). The processes of de‐
struction are based, mainly, on the use of high temperatures and chemical methods, such as
incineration, chemical reduction, chemical oxidation, photolysis and bioremediation; and
the separation consists in retaining, isolating or extracting the contaminants to a phase of
easier management or to a more concentrated phase, reducing the volume of the material to
be remediated or disposed, such as processes of thermal desorption, washing the soil, ex‐
traction by solvent and supercritical extraction [61, 62].

4.1. Solidification/stabilization

The process of solidification/stabilization, also known as immobilization, modifies the phys‐
ico-chemical characteristics of the residue to contain the contaminants. Metals are commonly
remediated by solidification ex situ by encapsulation and sometimes complexation.
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in the creation of physical barriers to avoid the migration of the contaminants, such as proc‐
esses of solidification/stabilization (encapsulation of the contaminants). The processes of de‐
struction are based, mainly, on the use of high temperatures and chemical methods, such as
incineration, chemical reduction, chemical oxidation, photolysis and bioremediation; and
the separation consists in retaining, isolating or extracting the contaminants to a phase of
easier management or to a more concentrated phase, reducing the volume of the material to
be remediated or disposed, such as processes of thermal desorption, washing the soil, ex‐
traction by solvent and supercritical extraction [61, 62].

4.1. Solidification/stabilization

The process of solidification/stabilization, also known as immobilization, modifies the phys‐
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The encapsulation technology has become an important alternative treatment for the dispos‐
al of hazardous residues in landfills and control of contaminated areas, since it provides an
improvement of the physical and toxicological characteristics of the residue and/or soil, fa‐
cilitating its management in a safe and effective form. Moreover, the cost of the encapsula‐
tion has been considered low in relation to other treatment techniques, fact that has
stimulated the development of this technology in the last years. However, there is an in‐
creasing interest in more durable and safer solutions [63].

The frequently used agents for encapsulation are Portland cement and lime. In physical
terms, the cement presents response in a smaller interval of time than lime, since its curing
takes place in less time. Chemically, both act to alkalinize the environment, increasing the
pH of the compound, decreasing the solubility of the contaminants, since it is known that
the solubility is dependent on the pH [64]. Physically, it occurs the cementing of the parti‐
cles, causing a decrease in the mobility of the contaminant within the soil. Therefore, the re‐
duction in the mobility of the contaminant can be enhanced by the alkalinisation of the
environment and also by the cementing effect of the particles.

After application of the encapsulation technique, some assays become necessary for analyz‐
ing the effectiveness of the method, which consist in chemical and physical analysis of the
treated compound. Chemical analysis are performed based on leaching assays and chemical
extraction. Physically, it is performed analysis of compressing, resistance to simple compres‐
sion, permeability, durability, among others [63].

Another solidification technique involves the vitrification by the passage of an electric cur‐
rent between electrodes. This process results in the retention of solids and incorporation of
metals in the vitrified method. This technology is being commercially evaluated and
presents very promising results. Vitrification has been used for capturing mercury and other
volatile metals such as lead and arsenic [65].

4.2. Washing and extraction by solvent and chemical oxidation

One technique  of  separation  of  organics  in  soils  very  used is  the  extraction  by  organic
solvents.  In these cases, the organic contaminant is extracted from the contaminated site
and later  destined to the destruction treatment.  The process  occurs  by washing the soil
using adequate solvents for each type of contaminant,  such as detergents for oils or pe‐
troleum and chelators for metals. It has the disadvantage of being a process that requires
specific  machinery,  demands  specialized  staff  and,  at  the  end of  the  process,  generates
great  quantities  of  contaminated liquid residues,  which must  be adequately treated and
disposed posteriorly [11].

Chemical oxidation or In Situ Chemical Oxidation (ISCO) has shown to be a promising techni‐
que for the remediation of soils contaminated by organic compounds [66]. This technique is
based on the application of strong oxidant agents to degrade the organic. It has been applied
both in situ and ex situ, and its application in the field is more appropriate.

ISCO also has its limitations, especially regarding the reactivity of the agent with the con‐
taminant and mass transference between the adsorbed and aqueous phases, where generally
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occurs the oxidation reaction [67]. The most used agents in ISCO processes are ozone (O3),
hydrogen peroxide (H2O2) and potassium permanganate (KMnO4). Each one has advantages
and disadvantages and the application depends on the environment to be treated and the
contaminant to be degraded [68].

4.3. Advanced Oxidative Processes (AOP)

The most effective processes in the destruction of organic pollutants are known as advanced
oxidative processes (AOP). AOP are characterized by the generation of hydroxyl radicals
(HO*), which presents high potential pattern of oxidation, superior to those of other oxidant
species, such as O3, H2O2 and chloride (Cl2) [69], capable of reacting with practically all
classes of organic and inorganic compounds. These processes are emerging as a promising
alternative for the treatment of matrices contaminated with highly toxic and recalcitrant
substances, leading them to total mineralization or formation of more biodegradable inter‐
mediates [70, 71].

Although there are more economical processes, not always the time needed to achieve the
expected results allow their use, thus, AOP can be used when these limits of time and other
logistics become hierarchically more important.

Fenton system is one of the most known advanced oxidative processes and consists in the
combination of hydrogen peroxide and ferrous ions to form hydroxyl radicals. The oxidiz‐
ing power of Fenton’s reagent (H2O2/Fe2+) is attributed to the hydroxyl radicals resulted
from the catalytic decomposition of hydrogen peroxide in acid medium, whose general reac‐
tion is represented by:

Fe2++ H2O2-> Fe3++ OH-+ *OH

Hydroxyl radicals generated oxidize the organic compounds of the environment, generating
intermediates that are attacked again by other hydroxyl radicals and can reach the complete
mineralization (CO2 and H2O). This system has been widely studied in the oxidation of or‐
ganic compounds of high toxicity.

The reagents that compose the Fenton system present advantages over the others because
they are compounds relatively inexpensive and non-toxic, besides the reaction occurs at
room temperature and pressure. It is known that the hydroxyl radical oxidize effectively or‐
ganic compounds in aqueous phase, including the polychlorinated biphenyls (PCB) [72].

The efficiency of the chemical oxidation in soil is influenced, mainly, by factors such as con‐
centration of iron, concentration of peroxide, presence of other organic compounds competi‐
tive by hydroxyl and pH [62]. Moreover, some researchers have observed a strong increase
in the oxidant power of the Fenton reagent when combined with radiation UV or UV-visi‐
ble, called Photo-Fenton. This technique has shown to be an extremely promising alterna‐
tive, especially on tropical countries, like Brazil, where the incidence of sunlight is high
practically during the entire year, configuring an important source of energy, hitherto unex‐
plored [11].
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4.4. Thermal desorption or extraction with supercritical CO2

The most applied system of thermal desorption is the process of injecting steam water in the
soil with a system of pumps and vacuum, i.e., it is installed in the area to be remediated a
series of pipes from which will be injected in the soil steam water and other suction pipes.
The steam at high temperature drags the contaminants, extracting them from the soil, which
are then sucked by vacuum sites and sent to filters or condensers to receive appropriate
treatment [66].

Extraction of compounds using supercritical fluid consists in making the extraction of the
contaminants by passing a gas at high pressure (400 bar) and high temperature (150ºC)
through the contaminated soil. In general, CO2 is the fluid chosen due to its low toxicity and
environmental acceptability and this extraction has shown to be very efficient for com‐
pounds with high solubility in CO2, such as PAH, PCB, dioxins and organochlorine pesti‐
cides [11].

In the United States, an area with more than 170 tons of soil contaminated with benzene, ar‐
senic, chromium and PAH was remediated using the process of thermal desorption [73].

4.5. Incineration

The use of heat to destroy toxic compounds is a very old practice. Incineration has been
used for centuries to destroy or diminish the volume of domestic or agricultural residues
that are unnecessary or undesirable. However, during the combustion process occurs the
formation of undesirable by-products, such as dioxins and furans, highly toxic and carcino‐
genic. To avoid the formation of such compounds it is necessary to have strict control over
the combustion conditions [74].

To remediate soils contaminated with PAH, this process is one of the most efficient and
used, despite the high cost due to the need of soil excavation, transport and treatment with
heat [75]. Although the treatments with high temperatures are effective in the treatment of
organic residues, a serious problem occurs when the residue has metals, since a fraction of
them will volatilize during the treatment and, after the gas cooling, they will condense on
particles of metal [76].

4.6. Adsorption with clay

Clays have structures in layers of lamellae that consist on sheets of silicon oxide alternating
with sheets of aluminium oxide. The sheets of silicon oxide are arranged in tetrahedra in
which each atom of silicon is surrounded by four atoms of oxygen, some variations can
present geometrical structure in form of octahedrons. Many clays contain large quantities of
sodium, potassium, magnesium, calcium and iron and other metals. Clays can attract cati‐
ons such as Ca2

+, Mg2
+, K+, Na+ and NH4+, retaining them between their lamellar structure in

order to avoid leaching by water, but maintain then available in the soil as nutrients for the
plants [10].
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Thus, heavy metals and other charged species are strongly attracted and adsorbed in the
clay surfaces. Heavy metals have different sorption characteristics and the mechanisms de‐
pend on the adsorbents. The sorption mechanisms include complexation of the surface (ad‐
sorption) and ion exchange. Adsorbents show difference in the sequence of selectivity for
different metals. One example is lead when compared to other metals, since it is highly at‐
tracted and adsorbed by several types of clay.

4.7. Electrokinetic

Electrokinetic remediation, also called electrokinetic processing of the soil, electromigration,
electrokinetic decontamination or electrocorrection, can be used to extract metals and some
types of organic residues, such as PAH, of saturated or unsaturated soils, sludges and sedi‐
ments [66]. This technique consists on the application of a direct current of low intensity be‐
tween the electrodes located in the soil. The materials used for the construction of the
electrodes can be graphite, stainless steel and platinum. Electrolysis of the water (in the dis‐
perse electrolyte) produces ions H+ in the anodes and ions OH- in the cathodes, generating a
localized change of pH, which leads to the desorption of the contaminated ions.

Some variations of this technique involve the direct extraction of metallic ions already in the
metal form and the others involve the extraction of metallic ions using a posterior process of
ion exchange resins. Electrokinetic remediation can be also used to delay or prevent the mi‐
gration and/or diffusion of the contaminants, directing them to specific sites and diverting
them from the freatic sheets.

Currently, the application of electrokinetic process has been considered promising, especial‐
ly for the remediation of low permeability contaminated soils, where the electric field gener‐
ated mobilizes electrically charged species, particles and ions in the soil by the processes of
electromigration, electrophoresis and eletroosmosis [66]. For the migration process in the
electrodes, the contaminants can be removed by reduction in the cathode, precipitation,
pumping next to the electrode, or in a more complex form with ion exchange resins.

However, the electrokinetic process is limited by the solubility of the contaminant and by
desorption of the contaminants in the surface of the soil. Heavy metals in their metallic state
are not being sufficiently dissolved and separated from the samples of soil. The process is
also not efficient when the concentration of the ions to be removed is low and the concentra‐
tion of diverse ions is high. Moreover, factors such as heterogeneity and anomalies in the
local surface (boulder, large quantities of iron or iron oxides, large rocks and gravel or mate‐
rials such as shells) can reduce the efficiency of removal.

The cost of remediating soils contaminated by metals, using the electrokinetic technique is
strongly influenced by the soil conductivity, since the consumption of energy is directly re‐
lated to the conductivity of the soil between the electrodes. The electrokinetic treatment of
the soils with high ion conductivity may not be feasible due to the high cost [63].

Another method that uses the electrokinetic technology is the electroacoustic decontamina‐
tion of the soil. This technology combines the eletrokinetic with the sonic vibration. The
properties of the liquid contaminant in the soil can be altered in order to increase the rate of
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the contaminant removal by the application of a mechanical vibratory energy in the form of
sonic or ultra-sonic energy. The elecroacoustic technology is technically feasible for the re‐
moval of inorganic species from the soil with clay (and partially effective for the removal of
hydrocarbons) [63].

4.8. Bioremediation

According to Yeung et al. [77], biological processes are gaining increasing importance in the
treatment of soils. To meet the challenges presented by environmental pollution, the objec‐
tive of bioremediation (along with prevention and physical and chemical methods for reme‐
diation) is reduce the quantity and availability of hazardous chemical compounds and
convert them into useful products and/or less innocuous [48]. However, biological process‐
es, when compared to the conventional physical and chemical processes, are safer, less cost‐
ly and less aggressive to the environment [78].

Bioremediation  process  can  be  defined  as  the  use  of  microorganisms,  such  as  bacteria,
fungi, yeasts and algae or their enzymes to treat polluted areas or “return” them to their
original  condition  [48,  79,  80].  In  general,  bioremediation  is  based  on  the  biochemical
degradation  of  contaminants  [6,  81],  resulting  in  the  transformation  in  metabolites  or
their mineralization [78].

The types of treatment involved in the remediation process can be of two types: ex situ, in
which there is an excavation and removal of the contaminated soil to another place and the
in situ, where the treatment is performed in the local. The in situ bioremediation is the most
worldwide used type of process regarding the place of treatment [6].

Briefly, the main techniques involved in the bioremediation process are:

a. Bioattenuation (natural process) - used to described the passive remediation of the soil,
which involves several natural processes, such as biodegradation, volatilization, disper‐
sion, dilution and adsorption of the contaminants, promoted in the sub-surface by na‐
tive microorganisms [6, 80].

b. Biostimulation (or accelerated natural attenuation) - consists in the addition of nutrients
and/or descompacting agents in the contaminated soil, increasing the population of en‐
dogenous or native microorganisms [42].

c. Biomagnification (or bioaugmentation) - characterized by the increase of the native mi‐
crobiota by the inoculation of exogenous microorganisms (allochthonous) [6, 82, 83]. In
this case, according to the literature, generally, the used microorganisms are bacteria,
philamentous fungi and yeasts.

d. Landfarming - is an ex situ remediation technique, based on the placement of the conta‐
minated soil in layers with at maximum 40 cm of thickness and their processing with
agricultural machines [84].

e. Biopiles - is an ex situ technology of bioremediation, which involves the stacking of con‐
taminated soils, which stimulates the aerobic microbial activity, accelerating the degra‐
dation of the pollutant by aeration, addition of nutrients and correction of humidity.
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f. Composting - technology that involves the addition of organic structuring agents in the
contaminated soil/compounds, increasing the porosity and airflow in them. Such agents
still serve as easy access source of carbon to the biomass growth. The energy released
during the degradation of the organic matter result in temperature increase, which facil‐
itates the action of different microbiological phases: mesophilic, thermophilic, cooling
and maturation [85].

g. Phytoremediation - technique that uses plants as decontamination agent. Involves several
mechanisms such as phytoextraction, phytostabilization, rhizofiltration, phytodegrada‐
tion, phytostimulation, phytovolatilization, vegetative strains, artificial ponds and hy‐
draulic barriers [86].

4.8.1. Bioremediation of sites contaminated by petroleum derivatives and heavy metals

Contaminations of soils with petroleum hydrocarbons have become a worldwide problem
in the mid 80’s [77]. The contamination sources by these compounds are related with explo‐
ration, production, storage, transport, distribution and final disposal of petroleum and their
derivatives.

In the biological treatment of soils contaminated by petroleum, microorganisms, being bac‐
teria the most studied, use hydrocarbons, major components of petroleum, as source of car‐
bon and alternative energy in the production of biomass. This process involves the
transformation of hydrocarbons into smaller unities and later incorporation as cellular mate‐
rial (biotransformation) or conversion to carbon dioxide (mineralization), resulting in the re‐
duction of the concentration of the petroleum hydrocarbons [87].

There are, in the scientific literature, a considerable number of studies on bioremediation of
soils contaminated by PAH, using different remediation methodologies such as treatment of
the solid phase, landfarming/composting, phytoremediation, biostimulation among several
others [85].

In the landfarming process, petroleum derivatives are removed by volatilization, biodegra‐
dation and absorption. The more volatile products, such as gasoline, are removed by volati‐
lization during the aeration process and a small portion is degraded by the microorganism
respiration. Derivatives such as diesel and kerosene have less volatile constituents than gas‐
oline and, therefore, the biodegradation is more significative than volatilization. The heavier
compounds, such as lubricating oil, are not volatile, suffering only biodegradation [88].

Composting has obtained success in the bioremediation of petroleum derivatives using dif‐
ferent compounds, such as mushrooms [89], soot residues [90], green residues [91, 92], ma‐
ple leaves and alfalfa [93] and horse manure [94]. Plants, by phytoremediation, have shown
positive results in the degradation of PAH, since it stimulates the growth and microbial ac‐
tivity in the rhizosphere (interface soil/root) [95].

Besides the individuals use of these processes, it is possible to combine more than one tech‐
nology in the bioremediaton of contaminated soils. According to Straube et al. [96], microor‐
ganisms naturally present in the soil that degrade PAH can have their degradation capacity
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minated soil in layers with at maximum 40 cm of thickness and their processing with
agricultural machines [84].

e. Biopiles - is an ex situ technology of bioremediation, which involves the stacking of con‐
taminated soils, which stimulates the aerobic microbial activity, accelerating the degra‐
dation of the pollutant by aeration, addition of nutrients and correction of humidity.

Soil Processes and Current Trends in Quality Assessment188

f. Composting - technology that involves the addition of organic structuring agents in the
contaminated soil/compounds, increasing the porosity and airflow in them. Such agents
still serve as easy access source of carbon to the biomass growth. The energy released
during the degradation of the organic matter result in temperature increase, which facil‐
itates the action of different microbiological phases: mesophilic, thermophilic, cooling
and maturation [85].

g. Phytoremediation - technique that uses plants as decontamination agent. Involves several
mechanisms such as phytoextraction, phytostabilization, rhizofiltration, phytodegrada‐
tion, phytostimulation, phytovolatilization, vegetative strains, artificial ponds and hy‐
draulic barriers [86].

4.8.1. Bioremediation of sites contaminated by petroleum derivatives and heavy metals

Contaminations of soils with petroleum hydrocarbons have become a worldwide problem
in the mid 80’s [77]. The contamination sources by these compounds are related with explo‐
ration, production, storage, transport, distribution and final disposal of petroleum and their
derivatives.

In the biological treatment of soils contaminated by petroleum, microorganisms, being bac‐
teria the most studied, use hydrocarbons, major components of petroleum, as source of car‐
bon and alternative energy in the production of biomass. This process involves the
transformation of hydrocarbons into smaller unities and later incorporation as cellular mate‐
rial (biotransformation) or conversion to carbon dioxide (mineralization), resulting in the re‐
duction of the concentration of the petroleum hydrocarbons [87].

There are, in the scientific literature, a considerable number of studies on bioremediation of
soils contaminated by PAH, using different remediation methodologies such as treatment of
the solid phase, landfarming/composting, phytoremediation, biostimulation among several
others [85].

In the landfarming process, petroleum derivatives are removed by volatilization, biodegra‐
dation and absorption. The more volatile products, such as gasoline, are removed by volati‐
lization during the aeration process and a small portion is degraded by the microorganism
respiration. Derivatives such as diesel and kerosene have less volatile constituents than gas‐
oline and, therefore, the biodegradation is more significative than volatilization. The heavier
compounds, such as lubricating oil, are not volatile, suffering only biodegradation [88].
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limited due to several environmental factors, such as low solubility and low bioavailability
of PAH and limitation of nitrogen or other nutrient. Thus, it is possible to combine land‐
farming with biostimulation and bioaugmentation to increase the efficiency of the techni‐
que. In the bioremediation process by biopile it can be also employed procedures such as
aeration, bioaugmentation, biostimulation and composting in order to increase the efficiency
of the remediation of petroleum hydrocarbons [97].

Mohan et al. [85] and Megharaj et al. [80] presented a review on the main techniques used in
the bioremediation of soils contaminated by organic pollutants. The different strategies of
the bioremediation process have specific advantages and disadvantages (table 2), which, ac‐
cording to the same authors, need to be considered in several situations, since there are
many factors that limit the efficiency of the microbial degradation of organic pollutants: bio‐
availability of the pollutant, low temperatures, anaerobic conditions, low levels of nutrients
and co-substrates, presence of toxic substances and physiological potential of microorgan‐
isms.

TECHNOLOGY ADVANTAGES DISADVANTAGES

Landfarming • Simple desing and implementation

• Cost-effective

• Large soil volumes can be treated

• Favourable public opinion

• Complete destruction of waste material

• Large treatment area is required

• Risk of human pollutant exposure

• Limited to removal of biodegradable

pollutants

Phytoremediation • Cost-effective

• Easy to implement and operate

• Environment-friendly

• Favourable public opinion

• Reduced pollutant exposure

• Slower than other methods

• Soil properties, toxicity level and climate

should allow plant growth

• Limitations for large-scale application

Bioaugmentation • Cost-effective

• Increase the bioavailability of pollutants

• Short treatment times

• Laboratory strains of microorganisms

rarely grow in contaminated soil

• The use of genetically modified

organisms does not have public

acceptance

• Recent and under development

• Possible environmental risk by

introducing non-indigenous

microorganisms

Biostimulation • Improve the degradation potential of the

inhabiting microbial population

• Dependent on the indigenous

organisms
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TECHNOLOGY ADVANTAGES DISADVANTAGES

• Inorganic nutrients that are injected may

precipitate metals, swell clays, change

redox potentials and conductivity

Bioattenuation • Efficient and continuous process

• Equipment are not required

• Less impact on the environment

• Preliminary studies are required

• Slow and unpredictable process

• Periodic and rigorous monitoring are

riquered

• May be costly

Biopiles • Rapid process • Ex situ treatment

• High cost

• Other sites may be contaminated

Composting • Cost-effective

• Simple design

• High efficiency

• Depending on the compound

employed, there may be a small increase

in contamination, pH, solubility and

mobility of toxic elements

• Poor public reception due to odour and

insects

Table 2. Advantages and disadvantages in the use of different techniques in the bioremediation of soils
contaminated by petroleum and heavy metals

To illustrate the difficulty and success/failure of the bioremediation of soils contaminated by
petroleum and its derivatives, there are some studies performed in different parts of the
world, which use different techniques of bioremediation. Bento et al. [98] assessed the effi‐
ciency of the natural attenuation, biostimulation and bioaugmentation in the degradation of
TPH (Total Petroleum Hydrocarbons) in soils contaminated by diesel, in samples from Cali‐
fornia and Hong Kong. After 12 weeks of incubation, the authors observed that the three
techniques employed show different effects in the degradation of light fractions (C12-C23)
and heavy fractions (C23-C40) of TPH in the soil samples. However, the authors noted that
the number of microorganisms that degrade diesel and the heterotrophic population were
not influenced by the treatments, suggesting, therefore, that detailed studies on the charac‐
terization of the site are needed before deciding the adequate bioremediation method.

Haderlein et al. [93] studied the effects of composting or simple addition of manure in the
soil, during the mineralization of pyrene and benzo[a]pyrene. It was reported that compost‐
ing and addition of manure had no effect on the mineralization of benzo[a]pyrene. In con‐
trast, the mineralization rate of pyrene increased dramatically with the amount of time that
the soil was composted (more than 60% of mineralization after 20 days).

Bioremediation of metals face major obstacles in relation to the bioremediation of organic
compounds,  since metals  introduced in the environment cannot be degraded.  They per‐
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sist indefinitely and can cause pollution of water, air and soil, and the main strategies in
the control of their contamination are the reduction of their bioavailability, mobility and
toxicity [99].

The oxidation state, solubility and association of metals with other organic and inorganic
molecules can vary, however, the microorganisms, as well higher organisms can play an im‐
portant role in the bioremediation of the concentration of metals, so that they become less
available and less hazardous [48].

Among the main methods involved in the remediation of environments contaminated by
heavy metals it is included the phytoremediation [99] and the use of microorganisms [100].

In this context, phytoremediation of heavy metals present in the soil, also called phytoex‐
traction,  is  the technique that uses the capacity of the plants to absorb the metals [101].
As a general rule, metals bioavailable for absorption by plants include Cd, Ni, Zn, As, Se
and Cu.  Metals  moderately  bioavailable  are  Co,  Mn and Fe;  while  the  least  are  Pb,  Cr
and U [apud 101]).

Phytoremediation process can be divided into three types: phytoextraction, phytostabiliza‐
tion and rhizofiltration. Phytoextraction uses species of hyperaccumulator plants to trans‐
port metals to soil and concentrate them into the roots or buds, which will be later collected;
in the phytostabilization the plants are used to limit the mobility and bioavailability of met‐
als in the soil by sorption, precipitation, complexation or reduction of the valences of metals;
rhizofiltration uses roots of plants in order to absorb, concentrate and precipitate metals
from residual waters, which can include soil leachates [102].

Microorganisms, frequently used in the bioremediation of organic pollutants, can be also
used in the bioremediation of soils contaminated with metals by biosorption (process in
which metals are absorbed and/or complexed in live or dead biomass), alterations in the re‐
dox state (transformations catalyzed by enzymes) [103, 104]), by biosurfactants [105], biol‐
eaching (immobilization of metals by excretion of organic acids or methylation reactions),
biomineralization (immobilization of metals by the formation of insoluble sulphides or poly‐
meric complexes) and intracellular accumulation [apud 100].

Since metals cannot be biodegraded in CO2 and water, microorganisms can only modify
their speciation, converting them into non-toxic forms [105]. In order to ensure the efficiency
of the bioremediation process, the microorganisms added in the contaminated site must
have, besides enzymes of biodegradation, resistance to the metal target [101].

5. Current policies for soil remediation

Bredehoeft [106] suggested that the problem of the remediation of toxic substances would be
present in the society for a long time and taking into consideration the policies and expenses
of the period with the issue, it would exist until mid twenty first century. Fifteen years after
this statement, management of contaminated soils and waters still continue to be a current
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environmental issue due to the great number of areas around the world that face this prob‐
lem [107].

In the countries member of the EEA (European Environment Agency), according to esti‐
mates performed in 2007, about 250,000 areas need remediation. Potentially toxic activities
occurred in about 3 million areas, which are under study to determine the need for remedia‐
tion and, if this tendency continues, the number of areas requiring remediation will increase
in 50% until 2025. In these countries, approximately 35% of the costs with remediation were
public [108].

In the USA, the report of USEPA [109] state that, despite much has already been done in the
last decades of the last century, a considerable amount of work is still needed. According to
the report, about 300,000 areas will still need remediation in the next three decades. The esti‐
mate cost for the remediation of these areas is around 209 billion dollars, funded by the re‐
sponsible for the contamination, private or public entity.

According to Fernandes et al. [110], the resources needed, both human and economic, to
overcome the challenges in the implementation of remediation programs can be great. The
resources destined to this purpose will not be the same in different countries. Some coun‐
tries are more prepared to deal with the costs of the remediation programs in relation to oth‐
ers, since they have appropriate mechanisms (technical and economic) to implement
projects on a large scale. In the countries where this is not possible, the existence of contami‐
nated areas should be a livelong problem.

New remediation technologies are under development in the physical and/or chemical
areas, however most of them are still in the initial phase of elaboration [111]. However, the
trend of emerging technologies are focused in methods in which the contaminants can be
destroyed or carefully removed with low risk of secondary contamination [112]. The meth‐
odologies traditionally used, physical and chemical, simply transfer the contaminants, creat‐
ing other sources of contamination and not eliminating the problem [113].

According to Koenigsberg et al. [114] there is the intention to use tools of molecular biology
of microorganisms in contaminated areas, which can and must influence the conception and
management of bioremediation engineer and open new paradigms so that the closure of a
contaminated site does not occur.

Due to this, in the last years, the bioremediation methodologies have a significative portion
of the remediation market [112]. According to Singh et al. [115], bioremediation entered in a
new era with the use of genetically modified bacteria, however its use is still limited due to
the fact that environmental factors can interfere in the process, making the results unpredict‐
able. A study performed by Liu et al. [116] using genetically modified bacteria showed that
its use is a promising strategy in the bioremediation process of environments contaminated
by arsenic. Other technologies of bioremediation in development include the use of protein
engineering, metabolic engineering, transcriptome and proteomics [117, 118].

For the development of tests in field using genetically modified bacteria, the major obstacle
is the environmental concern and political restrictions for the use of these organisms [113].
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As most of the researches on this theme are still basic, there is a growing need for regulatory
and cost protocols and, thus, transform this potential technology into reality [119].

6. Conclusion

Contamination of the soil by petroleum and heavy metals has shown to be one of the major
environmental problems that the governments and researchers must solve in the next deca‐
des. Several studies available in the literature warn about the negative effects of these sub‐
stances in the living organisms, mainly in terrestrial invertebrates, since they are in direct
contact with the contamination. In order to avoid that this problem become more serious,
several remediation technologies have been elaborated and improved. Physical and chemi‐
cal techniques are very used, however bioremediation, as it is ecologically correct, has
gained great prominence, both in the remediation of petroleum and heavy metals.

Soil remediation standards are based on the protection of human health and on the protec‐
tion of the ecosystem. Critical values for concentration in the soil are calculated based on hu‐
man toxicology and others based on ecotoxicology. The most critical value is retained as soil
remediation standard. The methodology for site specific risk assessment is based on the ap‐
proach followed to derive soil remediation standards. A generic approach is followed for
the derivation of soil remediation standards, while for site-specific risk assessments certain
parameters, such as soil properties, can be evaluated.
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Potassium in Soils of Glacial Origin
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Additional information is available at the end of the chapter
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1. Introduction

1.1. Soils in Poland

Poland occupies  a  territory  of  312,7  km2 with  99,7% of  its  area  lying  in  the  Baltic  Sea
catchment.  The average altitude is  173 m and about 90% of  the territory is  situated be‐
low 300m above sea level, hence there is the predominance of lowlands. The majority of
the country’s territory is drained by two big rivers Vistula (55,7%) and Oder (33,9%) and
few small Coastal rivers discharging directly to the Sea (9,3%). Vistula is exclusively the
Polish river with springs in Carpathian Mountains in the South, flowing across the mid‐
dle of the country and discharging the water to Baltic Proper,  while river Oder borders
the territories of Poland and Germany (Figure 1).

Considering the area and the population, Poland constitute an average sized (38 million
inhabitants)  country  according  to  European  standards.  The  rural  area  comprise  around
190  km2 i.e.  about  60% of  the  country’s  territory.  From those  area  around 160  km2 is
dedicated to agricultural activities and the rest to rural infrastructure.  Poland is a coun‐
try with the highest ratio of agricultural land compared to other European countries. Ac‐
cording to  European standards  the  country is  quite  densely  afforested,  with  about  30%
of  forests  land.  A substantial  territory is  submerged under the lakes and rivers,  includ‐
ing  world  well  known Mazurian  and  Pomeranian  regions.  The  majority  of  soils  in  the
country  are  of  glacial  origin.  The  first  so-called  Narwian  glaciation,  covering  the  small
area  only  occurred already in  early  Pleistocene.  The main glaciation,  South Poland and
Middle  Poland  occurred  in  proper  Pleistocene  era  and  were  split  into  five  sub-periods
(named after rivers: Nidian, Sanian 1, Sanian 2, Odranian and Wartanian). The youngest
so-called Vistulian glaciation followed in late Pleistocene, dated back to 100 thousands of
years (Figures 2, 3).

© 2013 Fotyma et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Drainage areas of the Vistula, Oder and Coastal rivers

Figure 2. The borders of sequential glaciations in Poland [1]

Soil Processes and Current Trends in Quality Assessment206

Crossing the country from the north (Baltic Sea) to the south (Carpathian and Sudety Moun‐
tains ) the following zones of the soils can be distinguished [2]:

• poorly sorted clays and sands of moraines (Cambisols, Stagno-gleyic Luvisols, Cambic
Arenosols)

• fluvi-glacial sands (Podzols)

• broad, flat periglacial zone (Luvisols, Podzols, Arenosols, Fluvisols, Gleysols,Histosols)

• old eroded mountains and hills covered by loess and glacial deposits (Luvisols, Phae‐
zems,Rendzinas)

• mountaineous zone
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Table 1. Sequence of glaciations in Poland [1]

According to geological history above 70% of Polish mineral soils have been formed from
Pleistocene boulder clay and sand, strongly bathed and sorted by glacial waters. About 28%
of soils are formed from loose and slightly loamy sand as well as from gravel. Soils of loess
and alluvial origin cover a very small area of agricultural land (Table 1). It is not surprising
that the ratio of soils of low fertility and productivity is estimated at 40% of the area.

For agricultural purposes, the soils in Poland are classified according to their productivity into
soil suitability complexes and according to their buffer capacity (with respect to water and
nutrients) into soil categories. Both classifications partly overlap. Productivity complexes,
altogether thirteen on arable soils and three on grassland, are distinguished on the base of the
soil parent’s rocks, climate, soil water properties and the position in relief. This classification
focuses on the possibility of growing different crops and on potential crop yield. On the very
high quality complexes, numbered 1, 2 and 10, all crops can be grown satisfactorily, on the
high ones, numbered 3, 4, 8 and 11 practically all crops can be grown as well but yields are
significantly lower. On medium quality soil complex numbered 5 triticale, rye, and maize may
be grown. Low quality soil complexes, numbered 6, 9 and 12 are suitable for rye, oats and
potato and the very low quality ones, numbered 7 and 13 for rye and lupine only. The very
high quality and high quality soil suitability complexes cover roughly 50% of arable soils,
medium quality complex about 16% and the low and very low quality ones about 34% of arable
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Table 1. Sequence of glaciations in Poland [1]

According to geological history above 70% of Polish mineral soils have been formed from
Pleistocene boulder clay and sand, strongly bathed and sorted by glacial waters. About 28%
of soils are formed from loose and slightly loamy sand as well as from gravel. Soils of loess
and alluvial origin cover a very small area of agricultural land (Table 1). It is not surprising
that the ratio of soils of low fertility and productivity is estimated at 40% of the area.

For agricultural purposes, the soils in Poland are classified according to their productivity into
soil suitability complexes and according to their buffer capacity (with respect to water and
nutrients) into soil categories. Both classifications partly overlap. Productivity complexes,
altogether thirteen on arable soils and three on grassland, are distinguished on the base of the
soil parent’s rocks, climate, soil water properties and the position in relief. This classification
focuses on the possibility of growing different crops and on potential crop yield. On the very
high quality complexes, numbered 1, 2 and 10, all crops can be grown satisfactorily, on the
high ones, numbered 3, 4, 8 and 11 practically all crops can be grown as well but yields are
significantly lower. On medium quality soil complex numbered 5 triticale, rye, and maize may
be grown. Low quality soil complexes, numbered 6, 9 and 12 are suitable for rye, oats and
potato and the very low quality ones, numbered 7 and 13 for rye and lupine only. The very
high quality and high quality soil suitability complexes cover roughly 50% of arable soils,
medium quality complex about 16% and the low and very low quality ones about 34% of arable
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land. Soil classification into categories is based on the content of fine fraction, i.e. soil particles
below 0,02 in diameter. In this study four soil categories have been distinguished: very light
up to 10% fine fraction, light 11-20% fine fraction, medium 21-35% fine fraction and heavy
above 35% fine fraction. The very light soils cover 23,4% of arable area, light soils 36,1% of area,
medium 29,4% and the heavy ones 11,1% of area only. For the purposes of this paper soil
classification into such categories will be used extensively. Other factors limiting the fertility
and productivity of Polish soils are the low content of soil organic matter SOM and strong
acidification of most of the soils. According to the newest survey 7,6% of arable soils show low
content of SOM (below 1%), 47,1% soils, medium content (1,1-2,0% SOM), 29,3% high content
(2,1-3% SOM) and only 3% of soils, very high content of organic matter (above 3,0%) [3]. The
summary of the last four-years period of agrochemical soils monitoring program reveals that
20,2% of soils are very acid (pHKCl below 4,5), 29,4% acid (pH 4,5-5,5), 28% slightly acid
(pH5,5-6,5), 14,7% neutral (pH 6,5-7,2) and 7,7% alkaline (pH above 7,2) [4]. There is a strong
relationship between soil pH and soil’s category. Very light and light soils are simultaneously
very acid and acid while medium and heavy soils are much less acidified.

Parent rocks of soils
Total area

thousands ha

% share in relation to

Total area Agricultural land

Light loam 2562 15,8 18,8

Medium and heavy loam 2062 10,4 14,2

Loess 1396 3,3 4,8

Alluvial 788 4,7 5,8

Medium sand 2476 10,2 12,4

Sand and slightly loamy sand 4262 34,6 24,8

Very fine sandy soil 739 4,2 4,6

Rendzina 235 1,1 1,6

Massive rocks 599 6,1 3,9

Peat and muck 1414 8,5 9,6

Gravel 88,4 0,9 0,5

Table 2. Parent rocks of soils in Poland [3]

2. Soil potassium–conceptual–functional approach

Potassium is the seventh most abundant element in the Earth’s crust representing on average
2,8% of total elemental composition. The average concentration of potassium in mineral soil
is 1,4%, ranging between 0,01-3,7% [5] and, hence it is the fourth or fifth the most abundant
element. The enrichment ratio, i.e. the relation between K in soil and K in Earth’s crust, for
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potassium is 0,67 and is similar to the one for another important plant nutrient, phosphorus.
In plant nutrition potassium is the second, after nitrogen element appearing in the highest
concentration. The most important, potassium bearing minerals are primary aluminosilicates
(feldspars, biotite and micas-muscovite) and secondary aluminosilicates called phyllosilicates.
The last group of minerals is formed either through weathering the primary minerals or
through the precipitation of secondary silicates [5]. Phyllosilicates and associated clay minerals
play the most important role in the soil processes governing the availability of potassium for
plants. Secondary clay minerals make up the greatest part of clay fraction of the soil charac‐
terized by particle less then 0,002 mm and, hence soils rich in clay fraction are generally
abundant in potassium.

Researches on potassium in agriculture, concerning soil are as a rule based on conceptual-
functional approach [6, 7, 8]. In this approach, four forms or pools of potassium have been
distinguished (Figure 3). The potassium in soil solution plays the pivotal role in plant nutrition.
This pool represents only up to 5% of the average plant demand for this element and not more
than 0,1–0,2% of the total content of potassium in the upper soil horizon. The exchangeable or
readily available potassium refers to the form of this element reversibly adsorbed on the edges
of soil secondary minerals making up about 1-2% of the total potassium. Non-exchangeable
or fixed potassium pool is slowly available for plants but represents a considerable 1–10% share
of the total amount of this element. This form of potassium is adsorbed on wedge sites of
secondary clay minerals, showing selectivity for potassium ions. The remaining pool called
structural or lattice potassium is held in the structure of the primary soil minerals, feldspars
and micas and becomes available for plants throughout very slowly running weathering
processes. A conceptual – functional approach is based on the recognition of soil mineralogy
and potassium transformation processes occurring in the soil. The availability of potassium
for plants is, in this approach recognized as well.

K exchangeable 
(readily available)

K in soil solution 
(immediately 

avaialable)

K structural (not 
available)

K fixed (slowly 
available)

Figure 3. Conceptual–functional approach, forms (pools) of potassium in soil [8]

In the soil's solution, potassium occurs as a monovalent cation K+ in the hydrated form. The
diameter of this cation, 0,66 nm is smaller than the diameter of sodium Na+, 0,72 nm. The
hydration number of potassium ion, i.e. the number of water particles surrounding K+, being
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In plant nutrition potassium is the second, after nitrogen element appearing in the highest
concentration. The most important, potassium bearing minerals are primary aluminosilicates
(feldspars, biotite and micas-muscovite) and secondary aluminosilicates called phyllosilicates.
The last group of minerals is formed either through weathering the primary minerals or
through the precipitation of secondary silicates [5]. Phyllosilicates and associated clay minerals
play the most important role in the soil processes governing the availability of potassium for
plants. Secondary clay minerals make up the greatest part of clay fraction of the soil charac‐
terized by particle less then 0,002 mm and, hence soils rich in clay fraction are generally
abundant in potassium.

Researches on potassium in agriculture, concerning soil are as a rule based on conceptual-
functional approach [6, 7, 8]. In this approach, four forms or pools of potassium have been
distinguished (Figure 3). The potassium in soil solution plays the pivotal role in plant nutrition.
This pool represents only up to 5% of the average plant demand for this element and not more
than 0,1–0,2% of the total content of potassium in the upper soil horizon. The exchangeable or
readily available potassium refers to the form of this element reversibly adsorbed on the edges
of soil secondary minerals making up about 1-2% of the total potassium. Non-exchangeable
or fixed potassium pool is slowly available for plants but represents a considerable 1–10% share
of the total amount of this element. This form of potassium is adsorbed on wedge sites of
secondary clay minerals, showing selectivity for potassium ions. The remaining pool called
structural or lattice potassium is held in the structure of the primary soil minerals, feldspars
and micas and becomes available for plants throughout very slowly running weathering
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and potassium transformation processes occurring in the soil. The availability of potassium
for plants is, in this approach recognized as well.

K exchangeable 
(readily available)

K in soil solution 
(immediately 

avaialable)

K structural (not 
available)

K fixed (slowly 
available)

Figure 3. Conceptual–functional approach, forms (pools) of potassium in soil [8]

In the soil's solution, potassium occurs as a monovalent cation K+ in the hydrated form. The
diameter of this cation, 0,66 nm is smaller than the diameter of sodium Na+, 0,72 nm. The
hydration number of potassium ion, i.e. the number of water particles surrounding K+, being

Potassium in Soils of Glacial Origin
http://dx.doi.org/10.5772/52005

209



10,5 is smaller as this number for sodium ion, 16,6. The K+ charge density, as the relation of its
charge to the radius, is 0,0075 C∙pm-1. Potassium does not form any chelates, ion pairs
and/or ion complexes in soil solution. The concentration of potassium in the soil solution is in
the range 0,1–1 mmol∙L-1 K+ i.e. up to 40 mg K∙dm-3. In Poland, in the previous research not
referred in this paper, the average concentration of potassium in 136 soil samples of glacial
origin was 30 mg K·L-1 and in 80% of samples it did not exceed 50 mg K·L-1 [10]. Due to very
high solubility of potassium compounds applied in fertilizers, potassium ions are almost
instantly removed from the soils solution by adsorption and plant uptake processes and the
solution is very rarely saturated with potassium ions. In the upper 30 cm soil layer, saturated
to field water capacity the content of potassium in soil solution is in the range 5–25 kg K·ha-1.
This content is far below the potassium requirements of high-yielding crops. However, this
pool is rather quickly replenished from the other pools, mainly from the exchangeable
potassium pool.

The exchangeable potassium is held at the non-specific adsorption sites of clay minerals
and at the phenolic and carboxylic groups of soil, organic matter. Potassium ion is adsor‐
bed  non-specifically  in  the  hydrated  form.  These  non-specific  adsorption  sites  occur  in
planar  “p” and edge “e”  position of  clay  minerals  and amorphous iron and aluminum
hydroxides (Figure 4) [11,13,14].

Figure 4. Model of 1:2 type clay mineral (illite) showing the positions of K+ adsorption [11].

Clay minerals have a sheet-like structure and are built of Si tetrahedral layer and Al octahedral
layer(s) in either 1:1 or 1:2 arrangement. Clay minerals are charged negatively due to the
isomorphous substitution of ions pairs having the same size and coordination number, but
differing in valences, i.e. Al3+ - Si4+ in tetrahedral layer and/or Mg2+-Al3+ in tetrahedral layer.
The arising negative charges of clay minerals are balanced by exchangeable cations, e.g.
potassium held at planar or edge positions. The 1:1 clays have very little isomorphous
substitution and hence low negative charge and cation exchange capacity. Negative charges
occur also at broken edges of mineral’s crystals at the surfaces of amorphous and oxide
minerals and soil organic matter [5,16]. The structure and properties of clay minerals and soil
organic matter SOM are presented in Table 3. In Poland the prevailing soil – layered minerals
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are hydrated micas and illite [Długosz et al. 2005], non-expanding minerals of low cation
exchange capacity.

Clay mineral Isomorphous substitution
Cation exchange

capacity cmol(+) kg-1

Kaolinite 1: 1 None 1 – 15

Montmorillonite 1: 2 (expanding) Mg for Al, Al for Si 80 – 150

Vermiculite (limited expanding) Al for Si 140 – 200

Hydrous mica (illite) (non expanding ) Al for Si, Mg for Al 40 – 70

Amorphous oxides 2 – 4

Soil organic matter 200

Table 3. Structure and properties of clay minerals and SOM [12, 13].

The soil solution as well as the soil adsorption complex contains not only potassium but other
cations as well. The total amount of cations for a certain element is partitioned amongst the
soil solution and the fraction of the element adsorbed as a complex. The prevailing cation in
well managed agricultural soils is calcium. To describe the relations between potassium and
calcium several kinetic equations of cation exchange have been developed [5, 14]. The best-
known and the most often used is Gapon equation [13]:

KG= K-soil n(Ca2+)1/2/ Ca1/2soil n(K+)

Where: KG is equilibrium constant often called selectivity coefficient, [K-soil] and [Ca1/2 soil]
are expressed in mol·kg-1 and (Ca2+)1/2 and (K+) in mol·L-1

The value of KG varies between the pair of exchanging cations and on the binding site at
the clay mineral. As lower the value of KG as easier is potassium exchanged for calcium
cation.  According  to  [11]  the  KG  for  p-position  is  2,21  (mM·L-1)-1/2,  for  e-position  is  102
(mM·L-1)-1/2  and  for  i-position  is  infinite  (Figure  4).  The  binding  selectivity  of  kaolinite
type 1:1 minerals and for the organic matter are close to this at p-position. Potassium ad‐
sorbed  in  p-position  and  e-position  at  clay  minerals  and  on  the  soil  organic  matter  is,
therefore, easily exchangeable and available for plants and adsorbed in i-position is prac‐
tically fixed and hence slowly available only.

Non-exchangeable or fixed potassium is held between tetrahedral layers of clay minerals like
hydrous micas and vermiculite (Figure 4). Potassium ion in non-hydrated form has almost the
same size as oxygen ion and fits perfectly into the spaces between sheets of 2:1 types of clay
minerals [15].The binding forces between K+ and mineral’s surfaces are greater than between
these cations themselves. It results in the partial collapse of clay structure and “entrapping”
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potassium ions at wedge position between tetrahedral layers. The ions of the similar size as
NH4

+, but not much larger Ca2+ and Mg2+, fit into these positions and can replace (exchange)
entrapped K+.

Structural or lattice potassium is covalently bonded with crystal structure of potassium rich
primary silicates minerals like micas (biotite, muscovite) showing layered structure and
feldspars (orthoclase, microcline) showing framework structure. Micas contain 8,7–9,8% of
potassium. These minerals are found in coarser fractions of soils, silt, sand and here included
potassium is freed in the long-term weathering processes (Figure 5). This pool of potassium is
practically unavailable for plants, at least in the perspective of crop rotation. The typical
weathering process runs from muscovite through hydro muscovite to illite and mixed clay
minerals kaolinite-illit or illit-montmorollinite. In these processes potassium ion is substituted
by hydroksyanion H3O+ and, hence each next product contains less potassium [16]. Clay
minerals can be formed as well as a secondary ones as a result of synthesis from the end-
products of weathering the feldspars.

Figure 5. Model of freeing potassium in the sequence of weathering processes the primary soil minerals [17].

3. Methods and materials

3.1. Operational–analytical approach

Conceptual – functional approach is theoretically oriented, and its focus is on the chemistry of
soil potassium and principles of potassium availability for crops. From agricultural point of
view more interesting is, however analytical approach focused on distinguishing by laboratory
methods the potassium forms and linking these forms with crop’s potassium requirements. In
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this approach, five analytical forms of potassium have been distinguished : water soluble,
available, reserve, nominal total and total (Table 4).

Potassium form Brief description of method Remarks

Water soluble KH2O

Extraction with water at soil/water

ratio 1: 5

Close to soil solution, form immediately

available for plants

Available (exchangeable ) Kex

Extraction with ammonium

acetate buffered to pH 7,0

Classical method of estimation , form

recognized as available

Available KDL

Extraction with calcium lactate

buffered with HCl to pH 3,5
Official method in Poland and Latvia

Available KCAL

Extraction with calcium acetate

and calcium lactate, buffered with

acetate acid to pH 3,7

Official method in Austria and Germany

Available KAL

Ammonium lactate, buffered with

acetate acid to pH 3,7

Official method in Lithuania, Slovenia and

Hungary

Available KMeh

CH3COOH,0,25NH4NO3, NH4F,

HNO3, EDTA

Mehlih-3 method, official in Estonia, Czech

Rebublic, Slovakia

Reserve Kres

Extraction with boiling mol·dm-3

HNO3

Close to fixed, form slowly available for plants

Nominal total Ksem

Extraction with hot HCl and HNO3

(Aqua Regia)
Very slowly available for crops

Total Ktot Fluorescence atomic spectrometry
Total content of potassium, unavailable for

crops

Soil texture

Except the soils from KALIFERT project soil texture was evaluated by the

“finger“ method directly in the field. In Kalifert, the full particle composition of soil

was analyzed quantitatively by laser method.

Table 4. Analytical form of potassium in the soils of glacial origin, mg K·kg-1 soil [18, 19]

Analytical forms of potassium, however, based on the conceptual pools differ from them quite
substantially. The amount of potassium extracted with water is higher than the amount in soil
solution. For this reason, it is expressed in mg K·kg-1 soil and not in mg K·L-1. Available
potassium includes the water soluble one and a part of exchangeable form of this element.
Otherwise the relations between exchangeable and available forms are statistically very close.
Reserve potassium has an analytical meaning only, although conceptually reflects the potas‐
sium pool entrapped in layers of non-expanding clay minerals. In the analytical approach two
forms of “total” potassium is distinguished. Nominal total Ksem is extracted with boiling Aqua
Regia and, apart from previously mentioned three forms includes a part of structural potas‐
sium of soil’s primary and secondary minerals. Total potassium can be measured either by
fusion with alkali or by roentgen spectrometry, and includes all, already distinguished forms
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(Aqua Regia)
Very slowly available for crops

Total Ktot Fluorescence atomic spectrometry
Total content of potassium, unavailable for

crops

Soil texture

Except the soils from KALIFERT project soil texture was evaluated by the

“finger“ method directly in the field. In Kalifert, the full particle composition of soil

was analyzed quantitatively by laser method.

Table 4. Analytical form of potassium in the soils of glacial origin, mg K·kg-1 soil [18, 19]

Analytical forms of potassium, however, based on the conceptual pools differ from them quite
substantially. The amount of potassium extracted with water is higher than the amount in soil
solution. For this reason, it is expressed in mg K·kg-1 soil and not in mg K·L-1. Available
potassium includes the water soluble one and a part of exchangeable form of this element.
Otherwise the relations between exchangeable and available forms are statistically very close.
Reserve potassium has an analytical meaning only, although conceptually reflects the potas‐
sium pool entrapped in layers of non-expanding clay minerals. In the analytical approach two
forms of “total” potassium is distinguished. Nominal total Ksem is extracted with boiling Aqua
Regia and, apart from previously mentioned three forms includes a part of structural potas‐
sium of soil’s primary and secondary minerals. Total potassium can be measured either by
fusion with alkali or by roentgen spectrometry, and includes all, already distinguished forms
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of this element and the whole potassium in soil minerals and organic substance. The analysis
for nominal potassium is much easier than for the total one and, therefore it is often applied
in research on soil potassium, which sometimes is a source of misunderstanding. Operational
- analytical approach was applied in the own investigation on potassium in soils of Poland,
executed in three research projects funded by Polish Ministry of Science and Higher Education.
These projects have been running in the years 2002-2005 (1st project), 2006 – 2008 (2ed project)
and 2009-2012 (3rd project). The 1st project was focused on so called available forms of potassium
and the relation between water soluble potassium KH2O and available one KDL and the 2ed on
different forms of potassium in Polish soils. The 3rd project is still running in scope of interna‐
tional collaboration with 10 countries belonging to MOEL group (Mttelosteuropaische
Lander). This collaboration was established already in 1998 for exchanging information and
standardizing methods of soil fertility investigation and fertilizer recommendations [23]. The
main aim of this project including not only the soils of glacial origin from Estonia, partly
Germany, Latvia, Lithuania and Poland but also soils from Austria, Czech Republic, Hungary,
Slovakia and Slovenia was to follow long-term changes in the soil’s potassium forms depend‐
ing on fertilization. Another aim was to compare the methods of estimation the content of so
called available potassium in the soils (see table 4) in different countries.

The results of all three projects have been partly published [8,18,19,21] but rather in a reports-
like way. In this paper the cross-synthesis of all projects, subordinated to the specific problems
is presented. In operational-analytical approach, the content of potassium forms is linked with
the soil texture and not with the mineralogical composition of soil. Mineralogical soil analysis
is very cumbersome, and depends considerably on the method of extraction the clay minerals.
Otherwise it is well known that the content of potassium increases from the coarse sand to the
clay soil’s fractions. According to Brogowski et al. [20] in soil composed of 38% of sand, 52%
silt and 10% of clay the share of total potassium in the fraction of sand was merely 13% in the
fraction of silt 64% and in the fraction of clay 23%. The conclusion is that total potassium is
under-proportionally located in sand fraction, almost proportionally in silt and over-propor‐
tionally in clay fraction.

4. Results

4.1. Water soluble KH2O–versus available KDL potassium

In the years 2006 and 2007 each of the 17 Agrochemical Laboratories operating in Poland
collected about 1.600 representative soil samples and analyzed them for soil texture, soil pH
and the content of available potassium KDL. In the same soil samples, the content of water
soluble KH2O potassium was estimated in the laboratory of the Institute of Soil Science and Plant
Cultivation at Puławy using method described in Table 4. In the population of almost 24.000
soil samples the content of both potassium forms was significantly differentiated depending
on soil texture (soil category) and soil pH. The mean values of the KH2O and KDL contents in the
classes of soil texture and soil reaction are presented in tables 5 and 6. Due to the far from
normal distribution of the data, medians were presented along with average values.
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Soil category
No of

samples

KDL mg K·kg-1 soil KH2O mg K·kg-1 soil % KH2O in KDL

average median average median average median

very light 2044 86,3 78,0 27,5 24,2 33,3 32,1

light 10290 115,2 108,7 32,1 28,6 28,7 27,4

medium 9492 130,7 124,5 28,2 24,5 21,9 20,8

heavy 1832 135,2 120,8 25,2 21,1 19,2 17,8

all soils 23658 120,4 112,0 29,6 26,1 25,6 24,2

Table 5. The content of potassium forms depending on the soil category [19]

Soil

reaction,pH

No of

samples

KDL mg K·kg-1 soil KH2O mg K·kg-1 soil % KH2O in KDL

average median average median average median

very acid 4012 87,9 75,5 21,2 18,4 26,9 25,4

acid 6934 117,8 111,2 27,9 25,2 25,0 23,5

slightly acid 6488 132,7 126,2 32,2 29,8 25,0 23,9

neutral 3668 137,3 128,2 34,7 31,1 25,4 24,4

alkaline 2554 123,6 115,4 33,0 29,1 26,9 25,5

Table 6. The content of potassium forms depending on soil pH [19]

The content of available potassium increases in the direction from the very light and light soils
to the medium and heavy soils and from the very acid soils to the neutral ones. Alkaline soils
contain less available potassium than the slightly acid and neutral ones. The content of water
soluble potassium is admittedly the lowest in the very light soils, but soils of remaining
categories show rather similar content of this potassium form. The content of water soluble
potassium depends more on the soil's acidity and increases significantly in the direction from
the very acid to alkaline soils. In the whole population of soil samples, the mean share of water
soluble potassium makes about a quarter of the available form of this element. This share
decreases significantly in the direction from the very light to heavy soils. Due to the opposing
tendency in changing the content of available (increase) and water soluble (decrease) content
of potassium in conformity with soil pH, the share of KH2O in KDL is practically independent of
this soil characteristic. Generally, the heavier soils are more abundant in available forms of
potassium, but this element is less accessible for the crops in comparison with the coarse-
textured soils. Increasing soil pH influences, however, positively both the content of available
and water-soluble forms of potassium. The latter is easily accessible for the crops. These
statements are very important in Poland due to the prevalence the very light and light soils
and the high soil acidity. Between the content of available potassium and potassium soluble
in water exists a significant correlation and this relation was quantified by linear regression
models. Two approaches were applied here: multiplicative regression analysis for each soil
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of this element and the whole potassium in soil minerals and organic substance. The analysis
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ing on fertilization. Another aim was to compare the methods of estimation the content of so
called available potassium in the soils (see table 4) in different countries.

The results of all three projects have been partly published [8,18,19,21] but rather in a reports-
like way. In this paper the cross-synthesis of all projects, subordinated to the specific problems
is presented. In operational-analytical approach, the content of potassium forms is linked with
the soil texture and not with the mineralogical composition of soil. Mineralogical soil analysis
is very cumbersome, and depends considerably on the method of extraction the clay minerals.
Otherwise it is well known that the content of potassium increases from the coarse sand to the
clay soil’s fractions. According to Brogowski et al. [20] in soil composed of 38% of sand, 52%
silt and 10% of clay the share of total potassium in the fraction of sand was merely 13% in the
fraction of silt 64% and in the fraction of clay 23%. The conclusion is that total potassium is
under-proportionally located in sand fraction, almost proportionally in silt and over-propor‐
tionally in clay fraction.

4. Results

4.1. Water soluble KH2O–versus available KDL potassium

In the years 2006 and 2007 each of the 17 Agrochemical Laboratories operating in Poland
collected about 1.600 representative soil samples and analyzed them for soil texture, soil pH
and the content of available potassium KDL. In the same soil samples, the content of water
soluble KH2O potassium was estimated in the laboratory of the Institute of Soil Science and Plant
Cultivation at Puławy using method described in Table 4. In the population of almost 24.000
soil samples the content of both potassium forms was significantly differentiated depending
on soil texture (soil category) and soil pH. The mean values of the KH2O and KDL contents in the
classes of soil texture and soil reaction are presented in tables 5 and 6. Due to the far from
normal distribution of the data, medians were presented along with average values.
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average median average median average median
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neutral 3668 137,3 128,2 34,7 31,1 25,4 24,4

alkaline 2554 123,6 115,4 33,0 29,1 26,9 25,5

Table 6. The content of potassium forms depending on soil pH [19]

The content of available potassium increases in the direction from the very light and light soils
to the medium and heavy soils and from the very acid soils to the neutral ones. Alkaline soils
contain less available potassium than the slightly acid and neutral ones. The content of water
soluble potassium is admittedly the lowest in the very light soils, but soils of remaining
categories show rather similar content of this potassium form. The content of water soluble
potassium depends more on the soil's acidity and increases significantly in the direction from
the very acid to alkaline soils. In the whole population of soil samples, the mean share of water
soluble potassium makes about a quarter of the available form of this element. This share
decreases significantly in the direction from the very light to heavy soils. Due to the opposing
tendency in changing the content of available (increase) and water soluble (decrease) content
of potassium in conformity with soil pH, the share of KH2O in KDL is practically independent of
this soil characteristic. Generally, the heavier soils are more abundant in available forms of
potassium, but this element is less accessible for the crops in comparison with the coarse-
textured soils. Increasing soil pH influences, however, positively both the content of available
and water-soluble forms of potassium. The latter is easily accessible for the crops. These
statements are very important in Poland due to the prevalence the very light and light soils
and the high soil acidity. Between the content of available potassium and potassium soluble
in water exists a significant correlation and this relation was quantified by linear regression
models. Two approaches were applied here: multiplicative regression analysis for each soil
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category separately and model of comparison the linear regressions including four soils
categories jointly. The calculations were performed using two adequate procedures, a multi‐
plicative regression model and comparison of regression lines model, offered by statistical
package Statgraphic 5+. The regression equations for multiplicative model are presented below
in frame.

Very light soils: KDL = 4,7689·KH2O^0,8698 R2 = 0,74

Light soils : KDL = 6,9677·KH2O^0,8068 R2 = 0,71

Medium soils: KDL = 12.5141·KH2O^0,7023 R2 = 0,65

Heavy soils: KDL = 10,8869·KH2O^0,7788 R2 = 0,70

On the base of these equations the content of available potassium KDL can be calculated for a
given range of potassium soluble in water KH2O contents, separately for soil categories. Such
calculation has been performed in a new approach to calibrate the content of available
potassium KDL in soils of glacial origin in Poland (Table 7). For a better visualization of the
dependence on the relation KDLKH2O the comparison of regression lines model offered by
Statgraphic 5+ package has been applied (Figure 6) as well.

Figure 6. Relation between available KDL and water soluble KH2O potassium depending on soil category (comparison of
regression lines)

From this model the conclusion is easily drown, that as heavier is a soil as steeper is the slope
of the regression line corresponding to this relation. In practice it means that by the same
content of available potassium KDL the concentration of potassium ions, hence its accessibility
for plants is much higher in the very light against the heavy soils. This model, however gives
a transparent picture, is limited to straight regression lines only and therefore its predictability
(one correlation coefficient only) is lower than the already presented multiplicative regression
model (in frame). By interpretation the already presented data, one must remember that the
number of soil's samples and therefore its representation was the highest for light and medium
soils as well as for soils characterized by acid and slightly acid reaction. Data for the very light
and very acid soils (Tables 5, 6) were less representative.
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Since 1985, the five classes of available potassium content KDL (along with phosphorus) are
implemented in Poland. The ranges of potassium content in such classes are originating from
the previous partition into three classes and have not been changed ever since. Grounding on
the large number of soil samples (24.000) in which the content of water soluble and available
soil potassium has been measured simultaneously the modification of official classes has been
suggested. The idea underlying this suggestion was to link the content of available potassium
KDL with the content of water soluble KH2O one, which is directly accessible to plant roots,
according to the following procedure. The whole range of data concerning KH2O,for each soil
category separately, was split into pentiles, around the median value. For the lower and upper
limits of each pentile the corresponding KDL have been calculated using the regression
equations included above in the frame. Such calculated ranges of KDL values are proposed as
the new classes of available potassium content in soils of glacial origin in Poland. The details
of this idea have been presented in separate publication [19]. For the sake of further consider‐
ation the official and proposed critical values of available potassium content are, however,
presented in Table 7.

Soil

category

KDLmgK·kg-1 soil, official classes KDLmgK·kg-1 soil, proposed classes

Very

low
Low Medium* High

Very

high

Very

low
Low Medium High

Very

high

very light < 20 21-62 63-103 104-145 >146 < 50 51-70 71-90 91-120 > 121

light < 41 41-83 84-124 125-166 > 167 < 65 66-90 91-115 92-140 >141

medium < 62 63-104 105-166 167-207 >208 <85 86-110 87-140 141-170 >171

heavy <83 84-124 125-207 208-249 >250 < 90 91-120 92-155 156-200 >201

*threshold range focused on in the fertilizer recommendation system in Poland

Table 7. The official and proposed [19] classes of available potassium in soils of Poland

From the comparison of the official and proposed classes of available potassium content
appears that official system undervalues potassium contents in very light and light soils as
well as in the very low and low classes of KDL. Overvalued are, indeed values for high and very
high values of potassium content, independently of the soil texture. There is resemblance of
both classifications in the range of medium potassium content and, with the exception of heavy
soils quite similar are medians for proposed and the official systems. The author's proposition
is focused on improving the officially accepted and being in use for over 25 years system of
soil classification for available potassium content. In this proposition, the special position has
the medium class for KDL. Medium class is proposed as the threshold range for potassium
content, which should be accomplished and kept on in the sustainable system of fertilization.
However this proposition needs the further development, particularly in the very light and
heavy soils categories for which the number of samples was not fully representative.
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4.2. The content of available potassium KDL in soils of Poland

In Poland, 17 Agrochemical Laboratories subjected to Ministry of Agriculture and Rural
Development and covering with their activity the whole country’s territory, are operating. The
main task of these Laboratories is soil and plant testing and launching fertilizer recommen‐
dations. Every year several thousand soil samples are being analyzed for the soil pH and the
content of available forms of potassium, phosphorus and magnesium. The results are making
available for farmers, but they are collected in the data bank as well. Every fourth year the data
are subjected to statistical analysis and published with the aim to monitoring the soil fertility
status in Poland. The synthesis of the data concerning the content of available potassium,
including the results of over 950.000 soil samples analyzed over the years 2004–2008 is
presented in the following tables [4]. The synthesis reveals that the content of available
potassium KDL depends on the soil category and soil pH (Table 8) which is in accordance with
the data already presented for 24.000 soils samples.

Soil category
mg K·kg-1 soil

Soil acidity
mg K·kg-1 soil

average median average median

very light (37.170)* 91,2 76,0 very acid 88,9 74,7

light ( 376.602) 126 112 acid 118 105

medium (413.098) 159 143 slightly acid 138 126

heavy (130.681) 195 183 neutral 144 129

total (957.551) 148 130 alkaline 134 120

*number of soil samples

Table 8. The content of available potassium in soils of Poland [4]

The numeric data have been categorized and presented in the tables of contingency (Tables 9
and 10), which better visualize the link between potassium content and soil categories, and/or
soil pH. Categorization of samples is based on the official classes of potassium content (Table 7)

Soil category
% samples in the classes of available potassium content

very low low medium high very high

very light 7,06 42,97 28,84 12,29 8,84

light 12,20 31,19 27,66 15,78 13,18

medium 17,25 24,45 31,53 12,86 13,91

heavy 15,88 20,02 41,46 9,67 12,97

total 14,68 27,21 31,26 13,55 13,30

Table 9. The ratio of soils samples in different classes of potassium content depending on soil category [4]

Soil Processes and Current Trends in Quality Assessment218

As follows from Table 9 one-half of the area of the very light soils is very poor in available
potassium, while 20% of these soils show high and very high content of this element. Most of
the medium and heavy soils contains medium to very high content of potassium.

Soil acidity
% samples in the classes of available potassium content

total
very low low medium high very high

very acid 25,85 37,08 24,37 7,49 5,21 20,21

acid 13,97 28,76 32,47 13,47 11,33 29,39

slightly acid 9,96 22,35 34,30 16,56 16,83 28,00

neutral 10,48 21,69 32,52 15,83 19,48 14,74

alkaline 13,30 23,66 31,22 14,44 17,38 7,66

Table 10. The ratio of soils samples in different classes of potassium content depending on soil acidity [4]

The data in Table 10 prove that very acid and acid soils are simultaneously poor in available
potassium, while over 60 % of neutral and alkaline soils contain medium to very high K content.
In the whole Poland around 42 % of soils shows the very low and low content of available
potassium. On this area the recommended rates of potassium fertilizers exceed the of-take of
this element with the crop yields. The surplus of potassium would contribute to increase the
content of available nutrient and should bring the soil in the future to the medium class. The
content of available potassium is substantially differentiated among the country’s regions
(Figure 7). In eight regions (administrative units), the ratio of soils poor in potassium is over
40% and only in three regions it does not exceed 30%. These differences are partly grounded
on pedological soil origin but also on different management practices in agriculture. It
concerns, mainly, different among regions consumption of potassium fertilizers and limestone,
which influence the soil acidity and indirectly the content of available potassium forms. This
problem lays, however outside the scope of the paper.

4.3. Comparison different method for estimation the available form of potassium

In the Central-Eastern European countries (see MOEL group in Materials) different methods
are applied for estimation the available potassium in soil. In scope of the MOEL co-operation,
the research project has been launched on comparison the methods used in ten countries (see
last chapter). Altogether, 132 soil samples have been collected from long-term field experi‐
ments in the treatments without and with potassium fertilization and two soil layers, 0-25 and
25-50 cm. The samples were analyzed for the content of exchangeable potassium Kex, which
was included as a reference method, and available potassium by methods presented in Table
4. Considering very different texture of individual soils the variability of data was big enough
for making the reliable comparison of the applied methods (Table 11).
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The data in Table 10 prove that very acid and acid soils are simultaneously poor in available
potassium, while over 60 % of neutral and alkaline soils contain medium to very high K content.
In the whole Poland around 42 % of soils shows the very low and low content of available
potassium. On this area the recommended rates of potassium fertilizers exceed the of-take of
this element with the crop yields. The surplus of potassium would contribute to increase the
content of available nutrient and should bring the soil in the future to the medium class. The
content of available potassium is substantially differentiated among the country’s regions
(Figure 7). In eight regions (administrative units), the ratio of soils poor in potassium is over
40% and only in three regions it does not exceed 30%. These differences are partly grounded
on pedological soil origin but also on different management practices in agriculture. It
concerns, mainly, different among regions consumption of potassium fertilizers and limestone,
which influence the soil acidity and indirectly the content of available potassium forms. This
problem lays, however outside the scope of the paper.

4.3. Comparison different method for estimation the available form of potassium

In the Central-Eastern European countries (see MOEL group in Materials) different methods
are applied for estimation the available potassium in soil. In scope of the MOEL co-operation,
the research project has been launched on comparison the methods used in ten countries (see
last chapter). Altogether, 132 soil samples have been collected from long-term field experi‐
ments in the treatments without and with potassium fertilization and two soil layers, 0-25 and
25-50 cm. The samples were analyzed for the content of exchangeable potassium Kex, which
was included as a reference method, and available potassium by methods presented in Table
4. Considering very different texture of individual soils the variability of data was big enough
for making the reliable comparison of the applied methods (Table 11).
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Figure 7. The percent of soils poor in potassium in regions of Poland [4]

Potassium

form

mg K∙kg-1soil

light soils(46)* medium soil(26) heavy soils(24) very heavy soils(36) total (132)

average std** average std** average std** average std** average Std2

Kex 72,2 37,1 122 75,0 135 72,5 168 91,1 120 78,6

KDL 75,5 35,4 119 83,9 112 69,1 116 78,2 102 66,7

KCAL 54,6 32,9 90,0 61,8 83,3 47,9 93,3 60,0 77,3 52,5

KAL 128 55,6 186 111 197 95,6 238 127 182 106

KMeh 88,6 40,1 137 74,2 144 64,9 176 88,6 132 75,3

*number of samples, **standard deviation

Table 11. The content of available potassium by different methods [21]

The average amounts of potassium extracted by different methods were in the following
decreasing order: KAL > Kex >KMeh>K DL>KCAL. Exchangeable potassium Kex is a form (pool)
defined conceptually. Therefore, it may be presumed that the method of available potassium
determination is as better as its results correlate closer with this theoretically grounded pool
(Table 12).
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Test Kex KDL (X) KCAL (X) KAL (X) KMeh (X)

KMeh 0,98 0,92 0,93 0,97 -

KAL 0,97 0,94 0,95 - KAL=-0,69+1,38X

KCAL 0,91 0,97 - KCAL=-8,14+0,47X KCAL=-8,64+0,65X

KDL 0,90 - KDL=5,96+1,24X KDL=-6,32+0,59X KDL=-6,36+0,82X

Kex - Kex=11,27+1,07X Kexm=14,17+1,36X Kex=-10,2+0,71X Kex=-15,9+1,03X

Table 12. Relationships between pairs of examined soil tests of available potassium

The closest correlation has been found between exchangeable potassium Kex and the Mehlich
3 method KMeh. Besides, the slope of the regression line between these two methods is close to
one, which means that both lines run parallel. However, using Mehlich 3 method somewhat
higher amounts of potassium are extracted. Similar proportionality has been also found
between Kex and KDL, although the correlation coefficient between these two potassium forms
is weaker than between Kex and KMeh. The highest amounts of potassium are extracted using
KAL method, and it seems that with this method, not only exchangeable potassium but a part
of reserve form Kres is estimated.

4.4. The content and proportion of different potassium forms in Polish soils

In the years 2002–2004, in the areas of the oldest glaciation periods (Sanian I and Sanian II, see
Figure 2) seven hundreds soils samples representing medium and heavy soils have been
collected. The samples, from the soil layers 0-25 cm and 25-50 cm were analyzed for soil pH,
and the content of different forms of potassium by methods described in Table 3. Factor which
the most influence the content of all potassium forms was soil categories, i.e. the content of
soil's particles less then 0,02 mm (Table 13).

Soil

category

No of

samples

KH2O Kex Kres Ksem

0-25 cm
25-50

cm
0-25 cm

25-50

cm
0-25 cm

25-50

cm
0-25 cm

25-50

cm

v.light 32 17 8,87 59,1 31,1 156 97 234 226

light 177 24,3 14,9 91,3 56,0 254 195 503 440

medium 253 22,0 13,8 112 72,6 382 204 872 789

heavy 238 21,6 10,1 166 104 655 470 2372 2256

Table 13. The content of potassium forms in two soil layers (medians) mg K·kg-1 soil [18,19,22].

The content of all forms of potassium, except the water soluble one increased significantly from
the very light to the heavy soils. The water-soluble potassium KH2O makes 0,7-5%, exchangeable
potassium Kex 7-18% and reserve potassium Kres 23-45% of the nominal total potassium. In
these ranges, the ratio of available or slowly available potassium forms in the nominal total
potassium was the highest in the very light and the lowest in heavy soils.Therefore the coarse-
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The closest correlation has been found between exchangeable potassium Kex and the Mehlich
3 method KMeh. Besides, the slope of the regression line between these two methods is close to
one, which means that both lines run parallel. However, using Mehlich 3 method somewhat
higher amounts of potassium are extracted. Similar proportionality has been also found
between Kex and KDL, although the correlation coefficient between these two potassium forms
is weaker than between Kex and KMeh. The highest amounts of potassium are extracted using
KAL method, and it seems that with this method, not only exchangeable potassium but a part
of reserve form Kres is estimated.

4.4. The content and proportion of different potassium forms in Polish soils

In the years 2002–2004, in the areas of the oldest glaciation periods (Sanian I and Sanian II, see
Figure 2) seven hundreds soils samples representing medium and heavy soils have been
collected. The samples, from the soil layers 0-25 cm and 25-50 cm were analyzed for soil pH,
and the content of different forms of potassium by methods described in Table 3. Factor which
the most influence the content of all potassium forms was soil categories, i.e. the content of
soil's particles less then 0,02 mm (Table 13).
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medium 253 22,0 13,8 112 72,6 382 204 872 789

heavy 238 21,6 10,1 166 104 655 470 2372 2256

Table 13. The content of potassium forms in two soil layers (medians) mg K·kg-1 soil [18,19,22].

The content of all forms of potassium, except the water soluble one increased significantly from
the very light to the heavy soils. The water-soluble potassium KH2O makes 0,7-5%, exchangeable
potassium Kex 7-18% and reserve potassium Kres 23-45% of the nominal total potassium. In
these ranges, the ratio of available or slowly available potassium forms in the nominal total
potassium was the highest in the very light and the lowest in heavy soils.Therefore the coarse-
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textured soils although contain considerably less potassium, the greater part of it appears in
the form immediately available and readily available for crops.The relative content of potas‐
sium in the subsoil against the plow soil layer was 56%, 60%, 66% and 87% for water soluble,
exchangeable, reserve and nominal total potassium forms respectively. It means that the plow
soil's layer (0-25 cm) is enriched, particularly in the potassium forms available for crops.

4.5. Long–term changes in potassium forms

In 2010 in 10 countries belonging to MOEL group (see Materials) at least one or more long-
term fertilizers experiments, including treatments with NPK and without NP potassium
fertilization has been selected. In 2010 soil samples from these treatments and from two soil
layers 0-25(30) cm and 25(30)-50(60cm) were collected and prepared for analysis. All soils from
Estonia,Latvia, Lithuania and Poland were of glacial origin and have been characterized by
coarse texture as light ones. These soils fall in the topic of the paper and other soils, of much
heavier structure make a frame of reference. Soil analysis has been performed by methods
presented in Table 4. It is worth to emphasize that in this particular project, the soil texture
was analyzed by laser method and the total content (not only seemingly total) of potassium
has been estimated by the fluorescence atomic spectrometry. The content of all potassium
forms are included in Table 14.

Potassium pool

mgK∙kg-1 soil

Soil category* Soil level cm Fertilization

light** medium heavy v.heavy 0-25 25-50 NP NPK

samples 46 26 24 36 66 66 61 71

KH2O 14,6 17,0 14,8 12,3 16,8 12,0 11,8 17,0

Kex 72,2 122 135 168 135 104 100 137

Kres 339 525 762 964 651 595 618 628

Ksem 1624 2903 4719 5892 3513 3692 3552 3640

Ktotal 14051 14675 15360 15877 14852 14968 14798 15009

* light < 20% of silt, medium 20-35% silt, heavy 35-50% silt, very heavy > 50% silt, silt particles less then 0,02 mm. ** soils
of glacial origin friom Estonia, Latvia, Lithuania and Poland

Table 14. The content of potassium forms depending on soil texture (category) [8]

The factor which most strongly determinates the content of all pools of potassium, except the
immediately available KH2O, is a soil category, i.e. the percent of silt. The differences in the
content of Kex, Kres and Ksem between the light and very heavy soils are two and three-folds and
in the content of total potassium Ktot reaches almost 15%. The content of immediately available
potassium KH2O is practically independent of soil category and is generally higher in light and
medium, than in heavy and very heavy soils. The content of two pools of potassium (KH2O and
Kex), accessible for plants was higher in the upper soil layer in comparison to the subsoil while
slowly available Kres and structural pools (Ksem and Ktot ) seem to be more uniformly distributed
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in the soil profile 0-50 cm. Long term application of potassium fertilizers showed a positive
effect on the content of KH2O and Kex pools of this element. However, the reserve Kres and total
potassium Ktot contents in the soil have hardly changed in spite of long-term soil mining from
this element in the control treatment. There is a strong correlation between immediately
available KH2O and readily available Kex potassium and the weaker between KH2O and Kres. No
correlation exists between immediately available and total (Ksem, Ktot) potassium. Readily
available potassium Kex correlated the strongest with slowly available one Kres and significantly
with the pools of total potassium. The strongest estimated correlation was between the slowly
available and total potassium and, between both operationally distinguished pools of total
potassium. The ratio of potassium forms has been calculated against the pool of total potassium
Ktot (Figure 8) and/or the pool of nominal total potassium Ksem (Figure 9). Both approaches
provide inconsistent results, when related to the soil texture.
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textured soils although contain considerably less potassium, the greater part of it appears in
the form immediately available and readily available for crops.The relative content of potas‐
sium in the subsoil against the plow soil layer was 56%, 60%, 66% and 87% for water soluble,
exchangeable, reserve and nominal total potassium forms respectively. It means that the plow
soil's layer (0-25 cm) is enriched, particularly in the potassium forms available for crops.

4.5. Long–term changes in potassium forms

In 2010 in 10 countries belonging to MOEL group (see Materials) at least one or more long-
term fertilizers experiments, including treatments with NPK and without NP potassium
fertilization has been selected. In 2010 soil samples from these treatments and from two soil
layers 0-25(30) cm and 25(30)-50(60cm) were collected and prepared for analysis. All soils from
Estonia,Latvia, Lithuania and Poland were of glacial origin and have been characterized by
coarse texture as light ones. These soils fall in the topic of the paper and other soils, of much
heavier structure make a frame of reference. Soil analysis has been performed by methods
presented in Table 4. It is worth to emphasize that in this particular project, the soil texture
was analyzed by laser method and the total content (not only seemingly total) of potassium
has been estimated by the fluorescence atomic spectrometry. The content of all potassium
forms are included in Table 14.

Potassium pool

mgK∙kg-1 soil

Soil category* Soil level cm Fertilization
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* light < 20% of silt, medium 20-35% silt, heavy 35-50% silt, very heavy > 50% silt, silt particles less then 0,02 mm. ** soils
of glacial origin friom Estonia, Latvia, Lithuania and Poland

Table 14. The content of potassium forms depending on soil texture (category) [8]

The factor which most strongly determinates the content of all pools of potassium, except the
immediately available KH2O, is a soil category, i.e. the percent of silt. The differences in the
content of Kex, Kres and Ksem between the light and very heavy soils are two and three-folds and
in the content of total potassium Ktot reaches almost 15%. The content of immediately available
potassium KH2O is practically independent of soil category and is generally higher in light and
medium, than in heavy and very heavy soils. The content of two pools of potassium (KH2O and
Kex), accessible for plants was higher in the upper soil layer in comparison to the subsoil while
slowly available Kres and structural pools (Ksem and Ktot ) seem to be more uniformly distributed
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in the soil profile 0-50 cm. Long term application of potassium fertilizers showed a positive
effect on the content of KH2O and Kex pools of this element. However, the reserve Kres and total
potassium Ktot contents in the soil have hardly changed in spite of long-term soil mining from
this element in the control treatment. There is a strong correlation between immediately
available KH2O and readily available Kex potassium and the weaker between KH2O and Kres. No
correlation exists between immediately available and total (Ksem, Ktot) potassium. Readily
available potassium Kex correlated the strongest with slowly available one Kres and significantly
with the pools of total potassium. The strongest estimated correlation was between the slowly
available and total potassium and, between both operationally distinguished pools of total
potassium. The ratio of potassium forms has been calculated against the pool of total potassium
Ktot (Figure 8) and/or the pool of nominal total potassium Ksem (Figure 9). Both approaches
provide inconsistent results, when related to the soil texture.
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The relative content of all potassium forms (except the water soluble one) calculated against
the total potassium Ktot increased systematically from the very light to very heavy soils.
However, the ratio of all potassium forms calculated against the nominal total potassium,
decreased in the same direction. This discrepancy has not yet deserve special attention in the
available literature and needs further research. The relative content of potassium forms in light
soils (mainly of glacial origin), against the nominal total potassium is very close to those found
in the research conducted in scope of the 1st project in the years 2002-2005 [18]. From this
finding, it can be concluded and recommended that by relating the content of different
potassium forms to the total potassium a clear distinction should be made between the nominal
total Ksem and total Ktot forms. Such differentiation is particularly relevant, due to analytical
problems in many research conducted on soil potassium, for which only nominal total form
of this element is estimated.

It has been already mentioned that in this research, the content of clay (soil particles less than
0,002 mm) and silt (soil particles less than 0,02 mm) was quantitatively estimated by a
diffraction laser method. It was therefore, possible to calculate the degree of clay and silt
saturation by different forms of potassium (Table 15).

Potassium pool

mg K per 1% of clay mg K per 1% of fine fraction**

without potassium

NP

with potassium

NPK

without potassium

NP

with potassium

NPK

Exchangeable Kex 1,15 (0,69)* 2,03 (1,53) 0,30 (0,15) 0,50 (0,30)

Reserve Krez 7,25 (3,45) 9,01 (4,88) 1,88 (0,74) 2,06 (0,76)

nominal total Ksem 37,7 (12,3) 47,1 (23) 10,1 (2,98) 11,6 (3,79)

Total Ktot 208 (123) 253 (163) 56 (30) 60,0 (32,6)

*In parenthesis the standard deviation, ** particles <0,02 mm

Table 15. Saturation of clay and fine fraction with different potassium forms, depending on the long-term fertilization
with this element [8]

Results from Table 15 indicate, that the arable soils in Central-Eastern Europe, properly
fertilized contain about 2 mg of readily available Kex and about 9 mg of slowly available Kres

potassium per 1% of clay and respectively 0,5 mg of readily available and about 2 mg slowly
available potassium per 1% of fine fraction. Long–term soil mining from potassium resulted
in diminishing the saturation of clay and silt with readily available potassium Kex by about
70% and the saturation with slowly available potassium Krez by about 20%.

According to the results achieved in this project, comparison of potassium content in different
forms at the beginning of experiments, with the amount taken up by crops in this period of
time was also preliminary considered (Table 16). This problem is beyond the scope of this
paper and, besides might deserve the further research.
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K pool

Light soils Medium soils Heavy soils Very heavy soils

0-25 25-50
off*tak

e
0-25 25-50

off

take
0-25 25-50

off

take
0-25 25-50

off

take

KH2O 75 57

24
76

86 66

28
71

79 44

31
93

69 37

33
74

Kex 390 259 653 483 694 464 797 614

Krez 1368 1236 2152 1938 3150 2580 3999 3445

Ksem 6253 7115 10992 11126 17973 18404 22742 22512

Ktot 53028 53470 55064 55560 58120 58184 60220 59910

*sum of the potassium removed from the soil by all crops grown in experiments

Table 16. The amount of potassium at the beginning of experiments, in the soil layers 0-25 cm and 25-50 cm, against
its off take with crop yields in the NP treatment, kg K∙ha-1.[8]

Independently, of soil texture the amount of exchangeable potassium Kex in the first 0-50 cm
of the soils profile 0-50 cm does not meet the long-term plant’s requirements for this element.
Therefore, this pool needs to be constantly replenished from the pool of slowly available
potassium Krez. In the light soil even this pool in the soil profile 0-50 cm hardly matches the
long-term plant requirements and had to be supplemented from the structural pool of
potassium Ksem. In the medium soil, the amount of slowly available potassium Krez in the upper
soil level is too small against the plant requirements and only the amount in the soil profile
0-50 cm suffices to fulfill these requirements. In the heavy and very heavy soils, the upper soil
level, 0-25 cm contains enough slowly available potassium to cover the long-term plant’s
requirements for this element. The amount of available and slowly available potassium was
higher in the upper soil level in comparison to the subsoil. This regularity does not concern
the nominal total Ksem and total Ktot potassium pools, which practically do not differ between
the soil levels. It leads to the conclusion that upper level of arable soils is enriched with plant
accessible potassium

5. Summary and conclusions

Most of the soils in Poland are of glacial origin and are formed from poorly sorted clays and
sands of moraines and fluvial-glacial sands. These soils are deeply leached down, poor in bases
and, therefore, acid. Almost 60% of the soils belong to very light and light categories, i.e. contain
less than 20% of fine fraction and over 50% of soils are very acid and acid. The content of organic
matter is generally low and very low even at the limit established in Poland, which is below
2,0% of SOM. In the paper, two approaches to potassium in the soil are presented. The first
approach, conceptual – functional, is based upon the literature data, and it focuses on the
defined potassium pools and physicochemical processes governing the potassium dislocation
between these pools. The second approach, operational-analytical, concerns the potassium
forms isolated from the soil samples using chemical methods. The second approach has been
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The relative content of all potassium forms (except the water soluble one) calculated against
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available literature and needs further research. The relative content of potassium forms in light
soils (mainly of glacial origin), against the nominal total potassium is very close to those found
in the research conducted in scope of the 1st project in the years 2002-2005 [18]. From this
finding, it can be concluded and recommended that by relating the content of different
potassium forms to the total potassium a clear distinction should be made between the nominal
total Ksem and total Ktot forms. Such differentiation is particularly relevant, due to analytical
problems in many research conducted on soil potassium, for which only nominal total form
of this element is estimated.

It has been already mentioned that in this research, the content of clay (soil particles less than
0,002 mm) and silt (soil particles less than 0,02 mm) was quantitatively estimated by a
diffraction laser method. It was therefore, possible to calculate the degree of clay and silt
saturation by different forms of potassium (Table 15).
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*In parenthesis the standard deviation, ** particles <0,02 mm

Table 15. Saturation of clay and fine fraction with different potassium forms, depending on the long-term fertilization
with this element [8]

Results from Table 15 indicate, that the arable soils in Central-Eastern Europe, properly
fertilized contain about 2 mg of readily available Kex and about 9 mg of slowly available Kres

potassium per 1% of clay and respectively 0,5 mg of readily available and about 2 mg slowly
available potassium per 1% of fine fraction. Long–term soil mining from potassium resulted
in diminishing the saturation of clay and silt with readily available potassium Kex by about
70% and the saturation with slowly available potassium Krez by about 20%.

According to the results achieved in this project, comparison of potassium content in different
forms at the beginning of experiments, with the amount taken up by crops in this period of
time was also preliminary considered (Table 16). This problem is beyond the scope of this
paper and, besides might deserve the further research.
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Independently, of soil texture the amount of exchangeable potassium Kex in the first 0-50 cm
of the soils profile 0-50 cm does not meet the long-term plant’s requirements for this element.
Therefore, this pool needs to be constantly replenished from the pool of slowly available
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accessible potassium
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Most of the soils in Poland are of glacial origin and are formed from poorly sorted clays and
sands of moraines and fluvial-glacial sands. These soils are deeply leached down, poor in bases
and, therefore, acid. Almost 60% of the soils belong to very light and light categories, i.e. contain
less than 20% of fine fraction and over 50% of soils are very acid and acid. The content of organic
matter is generally low and very low even at the limit established in Poland, which is below
2,0% of SOM. In the paper, two approaches to potassium in the soil are presented. The first
approach, conceptual – functional, is based upon the literature data, and it focuses on the
defined potassium pools and physicochemical processes governing the potassium dislocation
between these pools. The second approach, operational-analytical, concerns the potassium
forms isolated from the soil samples using chemical methods. The second approach has been
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applied in the own research carried on in scope of three scientific projects in the years 2002 –
2012. The soils of glacial origin in Poland have been characterized as regards the content of
water soluble KH2O, available (in different extracts, mainly calcium lactate KDL), reserve ( in
boiling nitrate acid Kres), nominal total ( in Aqua Regia) and total (Roentgen spectrometer)
Ktot potassium forms. The content of all forms of potassium, except water soluble one depended
significantly on soil granulometric composition and soils pH and increases from the very light
to heavy, and from very acid to neutral soils. Properly managed soils contain 2 mg Kex and 9
mg of Kres per 1 % of clay fraction (<0,002 mm). The new calibration figures for available
potassium KDL by linking the KDL content to water soluble potassium KH2O is proposed.
Applying these figures would promote more sustainable potassium fertilizer's management.
The soils of glacial origin in Poland are generally poor in available potassium and the ratio of
soils showing very low and low potassium (KDL) content exceeds 40 %. The water-soluble
potassium (KH2O) makes 0,7-5%, exchangeable potassium (Kex) 7-18% and reserve potassium
(Kres) 23-45% of the nominal total potassium. In the light soils, the ratio of nominal total to total
potassium is slightly over 10 %. In long-term experiments with potassium fertilization, the
amounts of potassium in different forms were compared with the uptake of this element by
crops grown in control (without K fertilization)treatments. Independently, of soil texture the
amount of exchangeable potassium in the soil profile 0-50 cm does not suffice to cover the
crop's requirements for this element. Therefore, this pool needs to be constantly replenished
from the pool of slowly available potassium Krez and even from the pool of nominal total
potassium. The problem of potassium fertilization and its influence on the forms of potassium
in the soil is beyond the scope of this paper and, besides might deserve the further research.
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Chapter 8

Stability of Organic Matter in Anthropic Soils: A
Spectroscopic Approach

M.C. Hernandez-Soriano, A. Sevilla-Perea,
B. Kerré and M.D. Mingorance

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55632

1. Introduction

1.1. Stability of soil organic matter

The soil organic matter (SOM) plays an essential role in soil biogeochemical processes (Bot and
Benites, 2005). Thus, a productive and healthy soil must present a balance among SOM
protection and soil biological functioning (Wander, 2004). However, the prediction of organic
matter dynamics in soil is hampered by the complexity of SOM distribution and chemical
composition (Foereid et al., 2012). The integration of organic inputs in the physicochemically
defined organic pools in soil (Six et al., 2002) and their effect on native organic matter has been
described to vary with land use, soil physicochemical properties (Strong et al., 2004; Denef and
Six, 2005); and composition of the organic inputs (Kimetu and Lehmann, 2010).

The term soil organic matter refers to all organic substances in the soil: plant and animal
residues, substances synthesized through microbial and chemical reactions and biomass of soil
micro-organisms. The processes responsible for the stabilization of SOM constitute an essential
component of global biogeochemical cycles (Lehmann et al., 2007). Overall, the chemical
composition of the organic matter (OM) and the interactions with other soil components such
as the mineral phase largely drive the mechanisms for SOM stabilization (Baldock and
Skjemstad, 2000), which can be summarized as: (1) biochemical stabilization, (2) physical
stabilization and (3) chemical stabilization (Six et al., 2002; von Lützow et al., 2006). The extent
of protection offered by each mechanism (Fig. 1) depends on the chemical and physical
properties of the mineral matrix and the morphology and chemical structure of the organic
matter (Six et al., 2002). Thus, each mineral matrix presents a unique and finite capacity to
stabilize organic matter (Baldock and Skjemstad, 2000).

© 2013 Hernandez-Soriano et al.; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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The physical stabilization is the preferential location of OM in the soil structure which results in
lower access to OM by soil micro-organisms. Thus, integration of OM in soil aggregates
reduces the availability of OM for microbial transformation (Six et al., 2002).

The biochemical stabilization is a selective enrichment of organic compounds, and refers to the
inherent recalcitrance of specific organic molecules against degradation by microorganisms
and enzymes. Thus, compounds like lignin, lipids and polyphenols will remain more stable
in the soil matrix compared to more labile compounds like polysaccharides and proteins (Six
et al., 2002; Kögel-Knabner et al., 2008).

The chemical stabilization involves all intermolecular interactions between organic and inor‐
ganic substances leading to a decrease in availability of the organic substrate due to surface
condensation and changes in conformation, i.e., sorption to soil minerals and precipitation.
The chemical stabilization of SOM results mainly from the interaction of SOM with minerals
and metal ions (Fig. 1). These interactions include organo-mineral associations such as
complexation of organic substances with polyvalent cation bridges, weak hydrophobic
interactions (Van der Waals and H-binding) and sorption of SOM to soil minerals (von Lützow
et al., 2006; Jastrow et al., 2007). Therefore, some authors have pointed clay fraction as an
inhibitor of SOM decomposition (Kleber et al., 2007). For instance, Merckx et al. (1985)
described that the stabilization of C and N in soils is positively correlated to the content of clay
and silt. Moreover, other authors have indicated that the specific type of clay present in the
soil, i.e. clay mineralogy, is most relevant for the capability of a particular soil to stabilize OM
(Sollins et al., 1996; Denef and Six, 2005). Consequently, it might be adequate to evaluate
specific surface and surface reactivity of soil minerals as predictors of OM stabilization rather
than clay content (Baldock and Skjemstad, 2000).

According to Kogel-Knabner et al. (2008), the protection of OM against decomposition by the
described mechanisms decreases in the order: chemically protected > physically protected >
biochemically protected > non-protected (Fig. 1).

Figure 1. Protection of organic matter (OM) in soil. Chemical protection refers to the interactions of OM with miner‐
als; physical protection renders OM poorly accessible to microbes and enzymes; and biochemical protection results
from the differential degradability of organic structures. Saturation is thus defined as the theoretical C storage capaci‐
ty of a soil (adapted from Six et al., 2002).
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The complexation of OM with mineral surfaces occurs mostly through ligand exchange, which
is an organo-mineral association between OH groups on mineral surfaces and ionized phenolic
OH and carboxylic groups of the OM (Korshin et al., 1997). This interaction is particularly
relevant in acidic soils with minerals presenting protonated OH groups and is reverted with
increasing pH values in soils (von Lützow et al., 2006).

Another important mechanism for organo-mineral association is the formation of polyvalent
cation bridges. The presence of negatively charged acidic functional groups (COO-) in organic
molecules results in repulsion from negatively charged surfaces of clay minerals. However,
polyvalent cations function as a cation bridge between those two negatively charged sites (von
Lützow et al., 2006). In alkaline and neutral soils, the most abundant multivalent cations are
Ca2+ an Mg2+ while Fe3+ and Al3+ predominate in acid soils, and present higher binding
strength. Besides, the role of cation bridges in the stabilization of SOM is particularly relevant
for soils with a predominance of 2:1 clays such as smectite and illite (Jastrow et al., 2007).

Adsorption processes also contribute to protect OM against biological degradation (Balesdent
et al., 2000). Although feldspars and quartz are the most common minerals in soils, their
specific surfaces are rather low (approximately 0.1 m²/g), while clay particles provide a
significant surface area (specific surface >10 m²/g) for the adsorption of OM (Jastrow et al.,
2007). Therefore, soils with a high content of clays may provide higher SOM protection than
sandy soils, resulting in higher total contents of organic matter (Blanco-Canqui and Lal, 2004).
Multivalent cations also contribute to the stabilization of OM by inducing flocculation. Clay
particles saturated with multivalent cations remain in a flocculated state, which reduces the
exposure of adsorbed organic materials on the clay surface. Thus, flocculation and condensa‐
tion of organo-mineral complexes can effectively isolate and protect OM from decomposition
(Baldock and Skjemstad, 2000). This mechanism has been mainly described for soils with low-
charge clays (Jastrow et al., 2007).

Kleber et al. (2007) proposed a conceptual model for organo-mineral interactions in soils, partly
based on the self-organizing molecular structure of SOM. These authors suggest that SOM is
adsorbed on the mineral surfaces in three discrete zones. Thus, in a contact zone, amphiphilic
organic fragments accumulate mainly on charged surfaces through electrostatic interactions,
thereby directing hydrophobic parts outwards toward the aqueous solutions. This organiza‐
tion results in a membrane-like bilayer with a hydrophobic core. In the outer region, denomi‐
nated as kinetic zone, further accumulation of organic fragments likely occurs, and the process
is assumed to be mediated by the presence of multivalent cations. However, further research
is still necessary to advance our understanding on the dynamics and structure of organo-
mineral interactions to validate this zonal concept.

Although abundant research has been previously conducted, the described mechanisms
responsible for the reduction of OM decomposition rates, such as sorption of OM to minerals,
are not yet well understood. Different stabilization mechanisms may act simultaneously and
those proposed in the literature remain speculative and poorly supported by data, mainly due
to methodological constraints (von Lützow et al., 2006). Therefore, novel research strategies
attempt a better understanding of the mechanisms of OM stabilization in soil by studying the
molecular composition of SOM in specific soil fractions. The implementation of spectroscopic
techniques (Cory and McKnight, 2005; Lehmann et al., 2010) provides novel and promising
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is assumed to be mediated by the presence of multivalent cations. However, further research
is still necessary to advance our understanding on the dynamics and structure of organo-
mineral interactions to validate this zonal concept.

Although abundant research has been previously conducted, the described mechanisms
responsible for the reduction of OM decomposition rates, such as sorption of OM to minerals,
are not yet well understood. Different stabilization mechanisms may act simultaneously and
those proposed in the literature remain speculative and poorly supported by data, mainly due
to methodological constraints (von Lützow et al., 2006). Therefore, novel research strategies
attempt a better understanding of the mechanisms of OM stabilization in soil by studying the
molecular composition of SOM in specific soil fractions. The implementation of spectroscopic
techniques (Cory and McKnight, 2005; Lehmann et al., 2010) provides novel and promising
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methodological strategies to undertake the challenge of characterizing SOM composition and
spatial distribution in soil.

1.2. Stability of organic matter in artificial soils

The production of artificial soils or technosols (WRB, 2006) aims to recover landscapes or increase
soil productivity. Overall, the addition of soils with organic materials aims to benefit soil quality
or increase crop yields by regulating nutrient supply and improving soil structure (Wagner et
al., 2007). Addition of single or composite organic wastes is expected to have a positive effect in
initiating soil aggregation of structurally degraded topsoils (Wagner et al., 2007 and referen‐
ces therein). For instance, composted or stabilized municipal sewage sludge is frequently applied
to soil as organic amendment for restoration purposes. Otherwise, abandoned Fe mine tail‐
ings provide a source of Fe-rich mud (FeM), that constitutes an environmental challenge for its
adequate disposal, being currently stored in large open-air ponds. A suitable approach might
be to use such FeM as a substrate to obtain artificial soils. The Fe oxides and hydroxides present
in the FeM might provide a suitable surface for adsorption of organic compounds and may favor
the formation of organo-mineral associations. which may result in a pool of chemically stabi‐
lized OM. Chemical stabilization by organo-mineral associations is a main mechanisms leading
to soil aggregation (Kögel-Knabner et al., 2008) and such strategy might result in pools of carbon
with long residence time in soil (Macias and Camps Arbestain, 2010).

The objective of this study was to evaluate the chemical composition of OM in artificial soils
obtained from organic wastes combined with the FeM at different ratios. The analysis of OM
composition at a molecular level and the characterization of the spatial distribution among
different pools by Fourier transform infrared spectroscopy (FTIR) can be directly related to
SOM stability, soil respiration and OM decomposition rates. Previous research has demon‐
strated that intensities of distinct peaks obtained by FTIR analysis can be a measure of
decomposition of organic carbon in soil (Haberhauer et al., 1998).

Otherwise, dissolved organic matter (DOM) constitutes a highly available carbon source for
microorganisms while playing a fundamental role in the mobilisation of organic compounds
(Kalbitz et al., 2003). Variations in the composition of the OM present in this pool are an essential
component to the knowledge on SOM dynamics (Kalbitz et al., 2000). Therefore, this pool of OM
deserves particular attention in our attempt to characterize the evolution of SOM pools. The
spectrofluorometric analysis of the soil solution extracted from the different scenarios assayed
provides a fingerprinting of the composition of DOM (Cory and McKnight,  2005).  Thus,
excitation-emission matrix spectroscopy provides the sensitivity to examine subtle changes in
DOM fluorescence and provide a valuable insight into variations on the DOM pool composition.

2. Materials and methods

2.1. Studied area

The studied area is an Fe mine dump in Southeast Spain (Alquife, Granada) planned to be used
for residential, leisure and agro-industrial activities. The soil is a degraded technosol with high
infiltration rate under a continental Mediterranean climate.

Soil Processes and Current Trends in Quality Assessment234

2.2. Technosols

A collection of five technosols (Table 1) was obtained by combining a composted mixture
(19.4% organic carbon) of sewage sludge from wastewater treatment and olive pruning (SVC)
with FeM (44% Fe oxides) and/or a biodiesel byproduct (DRS) with a high concentration of
glycerol, following saturation and incubation at 28º C for 30 d. The mineral waste was
originated in milling activities carried out in the mine site. A second collection of five techno‐
sols was obtained by controlled acidification (H2SO4 5M) of mixtures as such described for the
first set of technosols (Table 1).

Technosol SVC FeM DRS %OC

T1 100% - - 19.4

T2 90% - 10% 21.0

T3 90% 10% - 17.5

T4 85% 5% 10% 19

T5 70% 30% - 13.6

Table 1. Composition of technosols.

A second batch of technosols (TS) was prepared with equivalent composition but SVC and
FeM were saturated and incubated for 1 week before mixing. For TS3 and TS4, FeM was
acidified with H2SO4 5N during the preconditioning step.

Samples of the different technosols were collected after 2, 9, 20 and 30 d of incubation and
stored at -20º C for posterior analysis.

2.3. Carbon mineralization rates

To determine carbon mineralization upon application of the technosols in the mine dump,
subsamples of soil from two different plots in the dump (AL7 and AL14) were amended at 2%
with the different technosols and placed in air tight incubation jars with a volume of 300 mL and
moisture content adjusted to field capacity. The lids of the incubation jars were fitted with three-
way valves to allow sampling the air from the headspace. The jars were stored in an incuba‐
tion room at 25º C for circa 120 d. Headspace in the jars was periodically sampled with 60 mL
syringes and the CO2 concentration measured with an infrared gas analyzer (LI-COR; Li-820).
The amount of carbon respired was calculated using the ideal gas equation and expressed as
percentage of carbon respired relative to the total carbon content in the amended soil.

2.4. FTIR-microscopy

Microaggregates-like structures (100-200 μm) were isolated and collected from the different
technosols after 2 and 30 d of incubation and analyzed with a Fourier transform infrared
spectrophotometer (Varian 620-IR IR microscope) coupled to a microscope (FTIR-microscope)
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(19.4% organic carbon) of sewage sludge from wastewater treatment and olive pruning (SVC)
with FeM (44% Fe oxides) and/or a biodiesel byproduct (DRS) with a high concentration of
glycerol, following saturation and incubation at 28º C for 30 d. The mineral waste was
originated in milling activities carried out in the mine site. A second collection of five techno‐
sols was obtained by controlled acidification (H2SO4 5M) of mixtures as such described for the
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A second batch of technosols (TS) was prepared with equivalent composition but SVC and
FeM were saturated and incubated for 1 week before mixing. For TS3 and TS4, FeM was
acidified with H2SO4 5N during the preconditioning step.

Samples of the different technosols were collected after 2, 9, 20 and 30 d of incubation and
stored at -20º C for posterior analysis.

2.3. Carbon mineralization rates

To determine carbon mineralization upon application of the technosols in the mine dump,
subsamples of soil from two different plots in the dump (AL7 and AL14) were amended at 2%
with the different technosols and placed in air tight incubation jars with a volume of 300 mL and
moisture content adjusted to field capacity. The lids of the incubation jars were fitted with three-
way valves to allow sampling the air from the headspace. The jars were stored in an incuba‐
tion room at 25º C for circa 120 d. Headspace in the jars was periodically sampled with 60 mL
syringes and the CO2 concentration measured with an infrared gas analyzer (LI-COR; Li-820).
The amount of carbon respired was calculated using the ideal gas equation and expressed as
percentage of carbon respired relative to the total carbon content in the amended soil.

2.4. FTIR-microscopy

Microaggregates-like structures (100-200 μm) were isolated and collected from the different
technosols after 2 and 30 d of incubation and analyzed with a Fourier transform infrared
spectrophotometer (Varian 620-IR IR microscope) coupled to a microscope (FTIR-microscope)
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using a KBr splitter and a liquid nitrogen cooled Focal Plane Array detector for spectrochemi‐
cal  imaging and a CCD camera.  The spectra were recorded for the microaggregates-like
structures in the mid-infrared range (4000–800 cm-1) by combining 32 scans at a resolution of 1
cm-1. The spectra were recorded in absorbance units. Peak area integration and analysis of the
spectral features distribution in the microaggregates were performed using the software Agilent
Resolutions Pro. Spectra and image analysis presented were obtained as the average of 5 spectra.

2.5. Water soluble organic matter

The fraction of water soluble organic matter (WSOM) was obtained from the technosols sampled
at different incubation times, through centrifugation (10 min at 3000 g) using the ‘double chamber’
method (Bufflap and Allen, 1995). After centrifugation, the soil solution samples were immedi‐
ately filtered through a 0.45-μm filter. The solutions were analyzed for dissolved organic carbon
(DOC)  using  a  TOC-analyser  (Analytical  Sciences  Thermalox).  The  UV-absorbance  was
measured with a UV-VIS spectrophotometer (Perkin-Elmer, Lambda 20, quartz cells).

Variation in the ratio of absorbance to DOC was used to characterize the quality of DOM,
through the specific UV absorbance at 254 and 340 nm (Tipping et al., 2009).

2.6. Spectrofluorometry

The soil solution samples were diluted such that the absorbance at 254 nm was less than 0.2
prior to the collection of fluorescence spectra (Miller et al., 2010). Fluorescence excitation-
emission spectra were obtained for the pore water solutions using a JY HORIBA Fluorolog-3
spectrofluorometer with an excitation range set from 240 to 400 nm and an emission range set
from 300 to 500 nm in 2 nm increments. Instrumental parameters were excitation and emission
slits, 5 nm; response time, 8 s; and scan speed, 1200 nm min-1. Spectra were analyzed using the
software FluorEssence.

2.7. Adsorption of gallic acid on Fe mud

Sorption isotherms were carried out using a batch equilibration method, with 5 g of FeM and
20 mL of an aqueous solution of gallic acid (GA, Sigma Aldrich) at concentrations ranging 5–
50 mM. The samples were mechanically shaken end-over-end in a thermostatic chamber at 20
± 1 °C for 24 h. The samples were centrifuged at 3500 rpm and 15 °C for 15 min. The isotherms
were run in duplicate. A GA solution without addition of FeM was used as control, to account
for possible degradation during the batch process.

The difference between initial concentration of GA and the concentration of GA remaining in
solution after reaching equilibrium was attributed to sorption of GA on FeM. The sorption
equilibrium partition coefficient Kd (L kg−1) was calculated as Kd = X / Ce, where X is the
concentration of GA in the FeM (mg kg−1) and Ce is the concentration of GA in the solution at
equilibrium (mg L−1). The adsorption experiment was described by the empirical Freundlich
equation (X = K f Ce

n), where Kf is the Freundlich adsorption coefficient (L kg−1) and n a constant
which depends on the adsorbate, the adsorbent and the temperature.
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3. Results

3.1. Carbon mineralization rates

Results obtained from the carbon mineralization assays are summarized in Figures 2-4, which
describe cumulative respiration determined for the application of the different technosols to
samples of soil collected from the mine dump.

Soil addition with the first batch of technosols (Table 1) increased carbon mineralization rates
for all the technosols applied (Fig. 2) compared to control soil (C). For technosols produced
solely from SVC and Fe mud, a higher ratio SVC:FeM (T3: SVC:FeM, 90:10) resulted in lower
CO2 production than T5 (SVC:FeM 70:30), regardless the OC content.

The  preconditioning  step  significantly  affected  carbon  mineralization  rate.  Addition  of
technosols TS2 and TS4 (saturated) to the dump soil resulted in lower mineralization rates than
application of non-preconditioned technosols (Fig. 3). Thus, for technosols obtained solely from
SVC/FeM, saturation of wastes before mixing (TS5) significantly decreased the mineralization
of OC added to the soil when FeM was acidified during the preconditioning (TS3, Fig. 4).
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Sorption isotherms were carried out using a batch equilibration method, with 5 g of FeM and
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50 mM. The samples were mechanically shaken end-over-end in a thermostatic chamber at 20
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for possible degradation during the batch process.
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3. Results

3.1. Carbon mineralization rates

Results obtained from the carbon mineralization assays are summarized in Figures 2-4, which
describe cumulative respiration determined for the application of the different technosols to
samples of soil collected from the mine dump.

Soil addition with the first batch of technosols (Table 1) increased carbon mineralization rates
for all the technosols applied (Fig. 2) compared to control soil (C). For technosols produced
solely from SVC and Fe mud, a higher ratio SVC:FeM (T3: SVC:FeM, 90:10) resulted in lower
CO2 production than T5 (SVC:FeM 70:30), regardless the OC content.

The  preconditioning  step  significantly  affected  carbon  mineralization  rate.  Addition  of
technosols TS2 and TS4 (saturated) to the dump soil resulted in lower mineralization rates than
application of non-preconditioned technosols (Fig. 3). Thus, for technosols obtained solely from
SVC/FeM, saturation of wastes before mixing (TS5) significantly decreased the mineralization
of OC added to the soil when FeM was acidified during the preconditioning (TS3, Fig. 4).
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3.2. Dissolved organic carbon: concentration and composition

Total organic carbon content and UV-absorbance analysis performed for the water soluble
organic carbon collected from the technosols indicated that DOC from technosols prepared
with SVC+FeM (90/10) was highly humified, as suggest by SUVA and extinction coefficients
values at 254 and 340 nm (Fig. 5 and 6).
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Table 2 summarizes the values determined for the different fluorescence indexes derived from
the spectrofluorometric analysis. Overall, higher humification index values (HIX) were
derived for increasing concentration of FeM in a particular technosol, which confirms higher
humification of the water soluble organic carbon. The freshness index values (β:α) confirmed
the expected predominance of recently derived DOC. Besides, the high fluorescence index
values determined (FI) indicated that DOC was originated from intense microbial activity.

Overall, preconditioning the materials prior to the production of the technosols resulted in
higher values of the HIX, likely due to an increase in organo-metal interactions, while changes
on the β:α and FI values were neglectable. Variation of the fluorescence indexes over time was
not conclusive.

Technosol Incubation (d) HIX β:α FI

T1 2 5.25 0.68 2.17

T1 30 5.72 0.66 2.09

T3 2 7.25 0.60 1.99

T3 30 7.16 0.58 1.88

T4 2 4.62 0.7 2.18

T4 30 6.14 0.67 2.12

TS1 2 4.91 0.74 2.19

TS1 30 5.51 0.67 2.25

TS3 2 6.85 0.60 1.96

TS3 30 7.13 0.62 1.91

TS4 2 6.57 0.58 2.21

TS4 30 7.46 0.58 1.82

HIX: Humification index. β:α: freshness index. FI: Fluorescence index.

Table 2. Spectroscopic analysis.

Otherwise, results from the excitation emission matrixes (Ex/Em) collected for T1 and T3 (Fig.
7) indicated a substantial increase in the fraction of UV (Ex/Em 260/400-460) and visible
(Ex/Em 320-360/400-460) humic-like organic matter for T3 compared to T1, which suggest the
presence of a pool of highly stable, low degradation rate OM. Moreover, the strong increase
in fluorescence intensity suggests that the added OM might complex metal ions in solution,
which can result in a protective effect for DOM against rapid mineralization. The attenuation
of the signal at Ex/Em 320-360/400-460 over time suggest the precipitation of organo-metal
complexes in the solid phase.
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3.2. Dissolved organic carbon: concentration and composition

Total organic carbon content and UV-absorbance analysis performed for the water soluble
organic carbon collected from the technosols indicated that DOC from technosols prepared
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Table 2 summarizes the values determined for the different fluorescence indexes derived from
the spectrofluorometric analysis. Overall, higher humification index values (HIX) were
derived for increasing concentration of FeM in a particular technosol, which confirms higher
humification of the water soluble organic carbon. The freshness index values (β:α) confirmed
the expected predominance of recently derived DOC. Besides, the high fluorescence index
values determined (FI) indicated that DOC was originated from intense microbial activity.

Overall, preconditioning the materials prior to the production of the technosols resulted in
higher values of the HIX, likely due to an increase in organo-metal interactions, while changes
on the β:α and FI values were neglectable. Variation of the fluorescence indexes over time was
not conclusive.
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HIX: Humification index. β:α: freshness index. FI: Fluorescence index.

Table 2. Spectroscopic analysis.

Otherwise, results from the excitation emission matrixes (Ex/Em) collected for T1 and T3 (Fig.
7) indicated a substantial increase in the fraction of UV (Ex/Em 260/400-460) and visible
(Ex/Em 320-360/400-460) humic-like organic matter for T3 compared to T1, which suggest the
presence of a pool of highly stable, low degradation rate OM. Moreover, the strong increase
in fluorescence intensity suggests that the added OM might complex metal ions in solution,
which can result in a protective effect for DOM against rapid mineralization. The attenuation
of the signal at Ex/Em 320-360/400-460 over time suggest the precipitation of organo-metal
complexes in the solid phase.
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Figure 7. Excitation-Emission matrixes for technosols T1 and T3 after 2 and 30 d of incubation.

3.3. FTIR-microscopy

Spectra obtained for microaggregate-like structures (Fig. 8) showed a consistent absence of
aliphatic-C (2900 cm-1); the presence of aromatic compounds-C assigned to signals at 1400-1500
cm -1 and at 1600 cm-1; and aromatic overtones at 1790, 1865 and 1998 (T3, Fig. 8), according to
previous literature (Demyan et al., 2012). Polysaccharide-C were identified in the fingerprint
region (between 800 and 1200 cm-1) while peak at 3620 cm-1 are related to the presence of clay
like compounds (Lehmann et al., 2007). Additionally, a peak at 3700 cm-1 was obtained for the
analysis of T5, which might also be related to clay-like compounds.
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Figure 8. FTIR spectra collected for technosols T2 and T3.

Analyzing the distribution of such spectral features in soil microaggregates revealed polysac‐
charides homogeneously dispersed on the surface of the microaggregates, as depicted for T1
(Fig. 9) and T3 (Fig. 10). Otherwise, distribution analysis for T1 and T3 (Fig. 9 and 10) suggested
the presence of cores of aromatic compounds (Wan et al., 2007).
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Figure 9. Distribution of polysaccharides (800-1200 cm-1) and aromatic compounds (1400-1500 cm-1) in a microaggre‐
gate from T1 (without FeM).
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Figure 10. Distribution of chemical compounds in a microaggregate from T3 (SVC plus 10% FeM) obtained from FTIR
spectra. Polysacharides at 800-1200 cm-1, aromatic compounds at 1400-1500, 1600, 1410 and 1790 cm-1and organo-
mineral associations at 1410 cm-1.
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Figure 7. Excitation-Emission matrixes for technosols T1 and T3 after 2 and 30 d of incubation.

3.3. FTIR-microscopy

Spectra obtained for microaggregate-like structures (Fig. 8) showed a consistent absence of
aliphatic-C (2900 cm-1); the presence of aromatic compounds-C assigned to signals at 1400-1500
cm -1 and at 1600 cm-1; and aromatic overtones at 1790, 1865 and 1998 (T3, Fig. 8), according to
previous literature (Demyan et al., 2012). Polysaccharide-C were identified in the fingerprint
region (between 800 and 1200 cm-1) while peak at 3620 cm-1 are related to the presence of clay
like compounds (Lehmann et al., 2007). Additionally, a peak at 3700 cm-1 was obtained for the
analysis of T5, which might also be related to clay-like compounds.
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Figure 8. FTIR spectra collected for technosols T2 and T3.

Analyzing the distribution of such spectral features in soil microaggregates revealed polysac‐
charides homogeneously dispersed on the surface of the microaggregates, as depicted for T1
(Fig. 9) and T3 (Fig. 10). Otherwise, distribution analysis for T1 and T3 (Fig. 9 and 10) suggested
the presence of cores of aromatic compounds (Wan et al., 2007).
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Figure 10. Distribution of chemical compounds in a microaggregate from T3 (SVC plus 10% FeM) obtained from FTIR
spectra. Polysacharides at 800-1200 cm-1, aromatic compounds at 1400-1500, 1600, 1410 and 1790 cm-1and organo-
mineral associations at 1410 cm-1.

Stability of Organic Matter in Anthropic Soils: A Spectroscopic Approach
http://dx.doi.org/10.5772/55632

241



The distribution of clay-like compounds in the microaggregates isolated from T1, T3 and T5
indicates an increasing presence of such compounds for higher concentrations of FeM in the
technosols (Fig. 11).
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Figure 11. Distribution analysis for the signal recorded at 3620 cm-1 in microaggregates from the three technosols.

Thus, a weak signal was detected for T1 that might be related to oxidized compounds that
overlap with the signal corresponding to clay-like compounds, while a strong signal was
obtained for T3 and T5, consistently with the different ratios of FeM in their composition.
Moreover, the distribution of clay-like compounds obtained for T3 (Fig. 11) overlaps with the
distribution depicted for aromatic compounds (1600 cm-1, Fig. 10), which confirms the presence
of organo-mineral associations.

3.4. Adsorption of gallic acid on Fe mud

Results from batch adsorption assays confirmed the capability of FeM to adsorb gallic acid
(300 mmol kg-1), probably through interaction of the carboxyl and phenolic groups with the
Fe oxide surface, as determimed by the decrease in the signals at 220 and 270 nm for increasing
concentrations of FeM in solution (Fig. 12). The adsorption constant derived, Kd=231.5 L kg-1,
indicates high adsorption of the acid in the FeM n=0.1, weak sorption of the second layer.
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Figure 12. Gallic acid solution UV spectra. Kd=231.5 L kg-1, high adsorption of the acid in the FeM n=0.1, weak sorption
of the second layer.
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4. Discussion

Fresh organic inputs applied to a harsh environment such as a mine dump in the arid Mediterra‐
nean climate can be expected to be rapidly mineralized, as previously described by Novara et al.
(2012). The evolution of DOM in a particular soil largely determines the SOM stability and
protective capacity of the soil. Hence, the aromaticity and fluorescent properties of DOM provide
an adequate characterization of this pool of OM, which allow adequately predicting carbon
mineralization rates and protective capacity for a given soil scenario (Murphy et al., 2010).

The extent and rate of DOM biodegradation and humification were in agreement with previous
studies (Kalbitz et al., 2003). The increase in DOM with low aromaticity upon addition of such
amendments might enhance the microbial activity in the soil, but poor beneficial effects can
be expected in the long term due to the short residence time of the OM added. The application
of composite amendments including a source of metal ions might contribute to a longer
permanence of OM in the soil (Kaiser and Kalbitz, 2012), which will largely benefit soil quality
in the long term. Thus, application of composites with a low percentage of FeM resulted in
higher humification indexes. Moreover, soil preconditioning by acidification and incubation
under saturated conditions promoted the formation of organo-metal complexes, which
resulted in lower mineralization rates (Kaiser and Kalbitz, 2012).

Otherwise, the presence of FeM in the artificial soils provides a pool of Fe oxides and Fe and
Al hydroxides that presents a clay-like behaviour (Lehmann et al., 2007). This was confirmed
by peak position at 3620 cm-1 in spectra collected for T3 (Fig. 10-11). The slight signal recorded
for T1 can be attributed to hydroxyl groups in the SVC. Therefore, the incorporation of FeM
in the production of technosols results in organo-mineral associations, due to complexation of
Fe with phenol/carboxyl groups, which contributes to the protection and stabilization of fresh
inputs of organic carbon. Complexation of fulvic acids with Fe oxides surfaces has been linked
to the occurrence of a band around 1410 cm-1 (Gu et al., 1994). For technosols from SVC+FeM,
distribution analysis suggests that such complexes locate in the edges of the microaggregate
as depicted for T3 in Fig. 10. However, the protection is limited by the low adsorption capacity
of this FeM, which can be attributed to a negatively charged surface (pH=8.5). Organic
compounds present in the fresh inputs such as gallic acid (pH=3.5) might induce short-term
acidification on the Fe oxide surface, which could allow the adsorption of carboxyl and
phenolic groups (Ni et al., 2011). However, increasing the ratio of FeM in the technosol might
counteract such effect, resulting in lower protection effect, which explains the higher miner‐
alization rate determined for such technosols.

Polysaccharides were ubiquitous on the microaggregates analyzed and homogeneously
dispersed on the surface of the microaggregates, which is consistent with an increase in the
microbial activity due to the addition of fresh inputs of organic carbon (Six et al., 2004). The
presence of cores of aromatic compounds in the microaggregates-like structures analyzed was
consistent with hypothesis previously established in the literature for the formation of
aggregates (Six et al., 2002; Six et al., 2004; Wan et al., 2007).

Overall, the results obtained with this study have demonstrated that succesful production of
technosols as organic amendments to ameliorate soil quality might highly benefit of the
incorporation of a mineral substrate at an optimized ratio. The spectroscopic characterization

Stability of Organic Matter in Anthropic Soils: A Spectroscopic Approach
http://dx.doi.org/10.5772/55632

243



The distribution of clay-like compounds in the microaggregates isolated from T1, T3 and T5
indicates an increasing presence of such compounds for higher concentrations of FeM in the
technosols (Fig. 11).

T1 T3 T5 

Figure 11. Distribution analysis for the signal recorded at 3620 cm-1 in microaggregates from the three technosols.

Thus, a weak signal was detected for T1 that might be related to oxidized compounds that
overlap with the signal corresponding to clay-like compounds, while a strong signal was
obtained for T3 and T5, consistently with the different ratios of FeM in their composition.
Moreover, the distribution of clay-like compounds obtained for T3 (Fig. 11) overlaps with the
distribution depicted for aromatic compounds (1600 cm-1, Fig. 10), which confirms the presence
of organo-mineral associations.

3.4. Adsorption of gallic acid on Fe mud

Results from batch adsorption assays confirmed the capability of FeM to adsorb gallic acid
(300 mmol kg-1), probably through interaction of the carboxyl and phenolic groups with the
Fe oxide surface, as determimed by the decrease in the signals at 220 and 270 nm for increasing
concentrations of FeM in solution (Fig. 12). The adsorption constant derived, Kd=231.5 L kg-1,
indicates high adsorption of the acid in the FeM n=0.1, weak sorption of the second layer.

0
50

100
150
200
250
300
350
400
450
500
550
600

200 250 300 350

A
bs

or
ba

nc
e

lambda (nm)

Figure 12. Gallic acid solution UV spectra. Kd=231.5 L kg-1, high adsorption of the acid in the FeM n=0.1, weak sorption
of the second layer.

Soil Processes and Current Trends in Quality Assessment242

4. Discussion

Fresh organic inputs applied to a harsh environment such as a mine dump in the arid Mediterra‐
nean climate can be expected to be rapidly mineralized, as previously described by Novara et al.
(2012). The evolution of DOM in a particular soil largely determines the SOM stability and
protective capacity of the soil. Hence, the aromaticity and fluorescent properties of DOM provide
an adequate characterization of this pool of OM, which allow adequately predicting carbon
mineralization rates and protective capacity for a given soil scenario (Murphy et al., 2010).

The extent and rate of DOM biodegradation and humification were in agreement with previous
studies (Kalbitz et al., 2003). The increase in DOM with low aromaticity upon addition of such
amendments might enhance the microbial activity in the soil, but poor beneficial effects can
be expected in the long term due to the short residence time of the OM added. The application
of composite amendments including a source of metal ions might contribute to a longer
permanence of OM in the soil (Kaiser and Kalbitz, 2012), which will largely benefit soil quality
in the long term. Thus, application of composites with a low percentage of FeM resulted in
higher humification indexes. Moreover, soil preconditioning by acidification and incubation
under saturated conditions promoted the formation of organo-metal complexes, which
resulted in lower mineralization rates (Kaiser and Kalbitz, 2012).

Otherwise, the presence of FeM in the artificial soils provides a pool of Fe oxides and Fe and
Al hydroxides that presents a clay-like behaviour (Lehmann et al., 2007). This was confirmed
by peak position at 3620 cm-1 in spectra collected for T3 (Fig. 10-11). The slight signal recorded
for T1 can be attributed to hydroxyl groups in the SVC. Therefore, the incorporation of FeM
in the production of technosols results in organo-mineral associations, due to complexation of
Fe with phenol/carboxyl groups, which contributes to the protection and stabilization of fresh
inputs of organic carbon. Complexation of fulvic acids with Fe oxides surfaces has been linked
to the occurrence of a band around 1410 cm-1 (Gu et al., 1994). For technosols from SVC+FeM,
distribution analysis suggests that such complexes locate in the edges of the microaggregate
as depicted for T3 in Fig. 10. However, the protection is limited by the low adsorption capacity
of this FeM, which can be attributed to a negatively charged surface (pH=8.5). Organic
compounds present in the fresh inputs such as gallic acid (pH=3.5) might induce short-term
acidification on the Fe oxide surface, which could allow the adsorption of carboxyl and
phenolic groups (Ni et al., 2011). However, increasing the ratio of FeM in the technosol might
counteract such effect, resulting in lower protection effect, which explains the higher miner‐
alization rate determined for such technosols.

Polysaccharides were ubiquitous on the microaggregates analyzed and homogeneously
dispersed on the surface of the microaggregates, which is consistent with an increase in the
microbial activity due to the addition of fresh inputs of organic carbon (Six et al., 2004). The
presence of cores of aromatic compounds in the microaggregates-like structures analyzed was
consistent with hypothesis previously established in the literature for the formation of
aggregates (Six et al., 2002; Six et al., 2004; Wan et al., 2007).

Overall, the results obtained with this study have demonstrated that succesful production of
technosols as organic amendments to ameliorate soil quality might highly benefit of the
incorporation of a mineral substrate at an optimized ratio. The spectroscopic characterization
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of DOM and soil aggregates provides a low cost, effective analysis to determine the effect of
a particular amendment in soil structure and OM stability.

5. Conclusions

The production of technosols from low-cost wastes provides a suitable strategy for wastes
disposal while providing a valuable resource for plant sustaining in soil. Application of
composite amendments to degraded soils might constitute a highly effective approach for
increasing soil health and productivity and a suitable alternative to conventional strategies
based on single organic amendments. Moreover, such composites constitute a balanced soil
amendment, which involves a compromise between enhancement of soil biological activity
and the establishment of pools of stabilized organic matter.

The approach presented provides general guidances for designing optimized mixtures of C-
rich organic materials through characterization of the DOM pool, soil aggregates, and the
potential of the composites for chemical stabilization of OM. Thus, spectrophotometric
fingerprinting of DOM and molecular characterization of OM in soil aggregates have been
demonstrated to provide soil quality benchmarks to develop technosols tailored for an specific
environmental scenario.

Rehabilitation plans can be designed according to soil-plant requirements as well as safe and
effectively cost means for disposal wastes. Fe-enriched amendments might constitute an
essential component for technosols, playing a key role in the chemical stabilization of organic
matter in soil.

Overall, an optimized combination of mineral and organic wastes may result in a pool of
chemically stabilized organic matter. The proposed technosols present a significant potential
to create a sink of C while providing an inexpensive in-situ strategy for wastes disposal.
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Chapter 9

Effect of Crop Rotation and Nitrogen Fertilization on
the Quality and Quantity of Soil Organic Matter

Agnieszka Rutkowska and Dorota Pikuła

Additional information is available at the end of the chapter
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1. Introduction

Soil organic matter (SOM) is one of the most important features of the soil. Its characteristic
depends on a variety of biotic and abiotic variables of the ecosystem, such as climate, soil
texture, mineral composition, quantity of organic residues and other factors. Currently, in
an era of rapidly changing civilization, leading to changes in climate and soil conditions,
SOM content becomes increasingly important, not only for the proper functioning of ecosys‐
tems, but also for socio-economic development of many regions of the world [1, 2]. In the
first half of the past century, there were hardly contradictions between the agricultural culti‐
vation and the environment. The substance circulations were closed, animal production
comparatively small and mainly regularly allocated. The mineral fertilization was only used
to a slight extent. A fundamental change has taken place during the last decades. With the
increasing use of mineral fertilizers, yields have increased by more than 100% thus the quan‐
tity of roots and harvest residues on the field has increased strongly as a source of organic
matter. However, in agricultural practice they are commonly removed from the field after
harvest resulting in SOMdecrease.

During the last ten years in EU countries, the progressive degradation of SOM is observed.
Thus, this issue was reflected in the EU soil strategy (COM (2002) 179), on which the actual
reduction of soil organic matter content was listed as one of the most important problems. In
Poland, the reduction of SOM content in soils became a problem particularly significant.

Nearly the whole territory of Poland (99,7%), covering about 313 thousands square kilome‐
tres is situated in the Baltic Sea basin. This territory is drainaged by two big rivers Vistula
and Odra and seven small rivers flowing directly to the sea. Natural farming condition in
Poland are poor, due to prevalence of light, sand-derived soils (60% very light and light
soils) and unfavourable climate. Due to soil texture and acid or very acid reaction more than

© 2013 Rutkowska and Pikuła; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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60% of the soils in Poland can be classified as soils witha relatively low content of organic
matter. According to the newest survey 7,6% of arable soils show low content of SOM (be‐
low 1%), 47,1% of soils presentmedium content (1,1-2,0%), 29,3%, high content (2,1-3%) and
only 3% of soils show very high content of organic matter (above 3%) [3]. The percentage of
acid and very acid soils is very high and exceeds 50%, and soil acidity seems to be one of the
most important factors leading to degradation of the quantity and quality of organic matter
[4]. The summaryof the last four-years period of agrochemical soils monitoring program re‐
veals that 20,2% of soils are vey acid (pHKCl below 4,5) and 29,4% acid (pHKCl 4,5-5,5) [4].

Besides, the intensification of soil use combined with the simplified crop rotation and pre‐
dominance of cereals together with an expansion of farming systems based on crop produc‐
tion with a reduced number of livestock or without animals intensifies the process of
organic matter degradation [5- 7].

The turn over of organic substance are time dependent and become most apparent after dec‐
ades. Therefore, long-term field experiments are a necessary tool for tracking changes in or‐
ganic carbon content in the soil. In Europe, the most famous long-term experiences with
testing of different mineral and natural fertilisers and/or cultivation of various plant species
were held at Rothamsted (England), Halle and Bad Laustädt (Germany), Prague-Ruzyne
(Czech Republic) and Skierniewice (Poland) [8].

The Institute of Soil Scienceand Plant Cultivation National Research Institute (IUNG-PIB)
in  Puławy is  also  involved  in  several  kinds  of  long  term field  studies,  including  SOM
content monitoring, since 1979. A special trait of these experiments is that crop rotations
included plants enriching and exhausting soil from humus, have been apermanent factor
for the last 33 years.

The objectives of presented paper was to access the impact of mineral nitrogen fertilization,
manure application and crop rotation on the quantity and quantity soil organic matter in
long term field experiment.

2. Composition of soil organic matter and methods of humus substances
fractionation

Humic substances (HS) is the major organic constituents of soil. Humic substances are a
mixture of particles that differ in their structure, mass, size, elemental composition and
properties. The first record of humic acids extration by Achard dates back to 1786, and the
first major study was done by Sprengel in 1820 [in 9]. Despite such a long research history
on humic substances, there has been constant dispute over the structure of humus. There is
an increasing interest in HS, because of their capacity for complexing metal ions, involve‐
ment in the organic geochemical cycle, affecting bioavailability and ecological effects of nu‐
trient in water and stabilizing soil fertility.

The content and quality of humus are directly and indirectly determined by physical, chemi‐
cal, biological and environmental properties. SOM quality is determined mainly by the per‐
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centage share of humic substances in soil. Humic substances can be subdivided into three
major fractions: humic acids, fulvic acids and humins. Electron microscope observations reveal
the humic acids of different soils to have a polymeric structure, appearing in form of rings,
chains, and clusters. The size of their macromolecules ranges from 60 to 500 A and is mainly
decided by the occurring humification process, which also exerts an influence on their spa‐
tial structure. Some of the main features of humic substances are shown in Figure 1 [10].

Figure 1. Chemical properties of humic substances.

Humic acids (HA) comprise a mixture of weak aliphatic and aromatic organic acids, con‐
taining carboxyl and phenolate groups. HA are not soluble in water under acidic conditions
but soluble in water under alkaline conditions and precipitated from aqueous solutions
when the pH decreases below 2. HA tend to be more aromatic and more prone to precipita‐
tion under the acid conditions common in soils, making them less mobile.

Fulvic acids (FA) are a humic substances soluble in water at any pH. They areless aromatic
than humic acids. This part of humus remains in solution after removal of humic acids by
acidification. FA have an oxygen content twice that of humic acids thus revealing a more acidic
character than that of HA. The exchange capacity of FA is more than double that of HA.

Humins are the fraction of humic substances, not extracted from soil with either a strong
base or a strong acid. Humins present within the soil are the most resistant to decomposi‐
tion (slow to break down) of all the humic substance.This fraction plays a key role in soil
fertility by improving structure and soil  water  capacity or  providing a reservoir  for  the
plant nutrients.

There are different ways to separate humic substances into each particular fraction. Every
technique has its own advantages and limitations. The reagents used for extraction of humic
acids from the soil are listed in table 1.
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The most popular method is to use NaOH to extract humic acids from the soil. It is evident
that extraction from soil with NaOH solution leads to the recovery of approximately two-
thirds of the soil organic matter [6]. The amount of organic matter extracted from soil with
the caustic alkali increase with time of extraction. Humic acids extracted by alkali solutions
are characterized by high purity what is what is necessary for further physicochemical ana‐
lyzes (UV-VIS, NMR and IR) [11].

Another reagent used for extraction of soil humusis sodium pyrophosphate (Na4P2O7). Its
advantage is that the auto oxidation process that occurs during the extraction of humic ma‐
terial is less intensive than with NaOH. However, this reagent allows to isolate only humus
compounds loosely linked with the mineral fraction of the soil.

Type of material Extractant Organic matter extracted

Humic substances

NaOH

Mild extractants
to 80%

Na4P2O7 and other

Organic chelates:acetyloacetone,

cupferron, hydroxyquinonline

Formic acid (HCOOH)

to 30%

to 30%

to 55%

Table 1. Reagents commonly used for extration of organic constituents from soil [6]

The most common methods of humus fractionation are Schnitzers method and he standard,
prior to extraction from the soil is determined by total organic carbon, by one of the recom‐
mended methods.

Schnitzer and Turin methods based on NaOH reagent are suitable for soils without carbo‐
nate thus the carbonate determination in soil is needed before [12-13]. In both methods, di‐
luted sodium hydroxide is used after decalcification in mineral acid solution, which burnts
the conjunctions of humic acids with calcium. Afterwards, humic and fulvic acids pass to
the solution during alkaline extraction. On the base of the difference between the quantity of
humus fractions before and without decalcification, the calculation of humic and fulvic acids
associated with calcium is possible.

The separated fractions of humic substances have been recognized as the main indicators of
soil fertility. The quality of SOM can be evaluated by determining the ratio of humic acids to
fulvic acids (HA:FA) or carbon of humic acids to carbon of fulvic acids (CHA:CFA). It is
widely described that fertile soils are characterized by higher humus content and CHA:CFA
ratio>1.On the agricultural lands, soil humus properties are mostly determined by post- har‐
vest residue left after the harvest of crops [8, 14]. Legumes increase organic matter content in
soil. This is a consequence of chemical composition of organic material. Cereal straw con‐
tains more lignin, and legumes one more cellulose and nitrogen. Thus, the mineralization
process of legumes residues occurs faster and the C:N ratio is narrower as compared to oth‐
er crops [15].
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The percentage of humus which occurs in the various humic fractions varies considerably
from one soil type to another (Table 2) [16].

Soil Humic acid/

Fulvic acid ratio

Soil Humic acid/

Fulvic acid ratio

Chernozemordinary 2.0 – 2.5 Gray forest 1.0

Chernozem deep 1.7 Sod podzolic 0.8

Chestnut dark 1.5 – 1.7 Tundra 0.3

Table 2. Humic acid/fulvic acid ratios of some surface soils

A further attempt is made to investigate the properties of humic acids focusing on their
spectroscopic characterization by UV–VIS and fluorescence spectra. This method is an im‐
portant tool for determining the differences in humic substances structure, maturity and
condensation degree [16, 17]. Measuring of optical properties of humic acids (absorbance
and absorbance ratio) of alkaline soil extract allows to determine the degree of humification
process and humic substances quality. Humic substances from various types of soil differ in
the absorbance ratio. The measurement of absorbance is made in the wavelength range
280-665. The absorbance at wavelength 280 nm indicates the high content of lignin, 465 nm -
young humic substances components associated with the first phase of humification proc‐
ess. Absorbance at 665 nm is related to well humified components [18].

The intensity of absorbance at wave length 280, 465 and 665 nm is used to calculate the ratio‐
sA 2/4 (the ratio of absorbance in the wave length 280 nm to 465 nm), A 2/6 (280 nm to 665
nm) and A4/6 (465 nm to 665 nm). The absorbance ratio allows to recognize the structure of
humus components. Larger values of 465 nm to 665 nm (A4/A6 ratio) are associated with the
presence of smaller size organic molecules or more aliphatic structures and usually with
higher content of functional groups [19].

2. Materials and methods

The study was conducted on the basis of a three factorial long-term field experiment carried
on since 1979 at the Experimental Station Grabów of the Institute of Soil Science and Plant
Cultivation in Puławy, on typical soil in Poland, classified as light loamy and sand texture
according to USDA soil classification. The experiment was conducted with two crop rota‐
tions (I factor): A – recognized assoil exhausting from humus (potatoes, winter wheat,
spring barley and corn for silage) and B –considered to enrich soil with humus (potatoes,
winter wheat and mustard* as aftercrop for ploughing, spring barley with undersown** and
clover with grass mixture). The experiment was performed in the split – block layout in two
cycles moved by one year (Table 3).
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Rotation Year
Crop rotation A Crop rotation B

Cycle 1 Cycle 2 Cycle 1 Cycle 2

I

1980 potatoes potatoes

1981 winter wheat potatoes winter wheat* potatoes

1982 spring barley winter wheat spring barley** winter wheat

1983 maize for silage spring barley clover-grasses

mixture

spring barley

1984 maize for silage clover-grasses

mixture

II

1984 potatoes potatoes

1985 winter wheat potatoes winter wheat* potatoes

1986 spring barley winter wheat spring barley** winter wheat

1987 maize for silage spring barley clover-grasses

mixture

spring barley

1988 maize for silage clover-grasses

mixture

III

1988 potatoes potatoes

1989 winter wheat potatoes winter wheat* potatoes

1990 spring barley winter wheat spring barley** winter wheat

1991 maize for silage spring barley clover-grasses

mixture

spring barley

1992 maize for silage clover-grasses

mixture

IV

1992 potatoes potatoes

1993 winter wheat potatoes winter wheat* potatoes

1994 spring barley winter wheat spring barley** winter wheat

1995 maize for silage spring barley clover-grasses

mixture

spring barley

1996 maize for silage clover-grasses

mixture

V

1996 potatoes potatoes

1997 winter wheat potatoes winter wheat* potatoes

1998 spring barley winter wheat spring barley** winter wheat

1999 maize for silage spring barley clover-grasses

mixture

spring barley

2000 maize for silage clover-grasses

mixture

VI

2000 potatoes potatoes

2001 winter wheat potatoes winter wheat* potatoes

2002 spring barley winter wheat spring barley** winter wheat

2003 maize for silage spring barley clover-grasses

mixture

spring barley
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2004 maize for silage clover-grasses

mixture

VII

2004 potatoes potatoes

2005 winter wheat potatoes winter wheat* potatoes

2006 spring barley winter wheat spring barley** winter wheat

2007 maize for silage spring barley clover-grasses

mixture

spring barley

2008 maize for silage clover-grasses

mixture

Table 3. The scheme of the experiment;  Soil sampling term for SOM quality evaluation

In each crop rotation, five rates of manure (II factor) were applied under potatoes: 0, 20, 40,
60 and 80 t∙ ha-1 every four years.

These factors were permanent in the history of the experiment.

Since 1984 (the third rotation) in the both crop rotations mineral fertilization has been set (III
factor). Each crop was supplied with four rates of nitrogen fertilizers in accordance with ta‐
ble 4.

Mineral fertilization [kg ha-1]Crop

rotation

Plant

N0 N1 N2 N3 P2O5 K2O

A

Potatoes 0 45 90 135 54 160

Winter wheat 0 40 80 120 54 100

Spring barley 0 40 80 120 54 85

Maize for silage 0 45 90 135 54 120

B

Potatoes 0 45 90 135 54 160

Winter wheat 0 40 80 120 54 100

Spring barley 0 30 60 90 54 85

Clover with grass 0 40 80 120 54 115

Table 4. Mineral fertilization for crop rotation A and B

The paper presents the results of permanent experiment in which the quantity of soil organ‐
ic matter was determined through 33 years. The quality of soil organic matter was evaluated
on the basis of the soil samples (0-30 cm) collected after seventh rotation in the both cycles 1
and 2(Table 3). The average values for the cycles of described parameters were considered.
SOM was expressed as the percentage content of organic carbon in soil.

In the experiment numerous parameters were evaluated, but for the paper purposes the fol‐
lows ones were determined: organic carbon content by direct method using Analyzer C-
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MAT 5500 and fractional composition of organic matter by Schnitzer method. The content of
organic carbon of separated fraction was calculated as follow:

• Cd –carbon in solution after decalcification

• CHA+FA – sum of humic and fulvic acids in extracts obtained with 0,5 m NaOH

• CF – carbon of fulvic acids in solutions, following humic acids precipitation

• CHA – carbon of humic acids calculated from the difference:

• CHA = CHA+FA – CFA

The fractional composition was expressed as the percentage share of respective fraction in
the total organic carbon pool (TOC).

Optical parameters of humic acids (HU) were measured in the UV-VIS, and afterwards,
A4/A6 ratios were calculated.

The absorbance at 280, 465 and 665 nm of a solution (pH 8,3), containing at least 1 mg of in
NaHCO3 was measured in a UV –VIS spectrometer Perkin Elmer Lambda 20. The ratio of
A4/A6was used do characterize SOM according to Kononova (1966) [16].

Statistical processing of the results was performed using Statgraphics 5 Plus package.

The data were processed by ANOVA, for each crop rotation, manure and mineral fertiliza‐
tion. There were proofed significant effect of crop rotation and manure application on both
organic carbon content in soil and SOM quality. However, these parameters did not been
affected by mineral fertilization.

The average values for treatments with different rates of manure and mineral N fertilizers
describe the effect of experimental factors on soil organic carbon quantity. SOM quality was
evaluated by the average values for crop rotations (A, B), and for the extreme treatments –
without mineral nitrogen (N0), and the highest N rate (N3) as well as for manure, rates (1
and 5). Furthermore, the treatment with the highest mineral and manure doses was includ‐
ed (see explanations under table 5).

3. Results

3.1. The quantity of SOM

The analysis of variance demonstrated the importance of main effects and random effect
(years of study) as well as the synergies of all the experimental factors on Corg (P-Value
0,0000 for all tests). The content of organic carbon in soil through 33 years of the experi‐
ment is presented by Figure 2. Figure 3 illustrates the impact of manure application on Corg.
content in soil under cultivation of plants exhausting and enriching soil in organic matter.
The results are the average for treatments with different rates of manure and mineral nitro‐
gen fertilizers.
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To understand the figure 1, it is needed to consider that for the first two four-years rotations,
up to 1984, the experimental scheme included only manure application. At the beginning of
the experiment in 1979, the initial organic carbon content amounted to 0, 74% (Fig. 2). After
eight years, in crop rotations with clover grass mixture (B), organic carbon content oscillated
around the initial value and amounted to 0,78%. Meanwhile, in crop rotation without le‐
gumes (A) Corg. value dropped to 0,72%.

In the following years (since the third rotation), in fields under plants exhausting soil with
SOM (A), organic carbon quantity decreased regularly through the experiment and after 33
years dropped to 0, 61%. On the contrary, in crop rotation with clover – grass mixture, the
tendency to stabilization organic carbon quantity in soil was observed with the highest val‐
ue 0,79% in 1988 and the lowest one 0,72% in 2004. The disturbances in Corg. content detect‐
ed through the experiment in both crop rotations could be caused by both climatic
conditions and spatial field variability.

Figure 2. Effect of crop rotation on organic carbon content in soil through 1979-2008

The results illustrated by figure 3 indicated, that the effect of manure on soil organic carbon
content was strongly linked to the crop rotation. In the both crop rotations, manure applica‐
tionin creased soil organic carbon. However, in crop rotations with plants exhausting soil
from SOM even the highest manure rates 60 and 80 t ha-1 was not sufficient to secure Corg.
content at the initial level (Fig. 3) over the years, what confirms the results presented by Fig‐
ure 2. Meanwhile, in crop rotation with legumes, only 20 t ha-1 manure per hectare was re‐
quired to obtain such content.
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Figure 3. Effect of interaction manure application x crop rotation on soil organic carbon content

3.2. The quality of SOM

The properties of soil organic matter were evaluated on the base of its fractional composi‐
tion. Table 5 shows the group composition of humus after 29 years of the experiment done
by Schnitzer’s method.

Combination Corg

%

Cd

%

CHA+CFA CFA CHA CH CHA:CFA

A1N0 0,55 0,033 47,3 20,0 27,3 52,7 1,37

A1N3 0,61 0,034 41,0 16,4 24,6 59,0 1,50

A5N0 0,74 0,039 43,3 14,9 38,4 56,7 1,91

A5N3 0,74 0,039 52,7 18,9 33,8 47,3 1,79

B1B0 0,75 0,035 48,0 20,7 27,3 52,0 1,32

B1N3 0,80 0,035 43,8 18,8 25,0 56,2 1,33

B5N0 0,78 0,042 48,7 21,8 26,9 51,3 1,23

B5N3 0,82 0,033 50,6 22,0 28,6 49,4 1,30

Table 5. Explanations: A – crop rotation with plants exhausting soil from humus B – crop rotation with plants
enriching soil with humus1 – treatment without manure5 – treatment with 80 t manure ha-1 N0- treatment without
mineral fertilizers N3 – 120 kg N ha-1 Fractional composition of SOM

As it has been described in Material and Methods, the results for selected treatments were
listed. Constantly, the values of organic carbon content in soil samples were presented.
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Humus content and its quality in the soil depended on manure application and the choice of
plant species for crop rotation. There was found that crop rotation B and manure fertiliza‐
tion generally increased organic C content in the soil. Crop rotation influenced the strong to
quality of SOM (Fig.4).

Figure 4. Effect of manure application, mineral fertilization, and crop rotation on Corg. content(explanations as under
table 3). Error bars indicate standard deviation

Both manure application and selection of plants with legumes in crop rotation strongly
modified the fractional composition of SOM and led to an increase of the sum of humic
acids and fulvic acids in soil as well as the decrease in the amount of humins. Manure fertili‐
zation increased the ratio of humic acids in soil where as crop rotation with legumes affect‐
ed a larger proportion of fulvic acids in comparison with humic acids. As a consequence, in
treatments with regular, one to four years manure application, the ratio CHA:CFA was
higher as compared with only mineral N fertilization. Similarly, soil in fields under clover
with grasses cultivation are characterized by the lower ratio of humic acids to fulvic acids.

In the described experiment, the selection of plant species for crop rotation was recognized
as crucial for the parameter. Humus under plants which enhance soil with organic matter
revealed much lower values of CHA:CFA ratio as compared with the exhausting ones (Fig.
6). These differences will be discussed in the next part of the paper.
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Figure 4. Effect of manure application, mineral fertilization, and crop rotation on Corg. content(explanations as under
table 3). Error bars indicate standard deviation

Both manure application and selection of plants with legumes in crop rotation strongly
modified the fractional composition of SOM and led to an increase of the sum of humic
acids and fulvic acids in soil as well as the decrease in the amount of humins. Manure fertili‐
zation increased the ratio of humic acids in soil where as crop rotation with legumes affect‐
ed a larger proportion of fulvic acids in comparison with humic acids. As a consequence, in
treatments with regular, one to four years manure application, the ratio CHA:CFA was
higher as compared with only mineral N fertilization. Similarly, soil in fields under clover
with grasses cultivation are characterized by the lower ratio of humic acids to fulvic acids.

In the described experiment, the selection of plant species for crop rotation was recognized
as crucial for the parameter. Humus under plants which enhance soil with organic matter
revealed much lower values of CHA:CFA ratio as compared with the exhausting ones (Fig.
6). These differences will be discussed in the next part of the paper.
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Figure 5. Fractional composition of humic substances (explanations as under table 3).

Error bars indicate standard deviation

Figure 6. The ratio of humic acids to fulvic acids (CHA:CFA).Error bars indicate standard deviation

 

The isolated humic acids were treated by 1 mg of in NaHCO3 and the liquid samples were
subjected to UV - VIS radiation by the spectrometer for measurement within the range of
visible and UV light. Then, the ratio of UV absorbance in different wave-lengths were ana‐
lyzed. The coefficients of absorbance of humic acids were listed in table 6.
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Combination A2801) A4651) A6651) A280/4652) A280/6652) A465/6652)

A1N0 2,16 0,401 0,0871 5,39 24,8 4,60

A1N3 2,09 0,384 0,0864 5,44 24,2 4,44

A5N0 1,85 0,325 0,0695 5,69 26,6 4,68

A5N3 2,03 0,318 0,0657 6,38 39,0 4,84

B1B0 2,08 0,346 0,0736 6,01 28,3 4,70

B1N3 1,96 0,318 0,0650 6,61 32,0 4,89

B5N0 2,04 0,306 0,30585 6,66 34,9 5,23

B5N3 2,09 0,339 0,0657 6,20 31,8 5,16

Table 6. Explanations: A – crop rotation with plants exhausting soil from humus B – crop rotation with plants
enriching soil with humus1 – treatment without manure5 – treatment with 80 t manure ha-1 N0- treatment without
mineral fertilizersN3 – 120 kg N ha-1 1)– wave-lengths (nm) 2) – absorption ratioThe coefficients of absorbance of humic
acids

The soil with manure application and mineral fertilization revealed the spectrum 280 nm in
both crop rotations, which indicates the early stage of humification process characterized by
high lignin content. However, there was no clear evidence in relation of fertilization and
crop rotation on the intensity of the spectrum which amounted from 2,00 to 2,07 (Fig. 5).

Figure 7. Absorbance coefficients of humic acids. Error bars indicate standard deviation

4. Discussion

Carbon plays a significant role both for agriculture and environment protection. The organic
matter is a major component for soil formation. It considerably determines soil fertility and
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soil properties that are relevant to the yield. In agriculture land, both soil organic matter quantity
and quality are determined by natural,  agroclimatic condition as well  as soil  cultivation
technology. The relevance of soil organic matter has been long neglected, and for decades the
crop production was focused on mineral fertilization. During the last ten years in EU coun‐
tries, aprogressive lost of soil organic matter has been observed. In Poland, due to simplifica‐
tion in crop production with prevalence of cereal monocultures as well as crop residue removal
and reduced manure production intensify the process of natural SOM degradation. An of an
adequate farm management relies in maintaining a sustainable balance of soil organic mat‐
ter. A balance can be achieved by selection of species of cultivated plants, their share in the
crop structure, and the quality of organic fertilizers. For different crop species the amount of
residues left in filed varies.It can be estimated that the weight of cereals crop residues is about
3-fold greater than the roots, and legumes with grasses by up to 6-fold. Moreover, a different
duration and degree of shading the soil surface and the number of tillage performed might
affects the mineralization of organic compounds in humus.

The impact of all these factors on soil organic matter transformations could be accounted only
in long-term perspective because of gradual character of the processes. The results of descri‐
bed 33 years experiment confirm the positive effect of organic fertilization and crop rotation
included legumes – grass mixtures on SOM reproduction. For the research presented, the effect
of crop rotation had a larger impact on organic carbon accumulation in soil that the effect of
manure applications. Those results could be explained by the fact that clover mixture with
grasses results ina greater amount of humus in soil  compared with manure application.
Moreover, carbon from manure is more prone to undergo mineralization process [20].

The reduction of Corg in soil in the following years relative to the initial value, is not signifi‐
cantly related with manure rates and can be explained by a rather slow depleting of the total
pool of humus in agricultural soil as the effect of tillage intensity and regular removal of
straw from the field [21, 22]. The results from the long term field experiment indicate that an
external source of organic matter such as manure applied regularly might not assure a posi‐
tive balance of SOM. The results confirmed that including legumes into crop rotation might
provide an effective method to preserve the optimal level of humus.

The role of mineral nitrogen fertilization remains unclear. Some authors have described that
applicaton of high amounts of mineral fertilizers might accelerate mineralization process and
therefore diminish organic carbon. Other authors [23, 24] propose that prolonged applica‐
tion of mineral N fertilisers on lessives and brown soils may cause a decrease of carbon content
in soil of about 21% compared with soils not supplied with mineral fertilizers. Numerous papers
indicate that the inhance combined application of manure and mineral nitrogen fertilizers
enhances the mineralization process of humus [25-27]. However, there exists a strong consen‐
sus on the literature that mineral nitrogen has beneficial effect for humus stabilization [8].

In the own research, the significant effect of mineral nitrogen fertilization did not be proven.

A distinctive/significant difference was observed in the evolution of organic carbon content
in soil over time for crop rotation that included plants recognized to deplete humic substan‐
ces or plants that can enrich the humic content in soil.
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Soil cultivation and management practice, particular manure application and mineral fertili‐
zation, tillage systems and crop rotation induced an important discussion about humus
quality. According to stability and decomposability, soil organic carbon is divided into the
stable and labile forms. The stable forms are represented by the total carbon content, humic
substances sum, humic acids sum and fulvic acids sum [10, 28]. The labile carbon is soluble
in water, more active and undergoes short time changes in the soil. Körschnes [29] claims
that this part of SOM is a useful tool to characterize the soil management practice. The objec‐
tives of own experiment was both quantitative changes in Corg content in soil and quality of
humus according to Schnitzer method. That approach enables to point out the most proper
soil management regarding to organic and mineral fertilization, and selection of plant spe‐
cies for crop rotations to obtain the positive balance of SOM and soil fertility measured by
humus quality [29-31]. SOM quality is determined not by the absolute quantity of humus
acids but its percentage share in humus. Humic and fulvic acids content underlies the calcu‐
lation HA:FA ratio. The ratio describes humus quality and its stability as well. It is common‐
ly accepted that fertile soils are characterized by the ratio HA:FA >1. Soils fertilized with
composts, slurry and manure display higher HA:FA ratio than soils supplied with mineral
fertilizers [32]. The research presented provides similar results. Furthermore, the strong im‐
pact of crop rotations on the ratio was found. Humus of the soil under clover with grasses
mixture (crop rotation B) revealed lowest value of the ratio than with maize for silage (crop
rotation A) which amounted to 1.30 and 1.64 respectively. The literature reports that the
lowest ratio of humic acids to fulvic acids in soil under legumes cultivation, comes off from
the great carbon amount left by these plants, which does not impact on the ratio [8]. Besides,
legumes affect the rise of fulvic acids fraction and the lower HA:FA ratio as the result.

Fractional composition of humus was modified both by crop rotation and manure applica‐
tion. Legumes left a great amount of residues abundant with carbon and nitrogen - the
source energy for soil microorganisms, which promote the process of humus transformation
with the prevalence of mineralization one [32-35]. Hence, soils under legumes cultivation
are characterized by the lower HA:FA ratio. Nevertheless, the further detailed analyzes of
UV-VIS proved the good quality of soil under legumes. It demonstrates that fluorescence,
although poorly utilized for humic acids research, is a powerful tool to contribute to the
knowledge and the action of the organic matter in soil.

UV-VIS absorption technique is applied for a long time for the characterization of humic
substances. It is commonly accepted that absorbance at 280 nm is an indicative of lignin con‐
tent where as absorbance at 465 nmcan be related to organic matter in early stages of decom‐
position, and absorbance at 665 nm with advanced humification process of SOM. The data
presented in the literature indicate [14, 17, 35] that for a UV- VIS spectrum of “young” hu‐
mic acids the maximum signal at 280 nm will disappear with advanced humification proc‐
ess. Such spectrum is observed in soils fertilized with slurry and mineral fertilizers. For the
research presented, the soil treated with manure revealed a maximum at 280 nm for both
crop rotations. However, results on signal intensity at 280 were no conclusive for fertiliza‐
tion and crop rotation.
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Higher values of the A465/665 absorbance ratio were recorded in the soil with crop rotation
B and in the soil fertilized with manure, especially the highest rates. It is a clear evidence
that there were “young” humic acids of a lower condensation level of aromatic structures
that predominate in the structure of humic acids as compared with HA in the advanced hu‐
mification process [14, 18, 36].

Manure applications as compared to mineral nitrogen fertilization increases the content of
lignins in the particles of humic acids (higher values of the A280/465 absorbance ratio) (Fig.
5). Manure promoted a formulation of humus with greater share of aliphatic structure (low‐
er absorption values) and higher (higher values of A465/665).

Maintaining or increasing soil organic matter (SOM) is justified both from an agronomic and
a climatic perspective because it affects the capacity of the soil to sustain crop growth, is an
important factor in decreasing soil compaction and erosion, and is also a source and possible
sink of atmospheric CO2-C [37]. Understanding the processes that control SOM dynamics is
the key to SOM management. Land use and agricultural management practices such as crop
rotation, soil tillage and organic amendments can affect SOM by influencing both the quan‐
tity and quality of crop residues that are returned to the soil; they also influence the rate of
decomposition of added residues and native SOM [38-39].

5. Conclusions

1. The results of 32 – years of the field experiment show that the most important factor
which stabilizes organic carbon content in agricultural soils is crop rotation with le‐
gumes. This effect has not been obtained even by systematic application of the very
high rates of manure.

2. Because of intensified soil microbial activity, the ratio of humic acids to fulvic acids was
lower in soil under legumes cultivations as compared with manure application. The
further UV – VIS spectral analysis of humic acids indicated a high quality of humus of
soils under clover with grasses mixture.

3. Mineral fertilization has not modified both soil organic carbon content and humus quality.
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1. Introduction

1.1. Soil organic matter status

Soil organic matter (SOM) is most reactive and powerful factor in the formation of soil and
in its fertility. Formation of soil and accumulation of organic matter are a function of interac‐
tions between biological factors and parent rocks under certain hydrothermal conditions
and are one of the sections of a continuous chain of the trophic bounds between different life
forms, serving as a first and a last section at the same time. The later is because SOM contain
the main nitrogen stock, nearly the half of phosphorus, significant part of sulphur and other
macro- and micronutrients for sustaining life and productivity of plants. Although soil or‐
ganic matter comprise only five percent of total soil structure it has been a major research
topic throughout the history of soil science, which is generally regarded to have been ongo‐
ing for approximately a century [1, 2].

Discovering the role and fate of soil organic matter has been a great challenge for the scien‐
tists. There are many argues about definitions of SOM among soil scientist. One of the most
dynamic definitions of the SOM was given by [3]: the amount of organic carbon contained in
a particular soil is a function of the balance between the rate of deposition of plant residues
in or on soil and the rate of mineralization of the residue carbon by soil biota. In fact organic
matter in soil always is in a very dynamic state, where transformations of bio-products oc‐
cur constantly. The mechanisms through which soil organic C can be biologically stabilized
depend on the decomposition of the soil mineral phase and the chemical structure of the or‐
ganic residues added to the soil.

© 2013 Saljnikov et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Saljnikov et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Climate is the most powerful factor that determines the array of plant species at any given
location, the quantity of plant material produced, and the intensity of microbial activity in
the soil. Climate influences soil organic carbon (SOC) content primarily through the effects
of temperature, moisture, and solar radiation. Related studies found that amounts of SOC
were positively correlated with precipitation and, at a given level of precipitation, negative‐
ly correlated with temperature [4, 5]. Climatic influences on biologically active fractions of
SOM are not well understood. Therefore, one of the focuses in this study was investigation
of the dynamics of labile SOM under the different hydrothermal conditions of steppe eco‐
systems.

Another powerful factor determining SOM reserves is plant biomass inputs and outputs. In
agricultural systems, where soil and plant residues are often intensively manipulated, hu‐
man impact on decomposition is especially pronounced [6]. Management practices like till‐
age, selection of crops and cropping sequences, and fertilization can alter decomposition
rates by their effects on soil moisture, soil temperature, aeration, composition and placement
of residues. Many studies confirm that under the similar climatic condition, carbon and ni‐
trogen retention in soil is influenced by crop management systems, such as crop rotation [7,
8], tillage [5, 9], residue management [10] and fertilization and fertility [7, 10, 11]. This Chapter
will discuss an impact of different land management practices on the labile (biologically ac‐
tive) pool of soil organic matter.

1.2. Decomposition

Decomposition is the progressive break down of organic, ultimately into inorganic constitu‐
ents. The decomposition process is mediated mainly by soil microorganisms, which derive
energy and nutrients from decomposing substrate. Plant litter decomposes very rapidly and
although the carbon from plant litter represents only a small fraction of C in soil, about half
of the CO2 output from soil, globally, comes from decomposition of the annual litter fall [12].
Decomposition is central to the biogeochemical cycles in terrestrial, aquatic and atmospheric
systems. It releases nutrients and energy associated in organic materials and feeds them
back into local and global cycles, thereby affecting land, and air and water quality (Fig. 1).

Three interrelated factors regulate decomposition: the quality of the residue, the physical-
chemical environment in which decomposition occurs and the type of organisms in the de‐
composer community. All organic carbon in soils can serve as potentially suitable as
substrate. Vegetation can influence SOC levels as a result of the amount, placement and bio‐
degradability of plant residues returned to the soil. The fate of surface deposited residues
depends on the activity of soil microorganisms and fauna and their ability to mix these resi‐
dues into surface mineral horizons. Microorganisms are the major contributors to soil respi‐
ration and are responsible for 80-95% of the mineralization of carbon. Humans can affect
decomposition by altering some of these factors, especially in agricultural systems. The cur‐
rent understanding of decomposition processes, learned from field and laboratory studies, is
embodied in simulation models, e.g., the first-order kinetic model [110].

One of the effects of global warming is accelerated decomposition of soil organic matter,
thereby releasing CO2 to the atmosphere, which will further enhance the warming trend

Soil Processes and Current Trends in Quality Assessment270

[104]. The United Nations Framework Convention on Climate change (Kyoto Protocol of
1997), allows organic carbon stored in arable soils to be included in calculations of net car‐
bon emissions. By altering organic matter production, litter quality, and belowground C al‐
location, however, changes in vegetation type can influence microbial decomposition [105]
and root respiration and therefore soil respiration rates [80]. As a result of global climate
change and alterations in land use many ecosystems are currently experiencing concurrent
changes in the abiotic and biotic controls on soil respiration. Given the large quantity of CO2

that soils respire annually and the role CO2 plays in greenhouse warming, an understanding
of SR response to climate change and alterations in vegetation resulting from land use is
critical.

1.3. Labile pool of soil organic matter

Labile carbon is the fraction of soil organic carbon with most rapid turnover times and its
oxidation drives the flux of CO2 between soils and atmosphere. Labile organic matter pools
are fine indicators of soil quality that influence soil function in specific ways and that are
much more sensitive to changes in soil management practice [e.g., 13]. The biggest and main
source for labile organic matter is a ‘light’ fraction organic matter (or particulate OM, or
macroorganic matter; [8, 14-17] that consists of partially decomposed plant litter. This ‘light’
organic matter acts as a substrate for soil microbial activity, a short-term reservoir of nu‐
trients, a food source for soil fauna and loci for formation of water stable macroaggregates.

Figure 1. Conceptual model of soil organic matter decomposition (modified from [106])

Soil Organic Matter Stability as Affected by Land Management in Steppe Ecosystems
http://dx.doi.org/10.5772/53557

271



Climate is the most powerful factor that determines the array of plant species at any given
location, the quantity of plant material produced, and the intensity of microbial activity in
the soil. Climate influences soil organic carbon (SOC) content primarily through the effects
of temperature, moisture, and solar radiation. Related studies found that amounts of SOC
were positively correlated with precipitation and, at a given level of precipitation, negative‐
ly correlated with temperature [4, 5]. Climatic influences on biologically active fractions of
SOM are not well understood. Therefore, one of the focuses in this study was investigation
of the dynamics of labile SOM under the different hydrothermal conditions of steppe eco‐
systems.

Another powerful factor determining SOM reserves is plant biomass inputs and outputs. In
agricultural systems, where soil and plant residues are often intensively manipulated, hu‐
man impact on decomposition is especially pronounced [6]. Management practices like till‐
age, selection of crops and cropping sequences, and fertilization can alter decomposition
rates by their effects on soil moisture, soil temperature, aeration, composition and placement
of residues. Many studies confirm that under the similar climatic condition, carbon and ni‐
trogen retention in soil is influenced by crop management systems, such as crop rotation [7,
8], tillage [5, 9], residue management [10] and fertilization and fertility [7, 10, 11]. This Chapter
will discuss an impact of different land management practices on the labile (biologically ac‐
tive) pool of soil organic matter.

1.2. Decomposition

Decomposition is the progressive break down of organic, ultimately into inorganic constitu‐
ents. The decomposition process is mediated mainly by soil microorganisms, which derive
energy and nutrients from decomposing substrate. Plant litter decomposes very rapidly and
although the carbon from plant litter represents only a small fraction of C in soil, about half
of the CO2 output from soil, globally, comes from decomposition of the annual litter fall [12].
Decomposition is central to the biogeochemical cycles in terrestrial, aquatic and atmospheric
systems. It releases nutrients and energy associated in organic materials and feeds them
back into local and global cycles, thereby affecting land, and air and water quality (Fig. 1).

Three interrelated factors regulate decomposition: the quality of the residue, the physical-
chemical environment in which decomposition occurs and the type of organisms in the de‐
composer community. All organic carbon in soils can serve as potentially suitable as
substrate. Vegetation can influence SOC levels as a result of the amount, placement and bio‐
degradability of plant residues returned to the soil. The fate of surface deposited residues
depends on the activity of soil microorganisms and fauna and their ability to mix these resi‐
dues into surface mineral horizons. Microorganisms are the major contributors to soil respi‐
ration and are responsible for 80-95% of the mineralization of carbon. Humans can affect
decomposition by altering some of these factors, especially in agricultural systems. The cur‐
rent understanding of decomposition processes, learned from field and laboratory studies, is
embodied in simulation models, e.g., the first-order kinetic model [110].

One of the effects of global warming is accelerated decomposition of soil organic matter,
thereby releasing CO2 to the atmosphere, which will further enhance the warming trend

Soil Processes and Current Trends in Quality Assessment270

[104]. The United Nations Framework Convention on Climate change (Kyoto Protocol of
1997), allows organic carbon stored in arable soils to be included in calculations of net car‐
bon emissions. By altering organic matter production, litter quality, and belowground C al‐
location, however, changes in vegetation type can influence microbial decomposition [105]
and root respiration and therefore soil respiration rates [80]. As a result of global climate
change and alterations in land use many ecosystems are currently experiencing concurrent
changes in the abiotic and biotic controls on soil respiration. Given the large quantity of CO2

that soils respire annually and the role CO2 plays in greenhouse warming, an understanding
of SR response to climate change and alterations in vegetation resulting from land use is
critical.

1.3. Labile pool of soil organic matter

Labile carbon is the fraction of soil organic carbon with most rapid turnover times and its
oxidation drives the flux of CO2 between soils and atmosphere. Labile organic matter pools
are fine indicators of soil quality that influence soil function in specific ways and that are
much more sensitive to changes in soil management practice [e.g., 13]. The biggest and main
source for labile organic matter is a ‘light’ fraction organic matter (or particulate OM, or
macroorganic matter; [8, 14-17] that consists of partially decomposed plant litter. This ‘light’
organic matter acts as a substrate for soil microbial activity, a short-term reservoir of nu‐
trients, a food source for soil fauna and loci for formation of water stable macroaggregates.

Figure 1. Conceptual model of soil organic matter decomposition (modified from [106])

Soil Organic Matter Stability as Affected by Land Management in Steppe Ecosystems
http://dx.doi.org/10.5772/53557

271



Figure 2. Composition and distribution of fractions of soil organic matter

The biological determination of labile SOM is the carbon decomposed by microorganisms
during the microbial growth. This biological definition of labile SOM includes two aspects:
labile soil organic carbon chemically and physically assessable; the organic carbon that is
chemically decomposable but physically un-assessable due to protection by clay minerals is
not considered as a labile organic carbon. Generally, soil organic matter is divided into sta‐
ble (70-96%), active (2-30%) and plant litter (0-20%) fractions (Fig.2). The active fraction
mainly consists of microbial biomass and their metabolites, the organic substrate in different
stages of decomposition and non-humic substances, with turnover time from 0.8 to 5 years.
The stabilized or passive fraction of SOM is passive, chemically and physically protected
matters. The physically protected OM has turnover time from 20 to 50 years; the chemically
protected –from 800 to 1200 years.

The 10 to 30% active fraction is responsible for the support of soil microorganisms. This frac‐
tion is most sensitive to soil management practices. Although labile OM comprises a small
part of total SOM, it is the main source for nutrients and energy for microorganisms and
plants, and main source for carbon dioxide flux from soil. The roles of stable and labile SOM
differ. An active fraction mainly influences the activity of microorganisms, the stability of
macroaggregates, filtration speed, and the speed of nutrient mineralization. Whilst, the sta‐
ble fraction influences mainly water-holding capacity, soil cation exchangeable capacity and
soil microaggregation.

Fresh plant litter decomposes very quickly and the decomposition usually occurs not as a
single step, but as a cascade. Fresh material, usually plant residue, undergo hydrolysis and
redox reactions and then converted into altered forms. The transformed organic material, so
called ‘light’ fraction (LF), in turn, is susceptible to further decomposition. A small part of
LF is utilized for microbial synthesis, which after death contribute back to LF. Greatest part
of LF is subjected to further mineralization resulting in mineral products, which is of direct
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practical interest of soil scientists from agronomical and ecological point of view, because as
mentioned above, about half of the CO2 output from soil, globally, comes from decomposi‐
tion of the annual litter fall.

Thus, transformations of SOM are generally concentrated within labile pool. The end prod‐
ucts of organic matter mineralization (e.g., CO2, NO3, NH4) can give us valuable information
about ability of a given soil to supply plants with nutrients and/or ability to stabilize soil or‐
ganic matter.

Nitrogen (N) is generally the most common growth-limiting nutrient in agricultural produc‐
tion systems Nitrogen taken up by crops is derived from a number of sources, particularly
from fertilizer, biological N fixation and mineralization of N from soil organic matter, crop
residues, and manures [18]. Large amounts of mineralizable N can accumulate under grass‐
land with the result that crops grown immediately after cultivation of long-term grass may
derive much of their N from mineralization. In contrast, soils that have been intensively
cropped often mineralize little N, leaving crops heavily dependent on fertilizer nitrogen.
This chapter will present the impact of different fertilization experiments on soil labile OM.

Labile fractions of SOM neither have been fully described nor successfully isolated [19, 20].
However, procedurally defined fractions such as carbon and nitrogen mineralized under
controlled conditions and “light” fraction organic carbon proved to be good indicators of
subtle changes in SOM, because they affects the nutrient dynamics within single growing
season, the organic matter content under contrasting management regimes, and C sequestra‐
tion over extended periods of time. Organic matter quality may also be characterized by es‐
timates of kinetically defined pools obtained by fitting the simulation models to data of
carbon and nitrogen mineralization [21, 22]. Although soil labile organic carbon is constitut‐
ed of amino acids, simple carbohydrates, a fraction of microbial biomass, and other simple
organic compounds, a clear chemical or physical definition of soil labile organic carbon is
difficult if not impossible. We here present a biological definition of soil labile organic car‐
bon as microbial degradable carbon associated with microbial growth. This biological defini‐
tion includes two aspects: soil labile organic carbon is both chemically degradable and
physically accessible by soil microbes. Organic carbon that is chemically degradable but
physically inaccessible by microbes due to clay mineral protection is not regarded here as
soil labile organic carbon [13].

Mollisols soils are the most fertile and productive soils and therefore they are often overex‐
ploited for agricultural needs. The area under Mollisols in Kazakhstan occupies 25.3 million
ha and in Ukraine 60.4 million ha. During the Soviet period the political aim was a rapid
increase in grain production that was achieved by indiscriminate plowing of as large area of
virgin lands as possible. However, such intensive cultivation of these soils resulted in dras‐
tic decrease in its humus content. In this Chapter four types of Mollisols: Hupludolls, Argiu‐
dolls, Calciustolls and Haplustolls studied for characterization of the “light fraction organic
matter” for the scenarios considered and estimation of relationship between C/N ratio and
mineralization rates are presented.
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Figure 2. Composition and distribution of fractions of soil organic matter
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2. Materials and methods

2.1. Description of study sites

Four experimental sites from Eurasian steppes were examined for soil organic matter frac‐
tion. They are: Kharkov (dry forest-steppe, east Ukraine), Uman (moist forest-steppe, central
Ukraine), Kherson (dry steppe, south Ukraine) and Astana (dry steppe, northern Kazakh‐
stan,). The sites are located in different soil-ecological zones and differ in the amount of pre‐
cipitation, temperature, soil type and vegetation

2.2. Soil sampling and analysis.

Topsoil samples (0-20-cm) were collected in spring-summer. Three sub-samples for chemical
and five sub-samples for biological analysis were taken from each sampling point. The soil
samples were air-dried followed by grinding, and were passed through a 2-mm sieve for
chemical analysis. Samples for biological analysis were stored at fresh condition at 4o C be‐
fore analysis. The dried soil samples were analyzed for total N concentration using a full au‐
tomatic analyzer (Shimazu NC-800-13N). Organic C was determined by dichromate
oxidation method [23].

2.3. Labile carbon (Potentially Mineralizable Carbon, PMC)

The rate of disappearance of plant residues can be described using a kinetic model. First-
order kinetic model is usually used to characterize decomposition of plant residues, assum‐
ing that the annual input of plant residues is independent of the rate of their decomposition.
Using first-order kinetics to describe decomposition implies that the metabolic potential of
the soil microbial biomass exceeds the substrate supply.

Carbon mineralization was determined using laboratory incubation techniques via measur‐
ing soil respiration. The fresh soils were brought to 50% of WHC followed by incubation in a
square-plastic jar (500-ml) at 30oC for 70 days. The evolved CO2 was trapped in an alkali sol‐
ution (10-ml of 1M NaOH) that was replaced every 14 days, and cumulative CO2 was meas‐
ured by titration with 0.5MHCl. The amount of mineralizable carbon was estimated from
the rate of CO2-C evolved during 70 days of incubation using nonlinear regression accord‐
ing to the following equation [24]: Cmin=C0(1-e-kt),where, Cmin is an experimental value of
mineralized C (mg kg-1 soil) at time t (days) that was plotted to fit the equation, C0 is poten‐
tially mineralizable carbon (PMC) (mg kg-1 soil) that was calculated after fitting the curve,
and k is a nonlinear mineralization constant, i.e. the fraction mineralized per day (d-1) [25].

2.4. Labile nitrogen (Potentially Mineralizable Nitrogen, PMN)

Potentially mineralizable N is a measure of the active fraction of soil organic N, which is
chiefly responsible for the release of mineral N through microbial action. Mineralizable N is
composed of a heterogeneous array of organic substrates including microbial biomass, resi‐
dues of recent crops, and humus. Despite a continuing research effort [26, 27], chemical tests
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that are selective for the mineralizable portion of soil N are not available and incubation as‐
says remain the preferred way of estimating mineralizable N.

Mineralized N was determined after incubation of soils for 2-, 4-, 6-, 8-, 10-weeks and ana‐
lyzed for nitrate and ammonium N content by colorimetric method following extraction
with 2NKCl solution. Nitrate N was analyzed after reduction of NO3ions to NO2 by passing
the extraction through cadmium column. Ammonium N was analyzed by salicylate nitro‐
prusside method [18]. The amount of mineralizable N (N0) was obtained after fitting the da‐
ta of mineralized N (Nmin) every 14 days to the first order kinetic model [25 ]: Nmin=N0*(1-
e-kt), where, Nmin is an experimental value of mineralized N at a given time (t) that was
plotted to fit the equation, N0 is a potentially mineralizable nitrogen (PMN) that was calcu‐
lated after fitting the curve, and k is nonlinear mineralization constant.

2.5. Microbial biomass

Soil microbial biomass measurements have been used in studies of soil organic matter dy‐
namics and nutrient cycling in a variety of terrestrial ecosystems. They provide a measure of
the quantity of living microbial biomass present in the soil, and in arable soils account for
~1%–5% of the total soil organic matter [28, 29]. Measurements of the carbon (C) and nitro‐
gen (N) contained in the soil microbial biomass provide a basis for studies of the formation
and turnover of soil organic matter, as the microbial biomass is one of the key definable frac‐
tions [30]. The data can be used for assessing changes in soil organic matter caused by soil
management [31] and tillage practices [32], for assessing the impact of management on soil
strength and porosity, soil structure and aggregate stability [33], and for assessing soil N fer‐
tility status [21].

Soil microbial biomass was determined by chloroform fumigation-extraction technique as
described by [34]. For each sample, four sub-samples of field-moist soil were placed in
flasks, moistened to field capacity and conditioned for 3 days at 25oC. Two sub-samples
were fumigated with chloroform in a vacuum chamber for 5 days at 25oC and the other two
sub-samples (controls) were incubated without fumigation at the same temperature. All
samples were extracted with 0.5 m of K2SO4 at ratio 5:1. Microbial biomass C was measured
by dissolved organic carbon analyzer (TOC-5000) and microbial biomass N was determined
by colorimetric method. The microbial biomass C and N were calculated using an equation
relating the increased release of C and N as a result of CHCl3 fumigation and a factor repre‐
senting the fraction of biomass C and N extracted by K2SO4 [35].

2.6. “Light” fraction organic matter (LF)

“Light” fraction organic matter (LFOM) was separated by density separation using reagent-
grade NaI solution adjusted to 1.8 g cm-3 [36]. 10g of soil was suspended in 40 ml of NaI sol‐
ution (sp.gr. = 1,7) and the soil dispersed for 30 seconds using a Virtis homogenizer. After
centrifugation, the floating material, i.e., the ‘light’ fraction was transferred directly to a vac‐
uum filtration unit. The LFOM was then washed (three aliquots of 10 ml 0.01M CaCl2 fol‐
lowed by three aliquots of distilled water), dried at 70oC for 15h and weighed. The residue
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the quantity of living microbial biomass present in the soil, and in arable soils account for
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was re-suspended and the procedure was repeated to ensure complete collection of the LF.
The composite LF was finely ground and analyzed for N and C concentrations.

2.7. Statistics

Descriptive statistical analyses were performed using SYSTAT-8 software [24]. Variability
among treatments in each region was within the range of variability among the regions for
all the cases. Sigma Plot 8 software [25] was applied for modeling C mineralization pattern
and mineralization rate constant.

3. Impact of soil management practices on content of total organic C and
N in soil

3.1. Soil total C and N in fertilization experiment

Mean annual mineralization of humus depends upon many factors. However, in case of
unified soil and climatic conditions the limiting factor of soil organic matter mineralization
becomes the cultivated plant and the technology of crop cultivation. Time, depth, frequen‐
cy and intensity of cultivation are directly related to the amount of humus mineralization
[37, 38].

The experiment with application of different dozes of mineral and organic fertilizers was
conducted on Mollisols, in Uman (Table 1). The results of the study confirm the role of man‐
ure in contribution to both stable and labile soil organic matter. The content of soil organic
carbon was not increased after 36 years application of mineral fertilizer in most of the treat‐
ments, compared to the control, while application of high rates of manure (O) alone main‐
tained the higher accumulation of soil organic carbon (Table 2).

Manure contains humic acids [39], which directly contributes to the soil humic acids and fa‐
vors humification processes [40, 41]. As this experiment has been performing since 1964, the
long-term input of high rates of manure contributed to SOM via direct inputs of humic acids
into the soil, showing the higher soil organic C than in other treatments. Content of total N
in the treatments was not statistically different as indicated by the same letters in Table 2.
Insignificant effect of the mineral fertilizers on the accumulation of soil organic C and N is
due to quick depletion of mineral fertilizer in the soil either by means of microbial utiliza‐
tion [42] and by plant consumption, or by direct losses via leaching and/or volatilization

3.1.1. Soil total C and N in fallow frequency experiment in Astana, Kazakhstan

Under nearly 50 years of monoculture of wheat, summer bare fallow has been practiced in
crop rotation in order to retain moisture, to accumulate nutrients through mineralization
and to control weed infestation. Fallowed fields are usually cultivated many times to keep
the land bare during the whole cropping season. Of great concern is, however, the adverse
effect of fallow, that is, the changes in soil organic matter (SOM) quality and quantity in the
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context of degradation of the fertility of chernozem soils and subsequent agricultural sus‐
tainability. The studies of [43-45] have demonstrated that fallowing significantly exacerbates
the depletion of SOM. Organic C and N content of soil after 33 years of cropping decreased
with increasing frequency of fallow in a rotation on Canadian soils (53).

Treatments Fertilization rates

kg ha-1 N year-1

Fertilizer N applied per rotation

(10 years), kg N ha-1 rotation-1

CON no no no no

M1 N45 (NH4)2SO4 450 450

M3 N135 (NH4)2SO4 1350 1350

O Manure N67.5 manure 675 675

MO1 N22+ manure N22.5 (NH4)2SO4 225 450

manure 225

MO3 N45 (NH4)2SO4 675 1350

manure 675

*Amount of N in manure was calculated as: one ton of cattle manure contains approximately 5 kg of N

Table 1. Fertilization treatments in Uman experimental site from 10-year crop rotation in surface soil of Argiudolls,
Ukraine

Fertilization rates Treatments Organic C Total N C/N ratio

kg ha-1 year-1 g kg-1 soil

no CON 20.4a 1.64a 12

N45 M1 19.6a 1.62a 12

N135 M3 20.8a 1.76a 12

Manure N67.5 O 21.9b 1.77a 12

N22+ manure N22.5 MO1 20.4a 1.71a 12

N22 + manure N67.5 MO3 20.1a 1.72a 12

Table 2. Effect of fertilization treatments on soil organic C (SOC) and total N (TN) in surface soil of Argiudolls, Uman,
Ukraine

The objectives of this study were to examine the effects of summer fallow on the characteris‐
tics of SOM on a long-term basis (length of crop rotation with a variety of frequencies of fal‐
low) as well as on a short-term basis (pre- and post-fallow phases) with special reference to
readily decomposable fractions.

To investigate the impact of bare fallow on soil SOM dynamics the five representatives fal‐
low-spring wheat crop rotation were selected (2-year, 4-year and 6-year with one year of
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context of degradation of the fertility of chernozem soils and subsequent agricultural sus‐
tainability. The studies of [43-45] have demonstrated that fallowing significantly exacerbates
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The objectives of this study were to examine the effects of summer fallow on the characteris‐
tics of SOM on a long-term basis (length of crop rotation with a variety of frequencies of fal‐
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bare fallowing). Soil samples were collected from pre- (2R-pre, 4R-pre and 6R-pre) and post-
fallow (2R-post, 4R-post and 6R-post) phases in each rotation. Also, for comparison the con‐
tinuous cropping of spring wheat (CW) and continuous fallowing (CF) were sampled for
comparison.

Soil organic carbon (SOC) content was significantly affected by long-term fallowing. The CF
system maintained the least SOC, while 6R and CW stored the most SOC (Table 3). SOC was
inversely proportional to fallow frequency, indicating the negative effect of fallow on long-
term accumulation of SOM. The effect of the rotations on total nitrogen (TN) paralleled that
described for SOC. The highest TN concentrations were observed in the 6R and CW systems
and lowest concentrations in the CF system.

To protect the field against weeds and to store more moisture and nutrients in the soil, fal‐
lowed field are cultivated 4 to 5 times during the vegetative season. Such intensive mechani‐
cal disturbance causes enhanced mineralization of SOM in fallow, firstly, due to better
aeration of surface soil, and secondly, particular organic matter occluded within aggregates
might become exposed to microbial attack after disruption of aggregates. Additionally, bare
fallow does not contribute plant residues for the replenishment of SOM.

In general, distributions of SOC and TN among rotations with different fallow frequencies
were comparable to those reported by [50-52] for Chernozem soils. Frequently fallowing
systems such as 2R showed less SOM than less frequently fallowing systems, such as 6R.
Our results confirmed the findings from North American arable systems that frequently fal‐
lowing system accelerates mineralization of SOM [51-53]

Rotation

phase

Rotation phase

sampled

SOC TN C-to-N ratio

kg Mg-1 soil

CF Cont. Fallow 21.9ax 1.97a 11

2R-pre (F)y-W 25.4b 2.26b 11

2R-post F-(W) 25.1b 2.16b 12

4R-pre (F)-W-W-W 26.1b 2.26b 12

4R-post F-(W)-W-W 24.9b 2.19b 11

6R-pre (F)-W-W-W-W-W 31.0c 2.57c 12

6R-post F-(W)-W-W-W-W 30.6c 2.50c 12

CW Cont. W 27.2c 2.38c 13

Xa-c: values within columns followed by the same letter are not significantly different (P=0.05) as determined by LSD
analysis.

Y ( ) denotes rotation phase sampled.

Table 3. Effects of fallow (F) frequency and rotation phase on soil organic C (SOC) and total N (TN) in surface soil of
Haplustolls, Astana, Kazakhstan
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4. Impact of agricultural practices on labile SOM

Labile SOM fractions such as the “light” fraction C [14],microbial biomass carbon [15], min‐
eralizable C [8, 16] are highly sensitive tochanges in C inputs to the soil and will provide a
measurable change before any such change in total organic matter [17].In contrast, the more
stable (humified) poolsare probably the more appropriate and representative fractions for C
sequestration characterization [54].

Carbon mineralization potentials measured via soil respiration in a cascade measurement of
the carbon dioxide efflux produced from soil metabolic processes consists of mainly micro‐
bial decomposition of soil organic matter and root respiration [55]. A great deal of research
money and effort has been invested in studies of soil respiration in recent years because of
the potential impacts of this process on the Greenhouse Effect [55]. Measurement of poten‐
tially mineralizable C represents a bioassay of labile organic matter using the indigenous mi‐
crobial community to release labile organic fractions of C. Mineralizable N is also an
important indicator of the capacity of the soil to supply N for crops. Individual labile organ‐
ic matter fractions, such as easily mineralizable carbon and nitrogen, the microbial biomass
and activity, are sensitive to changes in soil management and have specific effects on soil
function [8]. Together they reflect the diverse but central effects that organic matter has on
soil properties and processes.

4.1. Soil labile OM in fertilization and experiment

In the 21st century the mineral fertilizers became determinant for obtaining contented yield
of agricultural crops. However, the application of only mineral fertilizer might lead to accel‐
erated mineralization of soil organic matter not mentioning the ecological aspects. Most sci‐
entist agree that prolonged application of manure either stabilizes the initial content of
humus or increases its content, depending on the rates of applied manure [38, 56-58].

4.1.1. Soil mineral nitrogen in fertilization experiment

The study of the fertilization experiment showed that amount of soil mineral N (min-N) was
in direct correlation with added N (Fig 3). The highest content of min-N was recorded in
MO3 and M3 treatments, followed by O, MO1and M1 treatments (Figure 3). As shown in
Table 1, M3 and MO3 treatments received the highest rate of N that was 1350 kg of N per ha
per rotation that was the reason of the increased amount of min-N. Generally, min-N was
distributed proportionally to the amount of applied N. But some difference was observed
between application of mineral N alone and combination of N applied with mineral fertiliz‐
er and manure. For example, M1 and MO1 treatments received the same amount of N in
whole rotation, where M1 treatment received only mineral N, and MO1 treatment received
50% N from the mineral fertilizer and 50% N from the manure. Similar pattern was ob‐
served in the case of M3 and MO3. Fertilizer N was quickly utilized by plants and microor‐
ganisms, while N of manure was decomposed more slowly supplying the soil with N for
longer period.
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Figure 3. Soil mineral nitrogen at sampling time from fertilization treatments, Uman

The [56] reported that “ready” humic substances applied with cattle manure is thermody‐
namically non-stable and therefore is subject to faster decomposition and mineralization.
Probably, these non-stable organic substances in manure were the main source of mineral‐
ized nitrogen resulting in increased accumulation of labile forms of N in manured experi‐
ment.

4.1.2. Nitrogen mineralization potentials in fertilization experiment

Mineralization rate constant (k) among the treatments varied significantly (P<0.05). The
treatments where the high rates of manure wereapplied showed higher mineralization rate
(Figure 4). All treatments but MO3 have lowered their mineralization rate by the end of in‐
cubation (56-70 days). MO3is the treatment that received mineral fertilizer and high rate of
manure.Nitrogen of the mineral fertilizer serves as an easy available substrate for microor‐
ganisms at the beginning of the incubation then, after the available mineral nitrogen was de‐
pleted by microbial utilization, the nitrogen of the manure was exposed to microbial attack
showing high mineralization rate after 70 days of incubation, while in O treatment, manure
was attacked from the beginning because no mineral N was added to the soil. Manure con‐
sists of labile and non-labile fractions of organic compounds. After the labile fractions of
manure were mineralized, the mineralization rate was slowed down thus showing lowered
rate after eight weeks of incubation.

PMN content was the highest in the treatments where high rates of manure were applied
that are O and MO3 (Table 4). Manure was applied about 19 months before the soil sam‐
pling. During about eight months the soil was frozen and no microbial activity was under‐
going. It takes about 275 days to start releasing mineral N from manure, and about 391 days
for complete mineralization or for reaching the stabilization point [59]. By the time of sam‐
pling manure had been releasing N for about 90 days, therefore, during the laboratory incu‐
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bation manure continued to release mineral N, showing higher PMN in O and MO3
treatments.

Cattle manure contains “ready” humic substances that can be directly and immediately in‐
volved into immobilization processes. Probably, these non-stable organic substances in man‐
ure were the main source of mineralized N resulting in increased accumulation of labile
forms of N under the manured treatments.

Treatment Fertilization rates PMN C/N Soil total N as PMN, %

kg ha-1 year-1 mg kg-1

CON No 75.61 12.7 4.6

M1 N45 84.64 8.6 5.2

M3 N135 78.50 15.2 4.5

O Manure N67.5 96.44 12.0 5.4

MO1 N22 + manure N22.5 88.17 13.7 5.2

MO3 N22+ manure N67.5 151.92 6.8 8.8

Table 4. Potentially mineralizable nitrogen as influenced by different fertilization, Uman

Treatment Fertilization rate

kg ha-1 year-1

MBC MBN C/N Soil organic C and total N (%)

mg kg-1 soil as MBC as MBN

CON no 459a 33.3a 14 2.09 2.02

M1 N45 586b 35.5a 17 2.72 2.19

M3 N135 531c 21.3b 25 2.35 1.21

O3 Manure N67.5 566bc 85.3c 7 2.40 4.81

MO1 N22+ manure N22.5 585b 71.5d 8 2.64 4.19

MO3 N22+ manure N67.5 677d 69.6d 10 3.10 4.05

Table 5. Microbial biomass carbon (MBC) and nitrogen (MBN) as influenced by different fertilization, Uman

4.1.3. Microbial biomass carbon and nitrogen in fertilization experiment

Microbial biomass N (MBN) in the treatments where manure was applied amounted from
72 to 85 mg kg-1 soil (Table 5). In the treatments where no manure was applied MBN
amounted from 21 to 36 mg kg-1 soil. Moreover, application of the high rate of mineral fertil‐
izer alone decreased the MBN content. The ratio of MBC to MBN also shows distinctive dif‐
ference between the treatments where high ratio was observed under the mineral
fertilization and lower ratio under the manure application. Noticeably, highest C to N ratio
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72 to 85 mg kg-1 soil (Table 5). In the treatments where no manure was applied MBN
amounted from 21 to 36 mg kg-1 soil. Moreover, application of the high rate of mineral fertil‐
izer alone decreased the MBN content. The ratio of MBC to MBN also shows distinctive dif‐
ference between the treatments where high ratio was observed under the mineral
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was under the highest rate of mineral fertilization (M3) and the lowest was under the high
rate of manure application (O3). This is due to intensive utilization of added nitrogen by mi‐
croorganisms. Addition of biomass substrate with the content N more than 1.5 to 1,7% do
not need additional fertilizer by nitrogen, the soil N satisfies the need of microorganisms
during the decomposition. Always, the “requirements” of microorganisms are satisfied first
of all, disregarding on the need of plants for nitrogen.

Figure 4. Fitting curves of nitrogen mineralization in fertilization experiment in Uman, Ukraine, as described with the
first order kinetic model: Nmin=N0(1-e-kt), where Nmin is the mineralized N at time t, N0 is the potentially mineralizable
N (PMN), k is the mineralization rate constant.
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4.2. Impact of fertilization and irrigation practices on total soil organic C and N

This study was conducted in long-term experiments with fertilization and irrigation in
Kherson, south Ukraine. Sampling scheme of the Kherson experiments were 1) irrigated
plus fertilized treatment (I+F), 2) irrigated only (I); 3) fertilized only (F) and 4) control that
was neither fertilized nor irrigated (CON).

Analysis of variance showed that soil organic carbon (SOC) and total nitrogen (TN) were
not statistically different among treatments. However, there were observed a different trend
in accumulating SOM (Table 6). Contents of SOC and TN were for 7.19% and 9.30% respec‐
tively, greater in I+F treatments than in the control CON. Higher accumulation of SOC and
TN under I+F treatment is due to higher biomass production under irrigation and fertiliza‐
tion. Consequently, higher plant biomass contributes to SOM. Fertilization (F) alone, or irri‐
gation (I) alone maintained similar amount of organic C and total N. Kherson region is
characterized with very small amount of precipitation, around 300 mm annually. In such
dry conditions, fertilization does not pay off in terms biomass production because the ap‐
plied fertilizer cannot be dissolved and be available for plant consumption.

Treatments Applied treatment Organic C Total N C/N

g kg-1 soil

I+F Irrigated and fertilized 16.7a 1.29a 13

F Fertilized 16.4a 1.25a 13

I Irrigated 15.8a 1.24a 13

CON no 15.5a 1.17a 13

*Fertilizer was applied as N120P120K120 for every fertilization treatment at rates indicated as subscripted mark.

*Irrigation water was applied at rate of 3200m3 ha-1 for every irrigated treatment.

Table 6. Organic carbon and total nitrogen concentration in irrigation experiment, Kherson

4.2.1. Soil mineral nitrogen in irrigation experiment

Content of soil mineral N was different among the treatments at P=0.1 (Fig. 5). As expected, the
greatest differences were observed between I+F and non-irrigated treatments (F and CON).

Irrigated treatment accumulated higher min-N than the non-irrigated because irrigation of
dry soil resulted in flash in microbial growth. During the long dry period the most of micro‐
organisms dies, and then later upon irrigation those microbial necromass serves as easy
source of N for survived microorganisms. The microorganism’s body has the narrowest C-
to-N ratio that is an indicator of the most easily available N source. Thus the flash in micro‐
bial growth accelerates mineralization processes in soil and moistening of dry soil causes
disruption of organic compounds and soil particles that may contain organic substances.
Subsequently, the disrupted organic material is more sensitive for microbial attack thus con‐
tributing to N mineralization.
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Figure 5. Soil mineral nitrogen in irrigation experiment, Kherson

4.2.2. Nitrogen mineralization potentials in irrigation experiment

Potentially mineralizable nitrogen (PMN) was significantly different (P=0.01) among the
treatments with the highest mineralization rate under I+Ftreatment (k=0.0192) (Figure 6).
The highest accumulation of mineralizable N (PMN) was also obtained under the I+Ftreat‐
ment (171.73 mg kg-1) (Table 7), while all other treatments maintained statistically not differ‐
ent amounts of PMN.

Figure 6. Fitting curves of nitrogen mineralization in fertilization experiment, Kherson, as described by the first order
kinetic model: Nmin=N0(1-e-kt), where Nmin is the mineralized N at time t, N0 is the potentially mineralizable N (PMN),
k is the mineralization rate constant
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I+F treatment maintained higher plant biomass returned into soil. Later when the soil was
placed under the favourable laboratory conditions, those accumulated residues were sub‐
jected to mineralization showing higher PMN.

Fertilization alone (F) had suppressed mineralization on the field because of deficiency of
water necessary for microbial activity. But when the soil was placed under favourable labo‐
ratory conditions the accumulated organic substrate is mineralized, thus giving nearly the
same amount of PMN as the irrigated treatment.

4.2.3. Carbon mineralization potentials in irrigation experiment

Irrigated plus fertilized treatment (I+F) showed the highest carbon mineralization rate as
well as amount of PMC in 70d (Fig. 7; Table 7). Irrigation of dry soil disrupts soil structure
thereby making previously sequestered carbon available for microbial utilization. The [60,
61] found that soil drying destroyed 1/3 to 1/4 of biomass and after remoistening the bio‐
mass was progressively restored to approximately the same size as before drying.

Figure 7. Fitting curves of carbon mineralization in fertilization experiment, Kherson, as described by the first order
kinetic model: Cmin=C0(1-e-kt), where Cmin is the mineralized C at time t, C0 is the potentially mineralizable C (PMC), k
is the mineralization rate constant
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In this study, high temperatures and dry conditions have caused death of microorganisms
that were immobilized during desiccation via adsorption on clay surfaces and/or transfor‐
mation into other forms of organic compounds. Then, the following irrigation revived mi‐
crobial community and disrupted soil clay particles that released stabilized organic matter.
In the study conducted by [62] the similar results were obtained, where extra mineralized
14C, due to soil desiccation came from non-living residues, likely to be those that were stabi‐
lized by adsorption to clay surfaces.

The highest percentage of PMC and PMN in soil organic C were under I+F treatment (Table
7). This is in accordance with the earlier discussion and confirms the hypothesis that there
are at least two reasons responsible for it: firstly, irrigation of dry soil causes enhanced min‐
eralization of soil organic matter, and secondly, fertilization of irrigated soil provides higher
plant biomass that contributes to the accumulation of labile organic matter.

Treatments Applied treatment PMC PMN C/N Soil organic C

and total N (%)

mg kg-1 soil as PMC as PMN

I+F Irrigated and fertilized 1522 171.73 8.9 9.11 13.31

F Fertilized 1416 160.56 8.8 8.63 12.84

I Irrigated 1105 107.64 10.2 6.99 8.68

CON no 858 95.89 8.9 5.53 8.20

Table 7. Mineralizable carbon and nitrogen (PMC and PMN) in irrigation experiment, Kherson

4.2.4. “Light fraction” organic matter in irrigation experiment, Kherson

The I+Ftreatment maintained the highest amount of ‘light’ fraction dry matter (LFDM), car‐
bon (LFC), nitrogen (LFN) and their proportions in soil organic carbon (SOC) and total ni‐
trogen (TN) (Table 8). One of the reasons is, as discussed earlier, higher biomass production
in this treatment, hence higher organic substrate was added with residues. Desiccation that
caused the death of a large number of microorganisms, followed by immobilization and
condensation of their dead tissues thus increasing the amount of recalcitrant, soluble organ‐
ic C is another reason [60]. Moreover, irrigation of desiccated soil also causes the death of
microorganisms due to the osmoregulatory shock [63] that also could contribute to the
LFOM.

4.2.5. Microbial biomass in irrigation experiment, Kherson

Microbial biomass carbon (MBC) and nitrogen (MBN) significantly differed among the treat‐
ments (Table 9). The highest MBC and MBN were obtained under the irrigation alone (I)
treatment followed by the irrigated plus fertilized (I+F) treatment. The least microbial bio‐
mass was obtained under the fertilized alone (F) treatment.
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Treatment Applied treatment LFDM LFC LFN C/N Soil organic C

and total N (%)

g mg-1 soil mg kg-1 soil as LFC as LFN

I+F Irrigated and fertilized 9.27 1884 122 15 11.3 9.4

F Fertilized 8.52 1591 104 15 9.7 8.4

I Irrigated 6.49 1589 104 15 10.0 8.4

CON no 6.82 1684 108 16 10.8 9.2

Table 8. “Light fraction” dry matter (LFDM), carbon (LFC) and nitrogen (LFN) in irrigation experiment, Kherson

Treatment Applied treatment MBC MBN C/N Soil organic C and total N (%)

mg kg-1 soil as MBC as MBN

I+F Irrigated and fertilized 618 160 4 3.7 12.4

F Fertilized 450 76 6 2.7 6.1

I Irrigated 733 175 4 4.6 14.2

CON no 636 128 5 4.1 10.9

Table 9. Microbial biomass in irrigation experiment, Kherson

Such distribution of microbial biomass was expected because moisture conditions are a ma‐
jor factor controlling survival and activity of microorganisms in the soil [64]. Drying and re‐
moistening of soils strongly affects microbial growth and activity [61, 65, 66]. After
remoistening of dried soil, available C components were assimilated and transformed partly
into new biomass C, and partly involved into CO2 that evolved into the atmosphere [63].

4.2.6. General discussion of fertilization, manure application and irrigation experiments

Many researchers recorded positive effects of manure application on SOM [38, 57, 67-69].
For example, in Nebraska, annual application of 13.5 t ha-1 of manure (dry matter) during 31
years on irrigated land has increased content of humus from 0.98 to 1.67%. The [59] found
out that increased application of manure resulted in intensification of C mineralization, es‐
pecially the C that is included in fulvic acids, and in lesser extent in humic acids. Biological
analysis showed that application of high rates of manure activates the biochemical process‐
es, which is controlled by particular microbiological community that has ability for active
transformations not of only simple organic substances (e.g. fulvic acids), but also of more
complex and hardly decomposable substances (e.g. humic acid).

Increased microbial activity in irrigated treatments in Kherson has been ascribed to the rap‐
id metabolization of biomass-derived substrate resulting from the death of part of the micro‐
bial community during drying [61-63, 70] and/or rapid rewetting of the desiccated soil
material [100]. Alternate drying and re-moistening increases the mobility of organic matter
and results in the release of N as ammonium and amides [42].
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4.3. Impact of bare fallow on soil labile organic matter in Haplustolls, Astana, Kazakhstan

With increasing cultivation intensity, the SOM of the less stable pools is decomposed, as in‐
dicated by decreasing portions of sand-sized SOM (2-0.05 mm) [19, 46, 47], or light fraction
C [48, 49). Organic compounds adsorbed to surfaces of clay particles might become exposed
to microbial attack after disruption of aggregates due to tillage.

To investigate the impact of bare fallow on soil SOM dynamics the five representatives fal‐
low-spring wheat crop rotation were selected (2-year, 4-year and 6-year with one year of
bare fallowing). Soil samples were collected from pre- (2R-pre, 4R-pre and 6R-pre) and post-
fallow (2R-post, 4R-post and 6R-post) phases in each rotation. The continuous fallowing
(CF) and continuous cropping of wheat (CW) were also sampled to see the effect of fallow
impact on SOM.

4.3.1. Soil mineral nitrogen in fallow frequency experiment

On a long-term basis, the CF system accumulated the highest amount of soil mineral nitro‐
gen (min-N). But min-N was strongly affected by summer fallow on a short-term basis as
well. Pre- and post-fallow phases showed significant differences with min-N accumulating
in post-fallow than in pre-fallow phase (Table 10). Post-fallow phases accumulated 3.0-, 1.9-
and 1.9-fold amounts of min-N of pre-fallow phases in 2R, 4R and 6R, respectively

As expected, the CF system maintained the highest amount of soil min-N that was due to
enhanced mineralization of SOM compared to the other systems. The short-term effect of
fallow on the accumulation of min-N is clearly observed as well. During fallow phase min-N
is not subjected to either plant uptake or leaching, thus resulting in a greater accumulation
of soil min-N in post-fallow (2R-post, 4R-post and 6R-post) than in pre-fallow phases (2R-
pre, 4R-pre and 6R-pre).

4.3.2. Nitrogen mineralization potentials in fallow frequency experiment (PMN)

The pattern of N mineralization showed a different trend between pre- and post-fallow
phases in all rotations (Fig. 8). Pre-fallow phases (Fig.8. a, c and e) were characterized by a
larger value of PMN (N0), a smaller mineralization rate constant (k), and a shorter initial de‐
lay of mineralization (c) than in the post-fallow phases (Fig.8. b, d, and f).

Fallow influenced accumulation of PMN on short-term basis, that is, pre-fallow phases (2R-
pre, 4R-pre and 6R-pre) accumulated more PMN than post-fallow (2R-post, 4R-post and 6R-
post) phases (Table 10). The lowest PMN was observed under the CF system (69 mg kg-1)
and the highest under 6R-pre (124 mg kg-1). Pre-fallow phases accumulated 2.4, 1.3 and 1.5
fold amount of PMN of post-fallow phases in 2R, 4R and 6R, respectively. Larger amounts
of mineralized nitrogen (N0) in the pre-fallow phases indicate larger storage of PMN in these
soils than in post-fallow soils. Differences in the rate constant (k) between pre- and post-fal‐
low phases indicate that fallowing has caused changes in the quality of the PMN.

Due to multiple cultivations of fallows the soil is subjected to alternating wet-dry cycles. The
wet period provided better moisture condition microorganism activity and produced great‐
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er biomass than in cropped fields. Then in the subsequent dry period the greater biomass
turned into necromass due to drought. This cycle may be repeated several times in a crop‐
ping season. Later, during incubation in the laboratory, this microbial necromass as well as
living biomass was rapidly mineralized showing a higher mineralization rate constant in the
post fallow than in the pre-fallow phases. The soils from the post-fallow phase showed a
longer initial delay of mineralization, suggesting that higher concentration of min-N com‐
pared to pre-fallow phase probably stimulated microbial activity and resulted in immobili‐
zation of mineralized N during the initial stages of incubation.

The long-term effect of fallow was not observed for soil min-N or PMN suggesting that N
mineralization is only affected by the substrate added during the previous year or the latest
cycle of rotation. Nitrogen in the forms of NO3ˉ and NH4

+ is assimilated by plants and re‐
turned into soil whereas C originates from CO2 in the air and ploughed as organic residue
into soil. Nitrogen transformations are closely related to the processes of mineralization of
its organic forms in plant-soil system. Therefore, in plant-soil systems N cycling is affected
over shorter period than C cycling.

Rotation

phase

PMC min-N PMN C-to-N ratio Organic C

as PMC

Total N

as PMN

mg kg-1 soil %

CF 794bx 46a 69a 11 3.6 3.5

2R-pre 1194ab 14b 166b 7 4.7 7.4

2R-post 1012b 42a 69a 15 4.0 3.2

4R-pre 1224a 13b 86c 14 4.7 3.8

4R-post 1215a 24c 67a 18 4.9 3.1

6R-pre 1524c 16b 124b 12 4.9 4.8

6R-post 1300ac 30c 82c 16 4.3 3.3

CW 1581c 14b 93c 17 5.8 3.9

Table 10. Effect of fallow frequency and rotation phase on labile organic matter content, Astana

4.3.3. Carbon mineralization potentials in fallow frequency experiment, Astana

Differences in PMC among the rotation systems (P<0.001) were more clearly shown than for
SOC. PMC ranged from 3.6 (CF) to 5.8% (CW) of the SOC. The amount of PMC was more
affected by the long-term effect of fallow than by the short-term effect and was inversely
proportional to fallow frequency.

Continuous wheat (CW) and 6-y systems (6R) had higher amount of PMC that was inverse‐
ly proportional to fallow frequency and indicated the long-term effect of fallow. These re‐
sults corroborate with the study conducted by [73] who found for a silt-loam in
southwestern Saskatchewan that mineralized C (measured after 30 days at 21oC) represent‐
ed 1.06 and 1.45% of SOC in a 2-y fallow-wheat rotation and continuous growing of wheat,
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er biomass than in cropped fields. Then in the subsequent dry period the greater biomass
turned into necromass due to drought. This cycle may be repeated several times in a crop‐
ping season. Later, during incubation in the laboratory, this microbial necromass as well as
living biomass was rapidly mineralized showing a higher mineralization rate constant in the
post fallow than in the pre-fallow phases. The soils from the post-fallow phase showed a
longer initial delay of mineralization, suggesting that higher concentration of min-N com‐
pared to pre-fallow phase probably stimulated microbial activity and resulted in immobili‐
zation of mineralized N during the initial stages of incubation.

The long-term effect of fallow was not observed for soil min-N or PMN suggesting that N
mineralization is only affected by the substrate added during the previous year or the latest
cycle of rotation. Nitrogen in the forms of NO3ˉ and NH4

+ is assimilated by plants and re‐
turned into soil whereas C originates from CO2 in the air and ploughed as organic residue
into soil. Nitrogen transformations are closely related to the processes of mineralization of
its organic forms in plant-soil system. Therefore, in plant-soil systems N cycling is affected
over shorter period than C cycling.
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4.3.3. Carbon mineralization potentials in fallow frequency experiment, Astana

Differences in PMC among the rotation systems (P<0.001) were more clearly shown than for
SOC. PMC ranged from 3.6 (CF) to 5.8% (CW) of the SOC. The amount of PMC was more
affected by the long-term effect of fallow than by the short-term effect and was inversely
proportional to fallow frequency.

Continuous wheat (CW) and 6-y systems (6R) had higher amount of PMC that was inverse‐
ly proportional to fallow frequency and indicated the long-term effect of fallow. These re‐
sults corroborate with the study conducted by [73] who found for a silt-loam in
southwestern Saskatchewan that mineralized C (measured after 30 days at 21oC) represent‐
ed 1.06 and 1.45% of SOC in a 2-y fallow-wheat rotation and continuous growing of wheat,
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respectively. The [74] found that C mineralization was not related to the amount of crop res‐
idue from the previous year. In our study PMC was a little higher in the pre-fallow (2R-pre,
4R-pre and 6R-pre) than in the post-fallow (2R-post, 4R-post and 6R-post) phases, probably
reflecting the input of crop and weed residues in the preceding year.

Figure 8. Fitting curves of N mineralization from pre- and post-fallow phases of the 2-, 4-, and 6-year wheat-fallow 40-
years rotation experiment, as described by the first order kinetic model with an initial delay of mineralization (Nmin =
N0(1-e-kt-c), where, Nminis mineralized N at time t,;N0 is value of potentially mineralizable N (PMN), k is a mineralization
rate constant, and c is an initial delay in mineralization.
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4.3.4. Light fraction” organic matter in fallow frequency experiment, Astana

The amount LF-OM was highly responsive to fallow frequency, accounting for
1.1(CF)-6.3(CW)% of the SOC and 0.8(CF)-4.3(CW)% of the TN (Table 11). LF-OM, as ex‐
pressed on the basis of dry matter (LF-DM), C (LF-C) or N (LF-N), was inversely related to
fallow frequency. For example, the LF-C content of the CW system was 7.2 times higher
than that in the CF system. These results agree with those of other studies [e.g. 36, 75],
where LF content was highest under continuous cropping and lowest in those with a high
frequency of summer fallow. Additionally, LF-C was affected by the rotation phase, show‐
ing larger amounts in pre- than in post-fallow phases in 4R and 6R rotations.

“Light fraction” of SOM (LF-OM) consists mainly of plant residues, small animals and mi‐
croorganisms adhering to plant-derived particulate matter at various stages of decomposi‐
tion that serves as a readily decomposable substrate for soil microorganisms and also as a
short-term reservoir of plant nutrients [76]. The “light fraction’ C (LF-C) was positively cor‐
related with PMC (Fig. 9), and confirm the hypothesis that the reduced fallowing system has
more potential to supply soil with easily mineralizable C. However, there was no linear cor‐
relation between LF-N and PMN, presumably because the high C-to-N ratio of the LF-OM
temporary induced N immobilization [36].

The content of labile OM, which is closely related to LF-OM, may be governed by the degree
to which temperature and moisture conditions constrain decomposition of accumulated res‐
idues [52]. Under the CW system decomposition of residues during periods of favourable
soil temperature was retarded by the depleted soil moisture [77, 78,]. Then, when moisture
and temperature constraints were removed during laboratory incubations, soil showed a
high respiration rate [36]. On the contrary, residues in the 2R system during the fallow
phase were always exposed to an extended period with favourable moisture and tempera‐
ture. Therefore, labile organic matter was rapidly depleted in the field, and in the laboratory
respiration rates were much lower in 2R than in CW [52].

4.4. Grain yield and weed biomass

The main controller of biological activity in soil is the SOM generated from crop residue,
while crop residues are in direct correlation with crop yield and sometimes with yield of
weeds. In systems with no pesticide application, such as control treatments, or in case of the
CW (continuous wheat cropping), where no break in lifecycle of weeds occur, the weed bio‐
mass might significantly contribute to the input of crop residue in soil and affect the crop
yield output.

The highest grain yield was produced in the first year of the rotations (the year after fallow)
(Figure 10). However, the yield decreased sharply with in the second and successive years
after fallowing. This trend is, firstly, because plants in a post-fallow phase take advantage of
higher soil min-N. Secondly, because when a field is in fallow provides the only break for
weed infestation; the amount of weeds was generally least in the first year after fallow and
reduced competition for nutrients. In contrast to the grain yield, weed infestation reached its
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weeds. In systems with no pesticide application, such as control treatments, or in case of the
CW (continuous wheat cropping), where no break in lifecycle of weeds occur, the weed bio‐
mass might significantly contribute to the input of crop residue in soil and affect the crop
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maximum in the second years after fallow in 4R and 6R. Probably, some of the weeds were
not destroyed during the fallow and their seeds remained dormant but germinated in the
second year after fallow. Correlation between the grain yield and weed infestation (average
for ten years) is presented by the following equation of multiple linear regression:

Y = 20.82 – 0.189X,

where X total amount of weeds, pieces/m-2. The coefficient of determination was also high
(R2 = 0.78) or 78% of changes of the yield depend on weed infestation.
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4R-pre 5.7 1330c 81d 17 5.1 3.6

4R-post 5.3 1250c 73d 17 5.0 3.3

6R-pre 6.4 1560d 74d 20 5.1 3.0

6R-post 6.0 1500d 75d 21 4.9 2.9

CW 7.4 1730e 103e 17 6.3 4.3

Xa-e: values within columns followed by the same letter are not significantly different (P<0.005) as determined by LSD
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Figure 10. Grain yield (1994-2000) of spring wheat affected by distance from fallowing year. (F is fallow; 1, 2, 3…5 are
succession of crops after fallow. (the numbers above bars are average yield per rotation including the fallow year).

The highest grain output per whole rotation, was obtained by 6-year rotation, being 540 kg
ha-1 that parallels the distribution of soil labile C (PMC and LF-C). These results indicate that
longer rotations with fewer fallows contribute more to the accumulation of SOM than short‐
er rotations with frequent fallowing, and that SOM is replenished continuously under less
bare-fallowing system.

The results on Mollisols in North Kazakhstan suggested that N dynamics were closely relat‐
ed to the recent input of substrate added as plant residue while C dynamics were more re‐
lated to long-term substrate addition.

Yearly input of plant residue in a 6-y wheat-fallow rotation system built up more labile OM,
especially LF-C or readily decomposable C, whereas 2-y rotation system with a high fre‐
quency of fallow depleted SOM via accelerated mineralization. Therefore, with no fertilizer
or pesticides application, in the semi-arid regions of northern Kazakhstan, the inclusion of
fallow in wheat monoculture every 6 years is the most appropriate farming system in terms
of sustainability in both grain production and soil fertility.

The results of this study may provide prediction of SOM response to fallow frequency in
wheat-based rotation systems in Chernozem soils of semi-arid regions: the susceptibility of
labile fractions of OM and their relationship to fallow frequency suggest the possibility of
managing labile OM through controlling the length of wheat-fallow rotation systems.

5. Characterization of soil organic matter dynamics from different
climatic zones

Many studies have shown that climatic factors, namely temperature and precipitation are
major determinants of microbial diversity and activity in soil at global [79[, regional [5, 80]
and local [81] scales [47, 82]. The great meridian and latitudinal extension of Mollisols [83]
determines a wide variety of climatic conditions that influence the main genetic characteris‐
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especially LF-C or readily decomposable C, whereas 2-y rotation system with a high fre‐
quency of fallow depleted SOM via accelerated mineralization. Therefore, with no fertilizer
or pesticides application, in the semi-arid regions of northern Kazakhstan, the inclusion of
fallow in wheat monoculture every 6 years is the most appropriate farming system in terms
of sustainability in both grain production and soil fertility.

The results of this study may provide prediction of SOM response to fallow frequency in
wheat-based rotation systems in Chernozem soils of semi-arid regions: the susceptibility of
labile fractions of OM and their relationship to fallow frequency suggest the possibility of
managing labile OM through controlling the length of wheat-fallow rotation systems.

5. Characterization of soil organic matter dynamics from different
climatic zones

Many studies have shown that climatic factors, namely temperature and precipitation are
major determinants of microbial diversity and activity in soil at global [79[, regional [5, 80]
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tics of soils and their natural growth and agronomic properties. The aim of this study was to
find out effects of temperature and moisture on soil organic matter accumulation and de‐
composition.The study conducted by [109] also showed that in dry and cold conditions of
dry steppe, soil respiration was mostly controlled by soil temperature while residue input
was a function of moisture conditions.

Four types of Mollisols from four different climatic regions were sampled: Hupludolls (south‐
ern forest-steppe, Kharkov, Ukraine), Argiudolls (northern forest-steppe, Uman, Ukraine),
Calciustolls (southern steppe, Kherson, Ukraine) and Haplustolls(northern steppe, Astana,
Kazakhstan) (Table 12). The sampling sites represent the most typical soil type and ecosys‐
tem for each given region. The selected geographical regions are characterized as wet-frigid
(Kharkov; 6.5oC, mean annual temperature, 542 mm, mean annual precipitation), wet-mesic
(Uman; 8.5oC, 660 mm), dry-thermic (Kherson; 11oC, 332 mm) and dry-frigid (Astana; 0oC,
324 mm).

Site Geographical

coordinates

Precipitation

(mm)

Mean temperature,

(oC)

Ecological and climatic

region

Soil Taxonomy,

USDA

winter summer

Kharkov 50oN, 36oE 515-570 -10 +18 southern

forest-steppe

wet-frigid Hapludolls

Uman 48.8oN, 30.2oE 550-770 -5 +17 northern

forest-steppe

wet-mesic Argiudolls

Kherson 46.6oN, 32.6oE 315-350 0 +22 southern

steppe

dry-thermic Calciustolls

Astana 51.3oN, 71.1oE 300-350 -18 +19 northern

steppe

dry-frigid Haplustolls

Table 12. Soil Types and Climatic Characteristics of the Study Sites

5.1. Soil organic C and total N in different climatic zones

The highest amount of soil organic carbon (SOC) and total nitrogen (TN) was observed in
wet-frigid (Kharkov) region, 26.8 and 2.50 g kg-1 soil, respectively, and the lowest in dry-me‐
sic (Kherson) region with 15.3 and 1.24 g kg-1 soil, respectively (Table 13). This is mainly due
to the inherently higher humus content in comparison with other studied soils. These results
agree with previously reported studies where the stock of SOC was generally greater in
colder and wetter compared to hotter and drier climates [28, 84]. In our study the TN con‐
tent was significantly higher in frigid (Kharkov and Astana) than in mesic and thermic
(Uman and Kherson) regions. Higher amounts of precipitation generally lead to a higher
plant biomass production and organic C input [e.g. 15]. In addition, lower temperatures, es‐
pecially in winter when it falls below a threshold for biological activity, limits decomposi‐
tion of SOM resulting in accumulation over time [84].
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Lack of water in the dry-frigid (Astana) region retarded mineralization of plant residues [8]
while low winter temperatures conserved plant residues that were partially mineralized
when the temperature was favorable, partially immobilized and partially accumulated as a
labile organic matter [85].

In wet-mesicUman, the relative temperature sensitivity of decomposition was greater than
the net primary productivity [3], where the higher amount of precipitation naturally pro‐
duced a greater plant biomass that was quickly decomposed due to favorable temperature
and moisture conditions. Dry and hot condition in Kherson suppressed the production of
plant biomass and limited accumulation of SOM.

Soil type and hydrothermal

regime

Total N Organic C C/N pH CaCO3 Sand

(200-20µ

m)

Silt

(20-2µm)

Clay

(<2µm)

g kg-1 soil % %

Hapludolls; Wet-frigid (n=24) 2.50 26.8 11 6.3 0 20.4 37.5 42.1

Argiudolls; Wet-mesic (n=24) 1.70 20.5 12 5.6 0 22.9 37.7 39.4

Calciustolls; Dry-thermic (n=12) 1.24 15.3 12 7.5 5.5 43.4 26.9 29.7

Haplustolls; Dry-frigid (n=24) 2.29 20.0 9 8.2 1.6 25.6 30.6 43.8

Table 13. General properties of different types of Mollisols from different

5.2. Labile C fractions of soil organic matter from Mollisols in different climatic zones

5.2.1. Potentially mineralizable C and rate constant k from Mollisols in different climatic zones

Drier regions accumulated a higher amount of potentially mineralizable carbon (PMC) that
is presented as C0 in fitting curves (dry-thermic and dry-frigid, 1225 and 1222 mg kg-1 soil,
respectively) than of wetter regions (wet-frigid and wet-mesic, 754 and 1091 mg kg-1 soil, re‐
spectively) (Fig. 11). Corresponding rate constant (k) followed a similar trend as PMC (k val‐
ue of 0.031 and 0.026 in dry-thermic and dry-frigid, respectively; 0.013 and 0.021 in wet-
frigid and wet-mesic, respectively). The shape of the fitting curve of Kharkov (wet-frigid)
soil greatly differed from others by being the lowest, i.e. reflecting the least amount of min‐
eralized C, and the straightest, i.e. corresponding with the slowest rate of decomposition.
On the other extreme, Kherson (dry-thermic) and Astana (dry-frigid) soils showed the high‐
est and the most curved shapes of the fitting curves that reflect the greater amount of miner‐
alized C and faster decomposition rate in 70 days of incubation.

Moisture was the main factor influencing the amounts of soil labile C. In wetter regions
(Kharkov and Uman) microbial respiration is always higher [66], and more organic sub‐
strate was utilized than in drier regions. In contrast, soil microorganisms from drier regions
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colder and wetter compared to hotter and drier climates [28, 84]. In our study the TN con‐
tent was significantly higher in frigid (Kharkov and Astana) than in mesic and thermic
(Uman and Kherson) regions. Higher amounts of precipitation generally lead to a higher
plant biomass production and organic C input [e.g. 15]. In addition, lower temperatures, es‐
pecially in winter when it falls below a threshold for biological activity, limits decomposi‐
tion of SOM resulting in accumulation over time [84].
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Lack of water in the dry-frigid (Astana) region retarded mineralization of plant residues [8]
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the net primary productivity [3], where the higher amount of precipitation naturally pro‐
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(Astana and Kherson) experienced moisture deficiency and were unable to use the existing
available organic substrate. Consequently, when microbial activity was not limited by mois‐
ture during the laboratory incubation there was enough energy substrate to promote a high
respiration rate. Additionally, in dry conditions lethal effects contributed “dead biomass” to
the organic substrate pool [66, 86, 87]. This easily available substrate was rapidly taken up
and utilized by surviving soil microorganisms, thus contributing to the increased soil respi‐
ration observed when soils from dry regions were moistened [66]. Severe moisture condi‐
tions in Astana and Kherson, firstly, enhanced turnover of MB and condensation of
microbial products, thus increasing the amount of soluble C [60], and secondly, caused dis‐
ruption of soil aggregates that resulted in the liberation of protected organic C [88].

Figure 11. Fitting curves of C mineralization in soils from different climatic regions as described with the first order
kinetic model (Cmin= C0(1-e-kt), where, Cmin is a mineralized C at time t, C0 is a potentially mineralizable C (PMC), k is a
mineralization rate constant)
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Site variation in Kharkov and Uman were not significant (Figure 12). However, dry regions
(Kherson and Astana) showed the biggest variation in the amount of potentially mineraliza‐
ble C (PMC) and k values within the site. This indicates that SOM of dry regions are more
sensitive to the imposed agronomic treatments than wetter regions. As discussed in previ‐
ous sections, in drier regions the microbial activity is suppressed by lack of water. Then,
when the water limitation is excluded the flash of mineralization take a place, where rapidly
growing microorganisms compete for the N thus involving the more stable SOM into the
mineralization process. Therefore, the vulnerability of SOM in drier regions should be con‐
sidered when designing the agronomic treatments.

Figure 12. Scatter-plot of mineralized C and decomposition rate constant (k) in Mollisols from different climatic re‐
gions

5.2.2. “Light” fraction organic matter (LF-C) from Mollisols in different climatic zones

The highest amount of “light” fraction carbon (LFC) was observed in the dry-thermic region
(1687 mg kg-1 soil, Kherson), followed by the dry-frigid region (1436 mg kg-1 soil, Astana),
and the least amount of LFC was observed in wet regions (1180 and 1105 mg kg-1 soil in
Kharkov and Uman, respectively) (Table 14). Obviously, drier conditions in Kherson and
Astana retarded decomposition of SOM, contributing to accumulation of LFC. Generally,
distribution of LFC among sites was well correlated with PMC (r2= 0.619). The amount of
LFC was more affected by precipitation rather than by temperature. These results corre‐
spond to studies of, for example, [77, 78] who reported that decomposition of SOM during
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(1687 mg kg-1 soil, Kherson), followed by the dry-frigid region (1436 mg kg-1 soil, Astana),
and the least amount of LFC was observed in wet regions (1180 and 1105 mg kg-1 soil in
Kharkov and Uman, respectively) (Table 14). Obviously, drier conditions in Kherson and
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the period of favourable soil temperature is inhibited by lack of water. In wetter Kharkov
and Uman, favorable moisture and temperatures during vegetation season promoted miner‐
alization of “light fraction” OM resulting in less accumulation of LFC.

Site MBC PMC LFC

mg/kg % of SOM mg/kg % of SOM mg/kg % of SOM

Wet-frigid (n=24) 203±18 0.80 754±39 3.00 1180±31 4.65

Wet-mesic (n=24) 206±16 1.00 1091±34 5.10 1106±49 5.39

Dry-thermic (n=12) 281±31 1.84 1225±56 8.00 1687±67 11.03

Dry-frigid (n=24) 309±36 1.54 1222±50 6.16 1436±58 7.18

Table 14. Labile Carbon Fractions in different types of Mollisols

5.2.3. Microbial biomass carbon in Mollisols from different climatic zones

Microbial biomass C (MBC) was significantly higher under drier (281 and 309 mg kg-1 soil in
Kherson and Astana, respectively) comparing with wetter (203 and 206 mg kg-1 soil in Khar‐
kov and Uman, respectively) regions (Table 14). The effect of temperature on microbial bio‐
mass was not clearly observed in this study.

As shown by data of LFC, drier regions accumulated a greater amount of organic substrate
that favoured accumulation of microbial biomass due to its availability as energy source.
However, because microbial activity and survival are in direct physiological dependence on
available water [87], the moisture deficiency during the summer period retarded microbial
activity and caused death of moisture–sensitive microorganisms. After remoistening of the
soils, the inhibition of microbial activity by dry conditions was reactivated and the available
necromass was rapidly metabolized by soil microorganisms leading to the higher accumula‐
tion of MBC in drier regions.

Changes in the relative contribution of bacteria and fungi to soil respiration occur as soil
dries [66] Kharkov and Uman soils normally undergo less severe fluctuations in water po‐
tential that Kherson and Astana. [89, 90] have shown that bacterial activity is largely restrict‐
ed to water films in soil in contrast to fungi activity. Hyphae extension occurs at much lower
potentials allowing fungi to bridge air-filled pores and actively explore for nutrients [91].

5.2.4. Relationship between soil organic matter and clay content

The inert carbon is strongly correlated with clay content, while most changes in both carbon
and nitrogen occur in the readily decomposable fraction [92]. Firstly, clay minerals can ab‐
sorb large organic molecules directly, reducing their availability to decomposition. Second‐
ly, organic material may be located in pores too small for microorganisms to enter [93-97).
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In this study, clay content was highest in Kharkov and Astana regions (43.1% and 48.8%, re‐
spectively) versus Uman and Kherson (39.4% and 29.7%, respectively) (Table 15). It is rea‐
sonable to conclude that higher clay content and plant biomass production in Kharkov
maintained higher SOM. [92] reported that inert carbon was strongly correlated with clay
content, while most changes in both carbon and nitrogen occur in the readily decomposable
fraction. [98] determined that “light fraction” (LF) of fine silt and coarse clay was more hu‐
mified and more aromatic than other LF, concluding that LF represents a continuum of un‐
decomposed to highly humified materials. Sites with higher silt fraction (2-0.2μm) that are
Kharkov and Uman (37.5% and 37.7%, respectively) might form organo-mineral complexes
with large molecules of LF, where those mineral-associated LF probably were not retrieved
from these soils during the separation procedure, whereas, Kherson and Astana contained
less silt fraction (26.9% and 26.6%, respectively) that could entrap LF, resulting in higher
LFOM in these soils.

Regions Siol organic carbon Sand Silt Clay

g kg-1 soil 200-20µm 20-2µm <2µm

Kharkov (n=24) 25.4 20.4 37.5 42.1

Uman (n=18) 20.5 22.9 37.7 39.4

Kherson (n=12) 15.3 43.4 26.9 29.7

Astana (n=24) 20.0 25.6 30.6 43.8

Table 15. Granulometric composition of studied soil from different climatic regions

However, although Astana soil showed the highest content of clay the SOM in this soil was
less than in Kharkov. This is explained by the lack of water in dry-frigid Astana that produ‐
ces less plant biomass, and inhibits mineralization processes contributing to the accumula‐
tion of labile OM, which explains higher PMC content in this soil. Also, organic compounds
adsorbed to surfaces of clay particles become exposed to microbial attack after disruption of
aggregates due to severe dry-wet conditions on soil in Astana [34]. The lowest clay content
(29.7%) and lack of water in Kherson can explain the lowest SOM content in this soil, since
the dry-thermic conditions don’t contribute to high plant biomass.

5.2.5. General discussion of effect of moisture and temperature on SOM in Mollisols

Total SOM among the four regions was distributed as follows: dry-thermic < dry-frigid ≤
wet-mesic< wet-frigid. While the labile OM distributed oppositely, as follows: dry-thermic ≥
dry-frigid > wet-mesic> wet-frigid. In Figure 13 the proportions of labile and stable carbon
in the studied regions is presented. The highest amount of stable C and the least amount of
labile C was found in wet-frigid (Kharkov) region, while the least amount of stable and the
greatest amount of labile C was found in dry-thermic (Kherson) region. Because wet-frigid
(Kharkov) region maintained the highest amount of total SOC and the least amount of easily
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the period of favourable soil temperature is inhibited by lack of water. In wetter Kharkov
and Uman, favorable moisture and temperatures during vegetation season promoted miner‐
alization of “light fraction” OM resulting in less accumulation of LFC.

Site MBC PMC LFC

mg/kg % of SOM mg/kg % of SOM mg/kg % of SOM
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Wet-mesic (n=24) 206±16 1.00 1091±34 5.10 1106±49 5.39

Dry-thermic (n=12) 281±31 1.84 1225±56 8.00 1687±67 11.03

Dry-frigid (n=24) 309±36 1.54 1222±50 6.16 1436±58 7.18

Table 14. Labile Carbon Fractions in different types of Mollisols
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Kherson (n=12) 15.3 43.4 26.9 29.7

Astana (n=24) 20.0 25.6 30.6 43.8

Table 15. Granulometric composition of studied soil from different climatic regions
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mineralizable organic matter (PMC), the suggestion is: in wet-frigid region transformation
of organic substrates into more stable humified forms of OM has taken place more actively

Figure 13. Distribution of labile and stable C in different Mollisols from four studied sites

Higher precipitation contributed stronger to the amount of total SOM, while plant biomass
production under drier conditions in a lesser degree was subjected to decomposition due to
moisture deficiency, thus contributing to the amount of labile SOM. The amount of C reflect‐
ing the labile fraction increases with increasing temperature, while the amount of recalci‐
trant C more controlled by low temperature.

Readily decomposable substrates were also found to originate partially from non-living
SOM [62, 63]. This source of non-biomass substrate may become available by aggregate dis‐
ruption, litter defragmentation and substrate desorption, and redistribution of water, oxy‐
gen, substrate and microorganisms resulting from drying and rewetting of soil [62, 63, 65,
99, 100]. Soil drying and rewetting promotes the turnover of carbon derived from added
plant material [62, 63]. Drier condition causes more disruptions of entrapped or stabilized
organic matter when the soil is rewetted. Also, higher respiration in the soils exposed to
wet-dry cycles may have been due to utilization of organic substrate that were gradually
built up due to limited microbial activity when the soil was air-dried [66].

6. Carbon to nitrogen ratio (C to N) of plant residues

Quite precise integral index of quality of organic matter, from which the intensity of its de‐
composition depends, appears the ratio of carbon to nitrogen (C: N). Plant remainders with
the wide ratio C to N do not ensure the sufficiency of nitrogen for the metabolism of micro‐
organisms at their high activity. When the rapidly metabolized substrata (carbohydrates)
are depleted, the limitation of nourishment is changed from nitrogen to carbon.

“Critical” C to N ratio, which characterizes accessibility to the microorganisms of the nu‐
trients contained in the remainders, and their influence on the soil fertility, varies from 15 to
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30 depending on the pool of mineral nitrogen in the soil, the quality of organic matter, dura‐
tion of their of the decomposition. With an increase in the value indicated the processes of
decomposition slow down and the immobilization of nitrogen occurs. With the smaller C:N
values the intensive mineralization of plant litter occurs as a result of the invigoration of the
activities of the microflora. The studies on the Mollisols showed that among the studied
crops the maximum speed of decomposition was for the postharvest remainders of alfalfa
and pea, which have the narrowest C to N ratio, 19,4 and 26,8 respectively. The percentage
of the decomposition of pea in the first two months was 47,2, in seven months - 52,8, in a
year - 82,4. The lowest intensity of decomposition process was recorded under the residues
of winter wheat. The changes of the ratio in the crop residues occurred in essence due to the
content of nitrogen, which increased more rapidly than carbon. In more easily decomposing
plant biomass the proteins of microbial synthesis are formed more rapidly thus contributing
to the development of humification processes.

During the decomposition process, 55-70% of the carbon in the residue is released to the at‐
mosphere as CO2, 5-15% of the C is incorporated into the soil microbial biomass, and the re‐
maining 15-40% of C is partially stabilized as new soil humus [101, 102]. Crop residues
contain lignin, which is resistant to decomposition and becomes a substrate for soil humus
formation. The more lignin in a residue type the slower the decomposition and the larger its
contribution to the soil humus formation. Older, mature residues will tend to have more lig‐
nin content than young, non-mature residue from the same crop. The simple sugars, amino
acids, polysaccharides, proteins, and lipids decompose first in the decomposition process.

Nitrogen (N) is necessary for the decomposition process. The less N the residue contains rel‐
ative to the C, the slower the decomposition rate. If the residue N content is low, or the C:N
ratio high, the decomposition process will require the input of N from either available soil
inorganic N or fertilizer. Generally, residues with N concentrations less than 1.5% or C:N ra‐
tios greater than 30 will require N from sources outside the residue itself; it will immobilize
soil N [107]. Residues with greater N concentration or lower C:N ratios, as is frequently the
case with legume residues or non-mature residues, tend to decompose at a more rapid rate
and will release or mineralize N. The actual decomposition rate will depend on N content
and chemical composition of the residue and the environmental conditions such as soil
moisture and temperature. Crop residues such as corn and wheat residue have large C:N
ratios and soil N will be immobilized during the decomposition process. However, minerali‐
zation of N will generally start to occur after 50-60% of the residue has been decomposed
[108] when enough C has been volatilized as CO2 and N immobilized such that the remain‐
ing residue C:N ratio is below 30. Nitrogen immobilization reduces N availability to the
growing crop and N mineralization increases N availability. The addition of a large quantity
of oxidizable carbon from litter with the content of N less than 1,5% creates microbiological
demand on N, thus immobilizing N of plant litter and inorganic N of soil. Effect of substrate
composition on decomposition is described by C to N ration, based on the fact that N is the
most limiting factor for decomposition. With ongoing decomposition the C to N ratio is nar‐
rowing thus the carbon energy supply is decreasing.
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acids, polysaccharides, proteins, and lipids decompose first in the decomposition process.
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ative to the C, the slower the decomposition rate. If the residue N content is low, or the C:N
ratio high, the decomposition process will require the input of N from either available soil
inorganic N or fertilizer. Generally, residues with N concentrations less than 1.5% or C:N ra‐
tios greater than 30 will require N from sources outside the residue itself; it will immobilize
soil N [107]. Residues with greater N concentration or lower C:N ratios, as is frequently the
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ratios and soil N will be immobilized during the decomposition process. However, minerali‐
zation of N will generally start to occur after 50-60% of the residue has been decomposed
[108] when enough C has been volatilized as CO2 and N immobilized such that the remain‐
ing residue C:N ratio is below 30. Nitrogen immobilization reduces N availability to the
growing crop and N mineralization increases N availability. The addition of a large quantity
of oxidizable carbon from litter with the content of N less than 1,5% creates microbiological
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composition on decomposition is described by C to N ration, based on the fact that N is the
most limiting factor for decomposition. With ongoing decomposition the C to N ratio is nar‐
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7. Conclusions

The studies confirm that the transformations of SOM are generally concentrated within la‐
bile pool. The process of mineralization of organic matter in soil is controlled predominant‐
ly, by the climatic factors (moisture and temperature) and plant litter quality (mainly by
content of N), then by land management.

In the 21st century the mineral fertilizers became determinant for obtaining contented yield
of agricultural crops. However, the application of only mineral fertilizer might lead to accel‐
erated mineralization of the more stable soil organic matter. Instead, application of manure
in combination with mineral fertilizer [38, 56-58, 103] might contribute in both obtaining the
content crop yield and sustaining the soil fertility.

Yearly input of plant residue in less fallowed rotation system built up more labile OM, espe‐
cially readily decomposable C, whereas frequent fallowing depletes SOM via accelerated
mineralization. Therefore, in the semi-arid regions the inclusion of fallow in wheat monocul‐
ture every 6 years is the most appropriate farming system in terms of sustainability in both
grain production and soil fertility.

Higher precipitation produced higher plant biomass contributing to the amount of SOM
with further decomposition upon temperatures and soil texture. While less plant biomass
production in drier regions in a lesser degree was subjected to decomposition due to mois‐
ture deficiency, thus contributing to the amount of labile SOM. Because wet-frigid region
maintained the highest amount of total organic carbon and the least amount of easily miner‐
alizable organic matter (PMC), transformation of organic substrates into more stable humi‐
fied forms of organic matter might have taken place more actively in this region.

Understanding the processes of SOM changes under the impact of land management and
different moisture and temperature regimes would greatly contribute to most ecological
problem of C sequestration supplying with valuable information about land use manage‐
ment.
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1. Introduction

Since the Kyoto Protocol [1] was adopted, recent concerns about global warming have driv‐
en many effort been paid to develop methods to quantify both current and future carbon (C)
stocks in different ecosystems. In global assessment, the current C stock contained in the
plant and microbial biomass is estimated 560 Gt and 110 Gt, respectively, while soil C pool
amounts to 2500 Gt, includes 1550 Gt of soil organic carbon (SOC) and 950 Gt of soil inor‐
ganic carbon (SIC) [2-6]. The soil C pool is 3.3 times the size of the atmospheric C pool of 760
Gt and 4.5 times of the biotic pool [4]. Therefore, soils are particularly important, as they are
the largest reservoir of C in the terrestrial biosphere [2-3]. The SOC pool represent a dynam‐
ic equilibrium of C gains from plant production and loss through decomposition [7-8]. Car‐
bon stock in soils is influenced by climate condition, soil properties, vegetation, land use
and soil management [9-13].

Vegetation is the only source of carbon to the soils in terrestrial ecosystems. Therefore, land
use play a major role in SOC stock built up through organic matter input [14]. At time scale
of decades to centuries, changes in land use can exert a major influence on soil C storage
[15]. Researches indicated that SOC decreases following the conversion of native ecosystems
(forests, shrublands, grasslands) to agriculture [10-11,16-19], for example, losses of SOC
from the conversion of prairie to agriculture have resulted in 24 to 89% loss in North Ameri‐
ca [20-21]. Agricultural activities that result in depletion of the soil C pool include the fol‐
lowings [22]:

1. deforestation, biomass burning and other activities related to conversion of natural to
agricultural ecosystems,
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2. tillage and other soil disturbances,

3. drainage of wetlands,

4. cultivation of organic soils,

5. removal of biomass for fuel, fodder and other uses, and

6. acceleration of soil erosion.

Besides, the magnitude and rate of SOC loss due to agricultural activities is higher for soils
with a high C pool compared to a low C pool, tropics compared to temperature regions,
croplands compared to pastures and tree plantations [22].

In agricultural soils, crop sequence, tillage and fertilization change inputs and outputs and,
consequently the whole C dynamics. Potential soil C storage of the United States associated
with changes in agricultural soil management [23]. In Java, Indonesia, SOC content declined
from 2% to 0.75% in 1960 due to rapid conversion of natural vegetation to agricultural farms
in the 1930s, but agricultural practices have started to accumulated soil C from 1975 to cur‐
rent, suggesting that the human or management influence on SOC stock can be stronger
than the environmental factors [24]. In the United States, conversions of dry land farming to
irrigated agriculture may increase SOC content in the soil profile with an average rate of 100
kg ha-1 yr-1 [23]. Long-term experiments in the Philippines showed that continuous cultiva‐
tion of irrigated rice with balanced fertilization on submerged soils maintained or slightly
increased SOC [25]. The previous study [26] indicated that soils with low to intermediate or‐
ganic matter levels often exhibit a linear relationship between soil C levels and C inputs
from addition of crop residues. The other study [27] found higher SOC content in 0-10 cm
topsoil in sugarcane fields than that of Curatella savanna. These inconsistent results can be
partly explained by the complexity of SOC, which consists of several pools that have a wide
variety range of chemical properties and turnover times and consequently respond differ‐
ently to land use changes [12].

The island of Taiwan used to be named as Formosa, which means “Beautiful Island”. Forest
lands cover about 2/3 of the total area of Taiwan. Since the first Han People arriving Taiwan
from mainland China in the Qing Dynasty, most lowland forests have been exploited to ag‐
ricultural lands. At present, a substantial conversion of cropland to urban land and other
uses in Taiwan has occurred in recent decades. Consequently, these conversions have great
impacts on SOC stock. Previous study [28] indicated that in the forest soils of Taiwan, the
average SOC stock, estimated from 63 soil profiles excluding Histosols and Spodosols, was
18.5 kg m-2 in the upper 100 cm depth. Meanwhile in the arable land, using 140 soil profiles
to estimate the SOC stock indicated that 5.97, 8.06 and 11.0 kg m-2 of C storages to the soil
depth of 0-30, 0-50 and 0-100 cm, respectively [29]. Therefore, the conversion of forest land
to rural soils has resulted in SOC loss in Taiwan.

According to the Kyoto Protocol, national householders need to pay attention on the im‐
pacts of land use changes on SOC storage in soils and vegetations. Any national soil-C-mon‐
itoring system must incorporate land use change as a key factor controlling changes in soil C
[15]. However, monitoring long-term trends in SOC over a large geographical area is rare;
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furthermore, the slow rate of changes and large spatial variation in SOC require high sam‐
pling densities with sufficient time to observe the changes [24]. This means monitoring SOC
for large areas is only available in countries with big monitoring infrastructure. In Taiwan,
we still have no formal soil monitoring network yet, but there have been several soil survey
projects on agricultural soils for various purposes by Taiwan Agricultural Research Institute
(TARI), Council of Agriculture, Taiwan. Therefore, legacy soil survey data is our best re‐
source to monitor the dynamics of soil C [24]. To evaluate the effect of changes in land use
on SOC stocks, we use a relatively intensive datasets obtained in 2006 as a reference to for‐
mer data or to future work. The aims of this study are

1. to estimate the SOC stock at different depths in arable soils of three counties with differ‐
ent soil characteristics and

2. to show the SOC stocks at different depth from surface to 150 cm by digital soil map‐
ping techniques for three important agricultural counties in Taiwan.

2. Materials and Methods

2.1. Pedotransfer function (PTF)

Pedotransfer functions (PTFs) [30] is the predictive functions of some soil properties from
other easily, routinely, or cheaply measured properties. PTFs have recently become a popu‐
lar topic in soil science, and different types of function have been developed to predict phys‐
ical or chemical soil properties. Soil bulk density (Bd) measurements are often required as
an important input parameter for various predictive and descriptive soil models. It is the
mass of an oven-dry sample of undisturbed soil per unit bulk volume [31], and it is essential
for weight-to volume or area conversions and is indispensable for the assessment of soil car‐
bon stocks and nutrient pools [32]. Field sampling and measurement of bulk density are ex‐
pensive, labor intensive and time-consuming [33-34]. Bulk density measurements are
frequently missing from soil database or have been measured using different procedures
[35]. To overcome this problem, PTFs are frequently used to estimate bulk density.

PTFs based on organic matter (OM) and soil texture are often used to estimate bulk density
[33-39]. Besides, bulk density has been found to vary with depth, major soil group, water
content, land use and vegetation [33,35,37-38,40]. Because published PTFs for bulk density
have limited predictive potentials due to their development on specific soils and/or ecosys‐
tems [34], and there has been no PTFs for arable soils of Taiwan, we use legacy soil survey
data to develop a PTF for estimating bulk density in this study.

2.2. Dataset for developing the pedotransfer function (PTF)

The dataset used for developing the PTF in this study included 230-horizon samples which
were collected from arable soils located in Taoyuan and Tainan between 2001 to 2002. Field
sampling was conducted following the Soil Survey Manual [41]. Analytical procedures used
to measure the soil physical (e.g. bulk density) and chemical (e.g. SOC content) properties
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were described in the Soil Survey Laboratory Investigations Report No. 42 [42]. According
to the location and field description of the profile, we could find its corresponding soil series
in Soil Survey Report of Taoyuan and Tainan [43-44], respectively, which were published in
1970s by TARI. Soil texture (sand, silt and clay%) and pH values of horizons were obtained
from the Soil Survey Report. Table 1 lists the basic information of 230 soil samples.

Soil property Data range
Mean ± Standard

deviation
Lab method/Description

Profile depth (cm) 20-150 70 ± 33

Bd (g cm-3) 0.92-1.83 1.46 ± 0.20 Core method

SOC (g kg-1) 0.30-30.2 8.11 ± 6.35 Walkley-Black method

pH 3.5-8.1 6.1 ± 1.0 Legacy data from Soil Survey Report

Sand (%) 1.67-88.2 38.6 ± 19.4 Legacy data from Soil Survey Report

Silt (%) 5.37-65.7 37.7 ± 12.3 Legacy data from Soil Survey Report

Clay (%) 4.6-56.2 23.7 ± 10.7 Legacy data from Soil Survey Report

Table 1. Description of soil properties of 230 samples used for developing PTFs in this study

The 230 samples were randomly divided into two parts: the training set contained 80% of
the data (184 samples) and was used to develop the models, and the validation set contained
the remaining 20% of the data (46 samples) and was used to validate the proposed model. In
order to determine the relationships between bulk density and soil properties, multiple re‐
gression models were developed by the REG procedure with a stepwise variable selection
option [45]. Variables in Table 1 were considered for multiple regression modeling because
researches have shown significant relationship between these variables and bulk density. R2

and root mean square error (RMSE) were used to compare the predictive capacities of pro‐
posed regression models.

The proposed models for estimating bulk density of arable soils in Taiwan are shown in Ta‐
ble 2. Model A, which included log(d) and [ln(SOC)]2, can account 40% of the variation of
bulk density. Adding pH as a predictor has a minor improvement of predictive quality
(44%) in Model B. Besides, we found that pH is not available in part of legacy dataset, thus
Model A with less parameters was used to predict bulk density. Although soil texture was
used to predict bulk density in many studies [33-34,37-38], it is not significantly correlated
with bulk density in this study.

Model Intercept Log (d) [Ln (SOC)]2 pH Radj
2

A 1.3026*** 0.169*** -0.256*** -- 0.40

B 1.0386*** 0.1447*** 0.022*** 0.0476*** 0.44

Table 2. Coefficients of candidate PTFs for Bd developed in this study. d: depth (cm), SOC: soil organic carbon content
(g kg-1). *** p < 0.001.
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The proposed model was validated by the validation set (46-horizon samples) and the per‐
formance was shown in Figure 1. Results shows that only about 15% of the variation (R2 =
0.15) was explained by the predicted bulk density with a RMSE equivalent to 0.207g cm-3.
Due to small available dataset and few variables, the proposed model revealed a very limit‐
ed predictive potential, however, this model is statistically significant (p = 0.0052). To obtain
a high accuracy and great precision in estimating soil bulk density, an equation specific for
each range of soils of relevance to a particular research program should be used rather than
rely on general PTFs [33]. Because bulk density was rarely measured, and no PTF of Taiwan
soils has been developed, we adopted this model to estimate the bulk density of arable soil
and, thereafter, to evaluate the SOC stock:

( ) ( ) 2
Bd  1.3026  0.169 Log d  –  0.256 Ln SOC= + é ùë û (1)

where Bd is the soil bulk density (g cm-3), d is the sample depth (cm), and SOC is the soil
organic carbon content (g kg-1).

Figure 1. Correlation of observed bulk density and estimated bulk density of (a) training set and (b) validation set.

2.3. Datasets for estimation of SOC stock in arable soils

Dataset for estimating the SOC stock in agricultural soils was obtained from a detailed soil
survey which was performed by TARI in 2006. In the field, one pedon was sampled by aug‐
er within a 250 m by 250 m grid, that is, every 6.25 ha of the arable land has a representative
soil pedon. Sampling depths were 0 to 15, 15 to 30, 30 to 60, 60 to 90, 90 to 120, and 120 to
150 cm, respectively. We use soil data of three important agricultural counties: Taoyuan,
Changhua and Tainan County in the northern, central and southern regions of Taiwan, re‐
spectively (Figure 2). After removing the outliers and missing data, the extracted database
contains the information of 19,024 soil pedons. Only organic matter (OM, %) was available
soil properties. Therefore, here we converted the OM content to SOC content by dividing a
Van Bemmelen factor of 1.724, on the assumption that SOM contains 58% of organic C aver‐
agely. Soil carbon stock for a given depth is calculated as follows:
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( ) ( ) ( ) ( )2 1 3SOC stock kg m    SOC g kg   Bd g cm   thickness cm   /  100- - -é ù= ´ ´ë û (2)

where Bd is bulk density which was calculated by using the Eq (1).

Finally, we estimated the SOC stocks at different depths of three counties and used the krig‐
ing method of geostatistics and digital soil mapping techniques.

Figure 2. The location of Taoyuan, Changhua and Tainan Counties in Taiwan.

3. Soil C stock in Taoyuan County (red soil)

3.1. Background of Taoyuan soils

The Taoyuan County is located in northwestern Taiwan, about 50 km southwest of Taipei
city. The southeastern part of Taoyuan is mountainous area of high elevation, and the eleva‐
tion decreases from southeast to northwest into the sea. Except for the mountain area, most
of the agricultural lands develop on the terraces which were originally created as an alluvial
fan by the paleo-Tahan River. The Tahan River, currently flowing in a northeastern direc‐
tion, had flowed westwards into the sea before the Taoyuan Terrace formed [46]. Due to tec‐
tonic activities, the paleo-Tahan River gradually migrated clockwise and left several terraces
behind [47], including Yangmei, Talun, Chungli, and Taoyuan Terraces in the Taoyuan
County. Slopes of the terraces are between 1 and 7%, going down gently from the eastern
hill land to the western seashore. The soils were developed on Quaternary alluvial deposits
and have a minimum thickness of 5 m [48]. Cobbles are overlaid by finer alluvial materials
in the terrace, and water usually perches at the contact between these two layers. Most of the
terraces mentioned above are covered by red soils and gravels. It is generally believed that
the red-colored soils in Taiwan could be developed prior to 30 ka [46].
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Figure 3 shows the climatic data from two meteorological stations which are approaching to
Taoyuan. Generally, the mean air temperature is 28.3°C in summer and 16.5°C in winter.
The mean annual rainfall over the past decades (1981-2010) was 2061 mm. The average
monthly evapotranspitation peak is July, but never exceeds the average monthly rainfall.
The soil temperature and moisture regimes of Taoyuan soils are hyperthermic and udic.

Figure 3. Mean monthly distribution of air temperature, relative humidity and precipitation at Taipei and Hsinchu me‐
teorological stations which are approaching to Taoyuan. Data collected from 1981 to 2010, according to the Central
Weather Bureau of Taiwan (http://www.cwb.gov.tw).

3.2. Land use and soil series of Taoyuan

Arable lands of Taoyuan County is 37,544 ha, occupying 30.8% of the total area. About 29%
of the arable land were used for rice production and 18% of the arable land were used for
upland crops production, including vegetables (10.7%), tea (2.4%), fruit (1.9%), grains (0.3%)
and other crops (2.7%). About 53% of the total arable land was fallowed in Taoyuan County.
Prior to 1950, the agricultural land in the terrace was used for tea production. After an irri‐
gation system and reservoir were constructed in the 1950s, the terrace soils were used for
rice production. Rice was harvested twice per year during the growing season between
March and October, and then the soils were fallowed in winter.

A suit of soil profile properties and horizons falling within a particular range are said to be‐
long to the same soil series. According to Soil Taxonomy [49], soil series are specific types of
soils named after a geographic feature (town, river, etc.) near where they were first recog‐
nized. Based on Soil Survey Report of Taoyuan [43], there are 68 soil series which can be
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3.2. Land use and soil series of Taoyuan

Arable lands of Taoyuan County is 37,544 ha, occupying 30.8% of the total area. About 29%
of the arable land were used for rice production and 18% of the arable land were used for
upland crops production, including vegetables (10.7%), tea (2.4%), fruit (1.9%), grains (0.3%)
and other crops (2.7%). About 53% of the total arable land was fallowed in Taoyuan County.
Prior to 1950, the agricultural land in the terrace was used for tea production. After an irri‐
gation system and reservoir were constructed in the 1950s, the terrace soils were used for
rice production. Rice was harvested twice per year during the growing season between
March and October, and then the soils were fallowed in winter.

A suit of soil profile properties and horizons falling within a particular range are said to be‐
long to the same soil series. According to Soil Taxonomy [49], soil series are specific types of
soils named after a geographic feature (town, river, etc.) near where they were first recog‐
nized. Based on Soil Survey Report of Taoyuan [43], there are 68 soil series which can be
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grouped into five Soil Orders: Histosol, Oxisol, Inceptisol, Entisol and Ultisol. About 56%,
32% and 9% of the Taoyuan soils belong to Ultisols, Entisols and Inceptisols, respectively.
Description of important soil series in Taoyuan are shown in Table 3. Generally, the most
arable soils in Taoyuan County are acidic, well drained, and clayed soil texture.

Soil series

code

Occupied

Area (%)

Depth

class†

Soil texture‡ Drainage¶ pH SMR§ Subgroup of

Soil Taxonomy (USDA)

Pc 15.6 VD SiC ED <5 Udic Typic Kandiudox

Sk 9.9 VS SL W <5 Udic Lithic Udipsamment

Lt 6.4 VD SiCL W 5.0-7.0 Udic Oxyaquic Paleudult

Tw 5.8 VD SiCL W <5 Udic Plinthic Paleudult

Hh 5.1 VD SiC P 5.0-7.0 Aquic Typic Plinthaqult

Tc 4.2 D CL W <5 Udic Typic Paleudult

Pu 4.2 VD SiCL MW 5.0-7.0 Udic Typic Plinthudult

Hk 4.0 D SiC W 5.0-7.0 Udic Plinthic Paleudult

Tl 3.7 VD CL W 5.0-7.0 Udic Typic Paleudult

Lk 2.2 VD SiC W 5.0-7.0 Udic Plinthic Paleudult

Nc 2.2 D L SP 5.0-7.0 Udic Typic Udipsamment

Lc 2.0 VD SiCL SP <5 Udic Plinthaquic Paleudult

Total 65.1

Table 3. Important soil series of Taoyuan County in Taiwan. †Depth class: VS, very shallow (<25 cm); S, shallow (25-50
cm); MD, moderately deep (50-100 cm); D, deep (100-150 cm); VD, very deep (≧150 cm) ‡Soil texture: S, sand; LS,
loamy sand; SL, sandy loam; L, loam; SiL, silty loam; Si, silt; SCL, sandy clay loam; CL, clay loam; SiCL, silty clay loam; SC,
sandy clay; SiC, silty clay; C, clay. Drainage: ED, excessively drained; W, well drained; MW, moderately well drained; SP,
somewhat poorly drained; P, poorly drained; VP, very poorly drained. §SMR: soil moisture regime.

 

3.3. Estimation of SOC stock and digital soil mapping

Estimation of SOC stocks at different depths of Taoyuan County is shown in Table 4. Availa‐
ble datasets of Taoyuan County are composed of 4,872 pedons. The mean SOC stock at
depths of 0-15 cm and 15-30 cm is 3.77 ± 1.29 kg m-2 and 3.04 ± 1.14 kg m-2, respectively, and
SOC stock decreases with increasing soil depth. The mean SOC stock of arable soils of
Taoyuan is 8.17 ± 4.99 kg m-2 from surface to 150 cm. It indicates that the red soils of
Taoyuan is less soil fertility, and the SOC stock is less than the mean value (11 kg m-2) of all
arable soils of Taiwan [29,50]. On average, 83% of the total SOC stock in the upper 150 cm is
stocked in the surface 30 cm. It implies the potentially large amounts of CO2 may be released
by changes in land use.
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  Soil depth Soil sample SOC stock (kg m-2)

(cm) number Mean ± SD Median Skewness Kurtosis Data range

0-15 4872 3.77 ± 1.29 3.77 0.07 -0.42 0.45-8.07

15-30 2751 3.04 ± 1.14 2.98 0.25 -0.51 0.55-6.33

30-60 1735 4.73 ± 2.09 4.49 0.36 -0.77 0.77-9.98

60-90 843 3.20 ± 1.31 3.08 0.60 -0.29 0.81-7.08

90-120 552 2.71 ± 0.97 2.65 0.30 -0.86 0.37-4.90

120-150 258 2.52 ± 0.91 2.42 0.54 0 0.43-4.89

0-150 4872 8.17 ± 4.99 6.31 0.78 -0.57 0.65-19.99

Table 4. Estimation of SOC stock at different depths from dataset of Taoyuan County

Figure 4. Digital soil mapping of the estimated SOC stock (unit: kg m -2) at different depths in arable soils of Taoyuan
County. Cross symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250
m grid (6.25 ha).
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Figure 4. Digital soil mapping of the estimated SOC stock (unit: kg m -2) at different depths in arable soils of Taoyuan
County. Cross symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250
m grid (6.25 ha).

Figure 4 shows the digital soil mapping of SOC stock in arable soils of Taoyuan County.
Generally, soils in the western parts of Taoyuan have larger SOC in the depth 0-150 cm. In
Taoyuan, the rice growing soils are largest in the western parts where Hsinwu and Yangmei
are located. Therefore, we suggested that the paddy soils which growing rice can continu‐
ously accumulate organic carbon into the soils due to the addition of rice residues and more
anaerobic condition during flooding cultivation. On the other hand, the increasing fallow
lands with more aerobic condition and without addition of rice residues probably result in
the decreases of SOC stock in Taoyuan County.

4. Soil C stock in Changhua County (slate alluvial soils)

4.1. Background of Changhua soils

Changhua County is located in the central Taiwan (Figure 2) and between the Dadu River
and the Choushui River, the latter one is the longest river in Taiwan. Hence, there are two
sources of soil parent materials in Changhua County, strata under the north part of soils are
composed of sandstone and shale deposits from Daua River, while most soils in Changhua
County are developed from limestone and slate clay deposited by the Choushui River and
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its distributaries. Differences in parent materials have great influences on the soil properties
of the Changhua County. The elevation decreases gently from the eastern Pakua terrace to
the western coastal plain.

Figure 5. Mean monthly distribution of temperature, relative humidity and precipitation at Taichung meteorological
stations which is approaching to Changhua. Data recorded from 1981 to 2010, according to the Central Weather Bu‐
reau of Taiwan (http://www.cwb.gov.tw).

Figure 5 shows the climatic data from the Taichung meteorological station which is ap‐
proaching to Changhua County. The mean air temperature is 28.0 °C in summer and 17.3 °C
in winter. The mean annual rainfall over the past decades (1981-2010) is 1773 mm, and the
monthly rainfall is relatively low between October and February. The soil temperature and
moisture regimes of the study area are hyperthermic and udic, respectively.

4.2. Land use and soil series of Changhua

Arable lands of Changhua is 63,722 ha, occupying 59% of the total area. About 43% of the arable
land grows rice, and rice production of Changhua is the highest county in Taiwan. About 50%
of the arable land grows crops, including vegetables (21%), fruits (11%), grains (8.5%) and flowers
(7.3%). About 7.6% of the total arable land was fallowed in Changhua County. Because of the
warm and humid climate, high soil fertility, complete irrigation system and accessibility, most
area of the plain are used for croplands. Rice is harvested twice during the growing season, and
the agricultural land use of Changhua is most intensive in Taiwan.
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Figure 4. Digital soil mapping of the estimated SOC stock (unit: kg m -2) at different depths in arable soils of Taoyuan
County. Cross symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250
m grid (6.25 ha).

Figure 4 shows the digital soil mapping of SOC stock in arable soils of Taoyuan County.
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lands with more aerobic condition and without addition of rice residues probably result in
the decreases of SOC stock in Taoyuan County.

4. Soil C stock in Changhua County (slate alluvial soils)

4.1. Background of Changhua soils

Changhua County is located in the central Taiwan (Figure 2) and between the Dadu River
and the Choushui River, the latter one is the longest river in Taiwan. Hence, there are two
sources of soil parent materials in Changhua County, strata under the north part of soils are
composed of sandstone and shale deposits from Daua River, while most soils in Changhua
County are developed from limestone and slate clay deposited by the Choushui River and
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its distributaries. Differences in parent materials have great influences on the soil properties
of the Changhua County. The elevation decreases gently from the eastern Pakua terrace to
the western coastal plain.

Figure 5. Mean monthly distribution of temperature, relative humidity and precipitation at Taichung meteorological
stations which is approaching to Changhua. Data recorded from 1981 to 2010, according to the Central Weather Bu‐
reau of Taiwan (http://www.cwb.gov.tw).

Figure 5 shows the climatic data from the Taichung meteorological station which is ap‐
proaching to Changhua County. The mean air temperature is 28.0 °C in summer and 17.3 °C
in winter. The mean annual rainfall over the past decades (1981-2010) is 1773 mm, and the
monthly rainfall is relatively low between October and February. The soil temperature and
moisture regimes of the study area are hyperthermic and udic, respectively.

4.2. Land use and soil series of Changhua

Arable lands of Changhua is 63,722 ha, occupying 59% of the total area. About 43% of the arable
land grows rice, and rice production of Changhua is the highest county in Taiwan. About 50%
of the arable land grows crops, including vegetables (21%), fruits (11%), grains (8.5%) and flowers
(7.3%). About 7.6% of the total arable land was fallowed in Changhua County. Because of the
warm and humid climate, high soil fertility, complete irrigation system and accessibility, most
area of the plain are used for croplands. Rice is harvested twice during the growing season, and
the agricultural land use of Changhua is most intensive in Taiwan.
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Soil series

code

Occupied

Area (%)

Depth

class†

Soil texture‡ Drainage¶ pH SMR§ Subgroup of Soil

Taxonomy (USDA)

Eh 18.7 VD SiL SP >7 Udic Aquic Dystrudept

Lu 7.4 VD SiL SP >7 Udic Aquic Dystrudept

Yu 6.5 VD SiL SP >7 Udic Aquic Dystrudept

Ph 6.0 VD SiL MW >7 Udic Aquic Dystrudept

Cc 2.8 VD SiL SP 5.0-

7.0

Udic Aquic Udorthent

Sp 2.6 S SiL W >7 Udic Lithic Udorthent

Wh 2.5 VD SiL SP >7 Udic Aquic Dystrudept

Ct 2.4 VD SL SP >7 Udic Aquic Udipsamment

Hn 2.4 VD SiL SP >7 Udic Aquic Dystrudept

Kh 2.1 VD SiL SP >7 Udic Aquic Dystrudept

Ls 2.1 VD LS MW >7 Udic Typic Udipsamment

Es 2.1 VD L SP >7 Udic Aquic Udorthent

Kk 1.9 VD SiL MW >7 Udic Typic Dystrudept

Cl 1.8 VD SL SP >7 Udic Aquic Udipsamment

Co 1.8 VD SL MW >7 Udic Typic Udipsamment

Ha 1.7 VD S MW >7 Udic Typic Dystrudept

Su 1.7 VD SL P 5.0-7.0 Aquic Typic Endoaquent

Total 66.5

Table 5. Important soil series in Changhua County †Depth class: VS, very shallow (<25 cm); S, shallow (25-50 cm); MD,
moderately deep (50-100 cm); D, deep (100-150 cm); VD, very deep (≧150 cm) ‡Soil texture: S, sand; LS, loamy sand;
SL, sandy loam; L, loam; SiL, silty loam; Si, silt; SCL, sandy clay loam; CL, clay loam; SiCL, silty clay loam; SC, sandy clay;
SiC, silty clay; C, clay. Drainage: ED, excessively drained; W, well drained; MW, moderately well drained; SP, somewhat
poorly drained; P, poorly drained; VP, very poorly drained. §SMR: soil moisture regime.

Based on Soil Survey Report of Changhua [51], there are 65 soil series which can be grouped
into two Soil Orders: Inceptisol and Entisol. 65% of the Changhua soils belong to Inceptisols,
while the other 35% of soils belong to Entisols. Description of important soil series in Chan‐
ghua are shown in Table 5. In general, Changhua soils are calcareous, silty-loam textured,
and somewhat poorly drained.
  

4.3. Estimation of SOC stock and digital soil mapping

Available datasets of Changhua are composed of 6,749 soil pedons, and the estimation of
SOC stocks at different depths is shown in Table 6. The mean SOC stock at depths of 0-15
cm and 15-30 cm is 2.34 ± 0.90 kg m-2 and 1.84 ± 0.68 kg m-2, respectively. The mean SOC
stock of arable soils of Changhua is 9.49 ± 5.12 kg m-2 from surface to 150 cm. On average,
44% of the total SOC stock of 150 cm is stocked in the surface 30 cm, implying the changes in
land use have potentially impacts on CO2 release.
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  Soil depth Soil sample SOC stock (kg m-2)

(cm) number
Mean ± Standard

deviation
Median Skewness Kurtosis Data range

0-15 6749 2.34 ± 0.90 2.24 0.54 -0.05 0.40-6.25

15-30 5757 1.84 ± 0.68 1.81 0.39 0 0.46-5.84

30-60 5132 2.97 ± 1.11 2.86 0.48 0 0.82-9.19

60-90 4333 2.63 ± 1.01 2.50 0.63 0.60 0.81-8.64

90-120 3516 2.43 ± 0.98 2.26 0.85 0.92 0.80-7.56

120-150 1093 2.31 ± 0.97 2.15 1.26 2.97 0.81-7.82

0-150 6749 9.49 ± 5.12 9.12 0.51 0.62 0.47-41.8

Table 6. Estimation of SOC stock at different depths from dataset of Changhua County

Figure 6 shows the digital soil mapping of SOC stock in arable soils of Changhua. Soils with
larger C stocks are located at the high productivity area, including (1) Chutang and Pitou in
the southern region, (2) Yungchih and Sheto in the southeastern region, and (3) Hsiushui,
Homei and Shenkang in the north region of Changhua. Soils with extremely high SOC con‐
tent (> 30 kg m-2 at 150 cm depth) in the north part of Changhua are belong to Histosols.

Figure 6. Digital soil mapping of the estimated SOC stock at different depth in arable soils of Changhua (unit: kg m-2). Cross
symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250 m grid (6.25 ha).
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Soil series

code

Occupied

Area (%)

Depth

class†

Soil texture‡ Drainage¶ pH SMR§ Subgroup of Soil

Taxonomy (USDA)

Eh 18.7 VD SiL SP >7 Udic Aquic Dystrudept

Lu 7.4 VD SiL SP >7 Udic Aquic Dystrudept

Yu 6.5 VD SiL SP >7 Udic Aquic Dystrudept

Ph 6.0 VD SiL MW >7 Udic Aquic Dystrudept

Cc 2.8 VD SiL SP 5.0-

7.0

Udic Aquic Udorthent

Sp 2.6 S SiL W >7 Udic Lithic Udorthent

Wh 2.5 VD SiL SP >7 Udic Aquic Dystrudept

Ct 2.4 VD SL SP >7 Udic Aquic Udipsamment

Hn 2.4 VD SiL SP >7 Udic Aquic Dystrudept

Kh 2.1 VD SiL SP >7 Udic Aquic Dystrudept

Ls 2.1 VD LS MW >7 Udic Typic Udipsamment

Es 2.1 VD L SP >7 Udic Aquic Udorthent

Kk 1.9 VD SiL MW >7 Udic Typic Dystrudept

Cl 1.8 VD SL SP >7 Udic Aquic Udipsamment

Co 1.8 VD SL MW >7 Udic Typic Udipsamment

Ha 1.7 VD S MW >7 Udic Typic Dystrudept

Su 1.7 VD SL P 5.0-7.0 Aquic Typic Endoaquent

Total 66.5

Table 5. Important soil series in Changhua County †Depth class: VS, very shallow (<25 cm); S, shallow (25-50 cm); MD,
moderately deep (50-100 cm); D, deep (100-150 cm); VD, very deep (≧150 cm) ‡Soil texture: S, sand; LS, loamy sand;
SL, sandy loam; L, loam; SiL, silty loam; Si, silt; SCL, sandy clay loam; CL, clay loam; SiCL, silty clay loam; SC, sandy clay;
SiC, silty clay; C, clay. Drainage: ED, excessively drained; W, well drained; MW, moderately well drained; SP, somewhat
poorly drained; P, poorly drained; VP, very poorly drained. §SMR: soil moisture regime.

Based on Soil Survey Report of Changhua [51], there are 65 soil series which can be grouped
into two Soil Orders: Inceptisol and Entisol. 65% of the Changhua soils belong to Inceptisols,
while the other 35% of soils belong to Entisols. Description of important soil series in Chan‐
ghua are shown in Table 5. In general, Changhua soils are calcareous, silty-loam textured,
and somewhat poorly drained.
  

4.3. Estimation of SOC stock and digital soil mapping

Available datasets of Changhua are composed of 6,749 soil pedons, and the estimation of
SOC stocks at different depths is shown in Table 6. The mean SOC stock at depths of 0-15
cm and 15-30 cm is 2.34 ± 0.90 kg m-2 and 1.84 ± 0.68 kg m-2, respectively. The mean SOC
stock of arable soils of Changhua is 9.49 ± 5.12 kg m-2 from surface to 150 cm. On average,
44% of the total SOC stock of 150 cm is stocked in the surface 30 cm, implying the changes in
land use have potentially impacts on CO2 release.
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  Soil depth Soil sample SOC stock (kg m-2)

(cm) number
Mean ± Standard

deviation
Median Skewness Kurtosis Data range

0-15 6749 2.34 ± 0.90 2.24 0.54 -0.05 0.40-6.25

15-30 5757 1.84 ± 0.68 1.81 0.39 0 0.46-5.84

30-60 5132 2.97 ± 1.11 2.86 0.48 0 0.82-9.19

60-90 4333 2.63 ± 1.01 2.50 0.63 0.60 0.81-8.64

90-120 3516 2.43 ± 0.98 2.26 0.85 0.92 0.80-7.56

120-150 1093 2.31 ± 0.97 2.15 1.26 2.97 0.81-7.82

0-150 6749 9.49 ± 5.12 9.12 0.51 0.62 0.47-41.8

Table 6. Estimation of SOC stock at different depths from dataset of Changhua County

Figure 6 shows the digital soil mapping of SOC stock in arable soils of Changhua. Soils with
larger C stocks are located at the high productivity area, including (1) Chutang and Pitou in
the southern region, (2) Yungchih and Sheto in the southeastern region, and (3) Hsiushui,
Homei and Shenkang in the north region of Changhua. Soils with extremely high SOC con‐
tent (> 30 kg m-2 at 150 cm depth) in the north part of Changhua are belong to Histosols.

Figure 6. Digital soil mapping of the estimated SOC stock at different depth in arable soils of Changhua (unit: kg m-2). Cross
symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250 m grid (6.25 ha).
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Figure 6. Digital soil mapping of the estimated SOC stock at different depth in arable soils of Changhua (unit: kg m-2). Cross
symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250 m grid (6.25 ha).

5. Soil C stock in Tainan County (sandstone and shale alluvial soils)

5.1. Background of Tainan soils

Tainan County is located in the southwestern Taiwan (Figure 2). About one third area is occupied
by hill land (30-50 m asl) in the eastern part of Tainan County, and the other two third area is
alluvial plain. In general, Tainan County is situated in the central part of Chia-Nan Plain, which
is the largest plain with high agricultural production of Taiwan. Most soils of Tainan are
developed from sandstone, shale and mudstone deposits of the Zengwun River and the Bajhang
River from the eastern hill regions.

Figure 7 shows the climatic data from the Tainan meteorological station. Tainan County is
located in south of the Tropic Cancer, thus, the temperature is relatively high. The mean air
temperature is 28.7°C in summer and 18.4 °C in winter. The mean annual rainfall over the past
decade (1981-2010) is 1698 mm. Except for the raining season beginning from May to Septem‐
ber, the monthly rainfall is less than the evapotranspiration. The soil temperature regime of
the study area is hyperthermic, and soil moisture regime of most area is ustic.
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Figure 7. Mean monthly distribution of temperature, relative humidity and precipitation at Tainan meteorological sta‐
tions. Data recorded from 1981 to 2010, according to the Central Weather Bureau of Taiwan (http://
www.cwb.gov.tw).

 

5.2. Land use and soil series of Tainan

Arable lands of Tainan is 91,974 ha, occupying 45.6% of the total area. About 30% and 25% of
the arable land grows fruits and rice, respectively, and 28% of the arable land grows crops
vegetables (18%), grains (5.7%), sugarcanes (2.2%) and other crops. About 17% of the total
arable land was fallowed in Tainan County. Due to the rainfall is often less than the evapo‐
transpiration, especially when southwestern monsoon occurs during the winter, deficiency of
soil water content is the limit factor of crop growing. Strong evaporation and the irrigation
from groundwater result in saline soils in the coastal region of Tainan County.

Based on Soil Survey Report of Tainan [44], there are 68 soil series which can be grouped into
three Soil Orders: Alfisol, Inceptisol and Entisol. About 57% of the Tainan soils belong to
Entisols and 34% of soils belong to Inceptisols. Description of important soil series in Tainan
are shown in Table 7. Most Tainan soils are sandy loam to silt loam soil texture, neutral to
basic reaction and well drained soils.
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Figure 6. Digital soil mapping of the estimated SOC stock at different depth in arable soils of Changhua (unit: kg m-2). Cross
symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250 m grid (6.25 ha).
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is the largest plain with high agricultural production of Taiwan. Most soils of Tainan are
developed from sandstone, shale and mudstone deposits of the Zengwun River and the Bajhang
River from the eastern hill regions.

Figure 7 shows the climatic data from the Tainan meteorological station. Tainan County is
located in south of the Tropic Cancer, thus, the temperature is relatively high. The mean air
temperature is 28.7°C in summer and 18.4 °C in winter. The mean annual rainfall over the past
decade (1981-2010) is 1698 mm. Except for the raining season beginning from May to Septem‐
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the study area is hyperthermic, and soil moisture regime of most area is ustic.
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soil water content is the limit factor of crop growing. Strong evaporation and the irrigation
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Based on Soil Survey Report of Tainan [44], there are 68 soil series which can be grouped into
three Soil Orders: Alfisol, Inceptisol and Entisol. About 57% of the Tainan soils belong to
Entisols and 34% of soils belong to Inceptisols. Description of important soil series in Tainan
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Soil series

code

Occupied Area

(%)

Depth

class†

Soil texture‡ Drainage¶ pH SMR§ Subgroup of Soil

Taxonomy (USDA)

Cf 16.1 VD SL MW >7 Ustic Typic Ustifluvent

An 9.1 VD SiL MW >7 Ustic Typic Dystrustept

Ts 7.4 VD SiL W >7 Ustic Typic Dystrustept

Hk 6.4 VD SL MW >7 Ustic Typic Ustipsamment

Ly 4.7 VD SiL W >7 Ustic Typic Ustifluvent

Je 4.2 VD L W >7 Ustic Typic Dystrustept

Lh 3.5 VD SiCL W >7 Ustic Typic Paleustalf

Tn 3.3 VD L W 5.0-7.0 Udic Typic Dystrudept

Sh 3.2 VD LS W 5.0-7.0 Udic Typic Udipsamment

Kn 2.8 VD SiL W 5.0-7.0 Udic Typic Dystrudept

Sk 2.6 VD SiC W >7 Ustic Typic Dystrustept

Ku 2.0 VD SiL MW >7 Ustic Typic Paleustalf

Total 65.2

Table 7. Important soil series in Tainan County †Depth class: VS, very shallow (<25 cm); S, shallow (25-50 cm); MD,
moderately deep (50-100 cm); D, deep (100-150 cm); VD, very deep (≧150 cm) ‡Soil texture: S, sand; LS, loamy sand;
SL, sandy loam; L, loam; SiL, silty loam; Si, silt; SCL, sandy clay loam; CL, clay loam; SiCL, silty clay loam; SC, sandy clay;
SiC, silty clay; C, clay. Drainage: ED, excessively drained; W, well drained; MW, moderately well drained; SP, somewhat
poorly drained; P, poorly drained; VP, very poorly drained. §SMR: soil moisture regime.

5.3. Estimation of SOC stock and digital soil mapping

Estimation of SOC stocks at different depths is shown in Table 8. Available datasets of Tain‐
an are composed of 7,403 pedons. The mean SOC stock at depths of 0-15 cm and 15-30 cm is
2.05 ± 0.61 kg m-2 and 1.82 ± 0.50 kg m-2, respectively. The mean SOC stock of arable soils of
Tainan is 12.4 ± 5.49 kg m-2 in the upper 150 cm. In comparison with Taoyuan and Chan‐
ghua soils, the total SOC stock in the upper 150 cm is higher in Tainan. On average, 31% of
the total SOC stock in the upper 150 cm is stocked in the surface 30 cm.

    Soil depth Soil sample SOC stock (kg m-2)

(cm) number Mean ± SD Median Skewness Kurtosis Data range

0-15 7403 2.05 ± 0.61 2.03 0.20 -0.32 0.38-3.89

15-30 6259 1.82 ± 0.50 1.80 0.20 -0.39 0.35-3.19

30-60 6152 3.12 ± 0.90 3.05 0.34 -0.13 0.27-5.78

60-90 5880 2.91 ± 0.87 2.86 0.29 -0.28 0.14-5.45

90-120 5635 2.81 ± 0.86 2.75 0.30 -0.36 0.71-5.26

120-150 4711 2.74 ± 0.88 2.68 0.28 -0.53 0.61-4.99

0-150 7403 12.38 ± 5.49 13.82 -0.78 -0.54 0.49-20.00

Table 8. Estimation of SOC stock at different depths from dataset of Tainan County
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Fig 8 shows the digital soil mapping of SOC stock in arable soils of Tainan. Generally, the

arable lands of Tainan can be divided into eastern and western parts. In the eastern hill regions

of Tainan, most soils are used for growing fruits and the SOC stocks are lower than those of

the western plains. In the western plains, most soils used for growing rice and crops have

larger soil organic carbon pool. Some arable lands are used to grow sugarcane in the west‐

ern Tainan, and our estimation indicated that the recycling of sugarcane residues may in‐

crease the SOC stock in the soil profile.

Figure 8. Digital soil mapping of the estimated SOC stock at different depth in arable soils of Tainan (unit: kg m-2).
Cross symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250 m grid
(6.25 ha).
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Soil series

code

Occupied Area

(%)

Depth

class†

Soil texture‡ Drainage¶ pH SMR§ Subgroup of Soil

Taxonomy (USDA)

Cf 16.1 VD SL MW >7 Ustic Typic Ustifluvent

An 9.1 VD SiL MW >7 Ustic Typic Dystrustept

Ts 7.4 VD SiL W >7 Ustic Typic Dystrustept
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Sh 3.2 VD LS W 5.0-7.0 Udic Typic Udipsamment

Kn 2.8 VD SiL W 5.0-7.0 Udic Typic Dystrudept

Sk 2.6 VD SiC W >7 Ustic Typic Dystrustept

Ku 2.0 VD SiL MW >7 Ustic Typic Paleustalf

Total 65.2

Table 7. Important soil series in Tainan County †Depth class: VS, very shallow (<25 cm); S, shallow (25-50 cm); MD,
moderately deep (50-100 cm); D, deep (100-150 cm); VD, very deep (≧150 cm) ‡Soil texture: S, sand; LS, loamy sand;
SL, sandy loam; L, loam; SiL, silty loam; Si, silt; SCL, sandy clay loam; CL, clay loam; SiCL, silty clay loam; SC, sandy clay;
SiC, silty clay; C, clay. Drainage: ED, excessively drained; W, well drained; MW, moderately well drained; SP, somewhat
poorly drained; P, poorly drained; VP, very poorly drained. §SMR: soil moisture regime.

5.3. Estimation of SOC stock and digital soil mapping

Estimation of SOC stocks at different depths is shown in Table 8. Available datasets of Tain‐
an are composed of 7,403 pedons. The mean SOC stock at depths of 0-15 cm and 15-30 cm is
2.05 ± 0.61 kg m-2 and 1.82 ± 0.50 kg m-2, respectively. The mean SOC stock of arable soils of
Tainan is 12.4 ± 5.49 kg m-2 in the upper 150 cm. In comparison with Taoyuan and Chan‐
ghua soils, the total SOC stock in the upper 150 cm is higher in Tainan. On average, 31% of
the total SOC stock in the upper 150 cm is stocked in the surface 30 cm.

    Soil depth Soil sample SOC stock (kg m-2)

(cm) number Mean ± SD Median Skewness Kurtosis Data range

0-15 7403 2.05 ± 0.61 2.03 0.20 -0.32 0.38-3.89

15-30 6259 1.82 ± 0.50 1.80 0.20 -0.39 0.35-3.19

30-60 6152 3.12 ± 0.90 3.05 0.34 -0.13 0.27-5.78

60-90 5880 2.91 ± 0.87 2.86 0.29 -0.28 0.14-5.45

90-120 5635 2.81 ± 0.86 2.75 0.30 -0.36 0.71-5.26

120-150 4711 2.74 ± 0.88 2.68 0.28 -0.53 0.61-4.99
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Fig 8 shows the digital soil mapping of SOC stock in arable soils of Tainan. Generally, the

arable lands of Tainan can be divided into eastern and western parts. In the eastern hill regions

of Tainan, most soils are used for growing fruits and the SOC stocks are lower than those of

the western plains. In the western plains, most soils used for growing rice and crops have

larger soil organic carbon pool. Some arable lands are used to grow sugarcane in the west‐

ern Tainan, and our estimation indicated that the recycling of sugarcane residues may in‐

crease the SOC stock in the soil profile.

Figure 8. Digital soil mapping of the estimated SOC stock at different depth in arable soils of Tainan (unit: kg m-2).
Cross symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250 m grid
(6.25 ha).
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Figure 8. Digital soil mapping of the estimated SOC stock at different depth in arable soils of Tainan (unit: kg m-2).
Cross symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250 m grid
(6.25 ha).

6. Discussion on SOC stock in arable soils of Taiwan

In the current study, the mean SOC stock in the upper 150 cm of arable soils was highest in
Tainan County (12.4 ± 5.49 kg m-2), intermediate in Changhua County (9.49 ± 5.12 kg m-2), and
lowest in Taoyuan County (8.17 ± 4.99 kg m-2). Our estimation of SOC stocks was close to those
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of warm and humid Asian countries, such as Indonesia (1.21 kg m-2 in 0-10 cm topsoil of Java)
[24] and the Philippines (7.16-10.9 kg m-2 in 0-80 cm soils)[30], and was also close to those in
semi-arid New Mexico (3.35-3.77 kg m-2 in 0-30 cm and 7.68-12.1 kg m-2 in 0-100 cm soils) [52].
Mean SOC stocks in the arable soils of Taiwan were lower than those of United Kingdom,
Australia and South Africa [53-55], which indicating that the differences in SOC stocks at
continental scale may be primarily driven by climate condition [24]. Climate data revealed
that the rainfall and air temperature is slightly different among three counties: Taoyuan County
has a longer rainy season (Figure 3) while Tainan County has distinctive dry season and rainy
season (Figure 7), and Changhua County has a relatively moderate rainy season (Figure 5).
Because the depletion of the SOC stocks in cultivated soils is caused by oxidation and miner‐
alization, leaching and erosion [5], it is therefore probable that the consistency and periodici‐
ty of rainfall (i.e. effective rainfall) is a more significant factor to affect the quantity of soil
carbon accumulation than that of simple value of total annual rainfall [54]. In Taoyuan Coun‐
ty, stronger leaching and well-drained condition contributed to the weathering and soil de‐
velopment, and the Ultisols covered over 50% of the arable land of Taoyuan County (Table 3).
In Changhua and Tainan Counties, most of the arable soils were classified as Inceptisols and
Entisols (Tables 5& 7), which were reported to have larger SOC stocks than those for Ulti‐
sols distributed in Taoyuan County [2,16,28-29,50]. Therefore, we suggested that major soil
types are also related to the SOC stock of arable soils in this study.

Based on the digital soil mapping (Figure 4,6,8), spatial variation of SOC stock in topsoil was
not always parallel to those in 0-150 cm depth of soils, due to major carbon dynamics on topsoil
and in subsoil may be controlled by different regulatory mechanisms [9, 56]. For example, land
use had strong influence on SOC dynamics in topsoil [54], and the correlation between SOC
and soil properties (clay content) was highest in soil deeper interval of the profile [9]. There
are many factors and processes that determine the direction and rate of change in SOC content
when the vegetation types and soil management practices are changed [17]. The nature and
amounts of crop residues can influence the direction and amounts of trends in soil C stocks
after the crops are harvested [26]. In this case study, for example, long-term planting and the
recovery of sugarcane residues may increase the SOC stock in the western parts of Tainan
County (Figure 8). Studies in Java [24] and Philippines [25] indicated that the continuous rice-
growing system increased the SOC stocks. Here we have no sufficient SOC data to demon‐
strate the impact of different crops or land uses changes on arable soils in Taiwan. However,
the previous study [29] reported that crop rotation system and fertilizer addition do in‐
crease the topsoil SOC content in some counties from 1950 to 1994. Moreover, land use changes
from rice-growing soils to fallow or upland cultivation decreased the SOC stock in the up‐
per 30 cm from 1969 to 2002 in Tainan County [29].

Depletion of SOC stock from the root zone has adversely affected the soil productivity and
and environmental quality. On the other hand, increasing the SOC stock will increases the
crop yield, especially in the soils where it has been depleted for long term. An increase of 1
ton of SOC can increase the wheat grain yield by 27 kg ha-1 in North Dakota, USA, and 40 kg
ha-1 in semi-arid pampas of Argentina, 6 kg ha-1 of wheat and 3 kg ha-1 of maize in alluvial
soils of northern India, 17 kg ha-1 of maize in Thailand, and 10 kg ha-1 of maize and 1 kg ha-1

of cowpea distributed in western Nigeria [4]. A good example of 18-year experiment in Ken‐
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Figure 8. Digital soil mapping of the estimated SOC stock at different depth in arable soils of Tainan (unit: kg m-2).
Cross symbols represent the soil sampling pedons. Each pedon was sampled by auger within a 250 m by 250 m grid
(6.25 ha).

6. Discussion on SOC stock in arable soils of Taiwan
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after the crops are harvested [26]. In this case study, for example, long-term planting and the
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growing system increased the SOC stocks. Here we have no sufficient SOC data to demon‐
strate the impact of different crops or land uses changes on arable soils in Taiwan. However,
the previous study [29] reported that crop rotation system and fertilizer addition do in‐
crease the topsoil SOC content in some counties from 1950 to 1994. Moreover, land use changes
from rice-growing soils to fallow or upland cultivation decreased the SOC stock in the up‐
per 30 cm from 1969 to 2002 in Tainan County [29].

Depletion of SOC stock from the root zone has adversely affected the soil productivity and
and environmental quality. On the other hand, increasing the SOC stock will increases the
crop yield, especially in the soils where it has been depleted for long term. An increase of 1
ton of SOC can increase the wheat grain yield by 27 kg ha-1 in North Dakota, USA, and 40 kg
ha-1 in semi-arid pampas of Argentina, 6 kg ha-1 of wheat and 3 kg ha-1 of maize in alluvial
soils of northern India, 17 kg ha-1 of maize in Thailand, and 10 kg ha-1 of maize and 1 kg ha-1
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ya showed that the yield of maize and beans was 1.4 ton ha-1 yr-1 without external input and
6.0 ton ha-1 yr-1 when land cover was retained and fertilizer and manure were applied. The
corresponding SOC stocks to 15 cm depth were 23.6 tons ha-1 and 28.7 tons ha-1, respectively
[4]. Therefore, Soil C sequestration is an important strategy to achieve food security through
improvement in soil quality.

7. Uncertainties of estimating the SOC stock in Taiwan

In order to obtain a high accuracy and great precision on estimating soil bulk density, an
equation specific for each group of soils of relevance to a particular research program
should be used, rather than rely on general PTFs [33]. In this study, however, available data‐
base used to develop the PTF is very limited (230 horizon-samples), whereas the database
used to estimate the SOC stock is larger in sample size (19,024 soil pedons) and composed of
soil from different parent materials. The PTF that we proposed here contains only two varia‐
bles: SOC and the soil depth. Because of the differences of bulk density between topsoil and
subsoil, PTFs based on a higher portion of subsoil samples and applied on topsoil and sub‐
soil samples may lead to an overestimation of bulk density [36], subsequently, lead to an
overestimation of the SOC stock. Besides, to estimate the SOC stock from the database of
2006, we converted the OM content to OC content by a Van Bemmelen factor of 1.724 on the
assumption that SOM contains 58% of organic C averagely. Variation in the ratios of SOC to
SOM in different major soil types may result in the errors of SOC stock estimation as well.
Finally, quality of the legacy data and the inconsistent measurement of soil properties be‐
tween independent databases are also possible sources of uncertainties for this estimation.

8. Conclusion

In this study, we used 184 horizon-samples to develop a pedotransfer function (PTF) for
bulk density of arable soil in Taiwan. The proposed PTF is Bd = 1.3026 + 0.169 Log (d)–0.256
[Ln (SOC)]2. Validation by the other 46 horizon-samples in the dataset obtained a Radj 2 = 0.15
and RMSE = 0.207 g cm-3. Database from soil survey by TARI in 2006 was used to estimate
the SOC stock in arable soil, and soil bulk densities were estimated by the PTF that we pro‐
posed. According to our estimation, the mean SOC stock to the depth of 0-150 cm in arable
soils is listed as the decreasing order: Tainan County (12.4 ± 5.49 kg m-2) > Changhua County
(9.49 ± 5.12 kg m-2) > Taoyuan County (8.17 ± 4.99 kg m-2). More than 30% to 80% of the total
SOC stock in the upper 150 cm is stocked in the surface 30 cm, depending on the soil type
and soil management. Based on geostatistics and digital soil mapping techniques, we sug‐
gest that land use has great influence on the SOC stock in these arable soils. To obtain a high
accuracy and great precision on estimating soil bulk density and SOC stock, databases from
various soil types and PTFs for specific soils are needed in the future work.
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Changes in Raised Bog Relief During the Holocene Case
Study: Polish Carpathian Mountains
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Additional information is available at the end of the chapter
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1. Introduction

Less attention has been paid to peat bog growth during the Holocene than to contemporary
human impact on peat bogs (e.g. Bower 1961, Mallik et al. 1984, Evans 1989, Shaw et al. 1997,
Bragg and Tallis 2001, Bindler 2006, Coggins et al. 2006). The research literature states that in
order for peat bogs to grow, certain geomorphological, hydrographic, hydrogeological and
climate-related conditions must be satisfied (Tołpa 1949, Maksimov 1965, Grosse-Brauckmann
1974, Lowe and Walker 1997, Tobolski 2000, Chairman 2002, Ilnicki 2002). Research studies
have identified several types of peat bogs: limnogenous/river-fed, topogenous, soligenous and
ombrogenous, all of which differ in terms of relief (Żurek & Tomaszewicz 1996, Tobolski
2000, Ilnicki 2002). In areas with precipitation barely exceeding evaporation, which includes
mountain areas, peat bog development is determined by stable groundwater outflows that
foster the continuous expansion of hydrogenic sites (Łajczak 2007, 2011). Groundwater
outflows create wetlands that foster the development of low bogs. Once low bogs have formed,
minerotrophic contact becomes less significant at the bog surface, which leads to oligotrophi‐
cation and acidification. Both processes then lead to the development of a raised bog (Gore
1983, Tobolski 2000, Ilnicki 2002). The first researcher to note the difference between a low bog
and a raised bog as well as their hydrological determinants was Senft (1862).

The greatest geomorphological differences between peat bogs can be observed in the moun‐
tains. Peat bogs can be found on ridges, slopes and valley floors (Bower 1961, Kaule and
Göttlich 1976, Rawes 1983, Obidowicz 1985, Carling 1986, Rhodes and Stevenson 1997, Bragg
and Tallis 2001, Dykes and Warburton 2007, Łajczak 2007, 2011, Obidowicz and Margielewski
2008). While raised bog relief and extent have not been covered explicitly and extensively in
the research literature, certain aspects of bog geomorphology have been covered in paleogeo‐
graphic research in bog areas and research on peat deposit structure. More papers have focused
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on historical and modern-day changes in bog relief in areas affected by human activity. What
is more rarely encountered is advanced research on modern-day changes in raised bog relief.

Research on raised bog relief in Poland is actually a little more advanced than that in other
parts of the world. This is true of northern Poland, which features a large number of bogs, and
the Polish Carpathians, which feature just a few bogs. The most thoroughly investigated raised
bogs in the Polish Carpathian Mountains are found in the Orawsko-Nowotarska Basin and in
valleys in the Bieszczady Range (Fig. 1).

A- Orawsko-Nowotarska Basin, B- Bieszczady Mountains. Fat line shows the northern limit of the Carpathian Moun‐
tains in Poland. CZ- Czech Republic, SK- Slovakia, UA- Ukraine.

Figure 1. Location of the study areas in southern Poland.

2. State of the research

While raised bogs in mountain areas have been the subject of research in a number of scientific
disciplines, the evolution of raised bog geomorphology has not been adequately covered.
Geomorphologists tend to focus on the difference between low bogs and raised bogs –
especially those with a dome (e.g. Senft 1862, Gore 1983, Tobolski 2000, Ilnicki 2002). Other
key areas of interest include raised bog relief with respect to the different varieties of bogs
(ombrotrophic, soligenous, topogenous, river-fed) found across ridges, slopes and valley floors
(e.g. Kaule and Göttlich 1976, Obidowicz 1985, Żurek and Tomaszewicz 1996, Tobolski 2000,
Ilnicki 2002, Łajczak 2007, 2011, Obidowicz and Margielewski 2008). The following papers
cover geomorphological bog classification systems for mountain areas: Früh and Schröter
(1904), Sjörs (1948), Gams (1958), Barsiegan (1974), Kaule (1974), Kaule and Göttlich (1976),
Ringler (1981), Obidowicz (1990), Łajczak (2007, 2011). Additional analysis of various aspects
of geomorphological bog development can be found in: Bower (1961), Rawes (1983), Mallik et
al. (1984), Evans (1989), Cooper and McCaan (1995), Rhodes and Stevenson (1997), Shaw et al.
(1997), Bragg and Tallis (2001), Dykes and Warburton (2007), Łajczak (2007, 2011).

Four Holocene stages of raised bog development were identified for mountain areas (Łajczak
2005, 2007, 2011): (a) low bog growth, (b) peat dome growth, (c) human impact on raised bogs
leading to complete deterioration, (d) revitalisation of remaining bog fragments. Each stage is
shorter than the previous stage. A geomorphological analysis of peat bogs during each stage
of development may be found in Łajczak (2005, 2007, 2011). Papers on human impact on peat
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bogs tend to focus on the geomorphological effects of peat extraction, drying and burning as
well as the effect of grazing and erosion (e.g. Bower 1961, Rawes 1983, Mallik et al. 1984, Carling
1986, Evans 1989, Cooper and McCann 1995, Shaw et al. 1997, Rhodes and Stevenson 1997,
Dykes and Warburton 2007, Łajczak 2007, 2011) but often omit a more detailed analysis of
changes in peat bog relief. The issue of raised bog development across valley and basin floors
in mountain areas has not been well investigated with respect to local relief and sources of
water. In addition, the issue of changes in local relief and surface water drainage patterns
resulting from peat dome growth has not been adequately investigated.

The best investigated peat bogs with respect to contemporary changes are those in Great Britain
and Ireland, where a lot of attention has been paid to the decline of blanket bogs as a result of
sheep grazing, peat burning, new drainage systems and to some extent peat extraction (Bower
1961, Mallik et al. 1984, Evans 1989, Shaw et al. 1997, Bragg and Tallis 2001). Papers on human-
induced deterioration of peat bogs often focus on peat erosion and omit the issue of changing
bog relief (Cooper and McCann 1995).

The most extensive research on peat bogs in the Polish Carpathians has focused on the
Orawsko-Nowotarska Basin and the Bieszczady Range. The first area has been investigated
since the early 19th century, while the second area since the 1950s. Until the 1980s, peat bog
research focused only on bog paleogeography, peat properties and plant cover. The oldest
carbon dated samples obtained from the bottom of peat domes range from about 2,000 to 11,000
BP (Ralska-Jasiewiczowa 1972, 1980, 1989, Obidowicz 1990, Haczewski et al. 1998). This
indicates that the Holocene development of raised bogs in the two study areas was non-
synchronous. Peat deposits vary in thickness (1.2 m to 3.6 m), which suggests they are of
variable age. Peat domes also vary in size from 0.2 km to 6.0 km (Lipka 1999, Łajczak 2007).
This is especially true in the Orawsko-Nowotarska Basin. The mean rate of vertical growth in
raised bogs in the Polish Carpathians is estimated to be 0.4 to 0.6 mm a-1. This value range is
close to that for other European mountain areas (0.3 to 0.7 mm a-1) (Żurek 1987). Low bogs
developed first in the study area and filled in local depressions and then developed further
into peat domes (Ralska-Jasiewiczowa 1972, 1980, 1989, Horawski et al. 1979, Wójcikiewicz
1979, Haczewski et al. 1998, Kukulak 1998, Lipka 1999, Łajczak 2006, 2007, 2009). Researchers
began to address changes in bog relief in the Polish Carpathians in the last 20 years – especially
with respect to Holocene evolution (Baumgart-Kotarba 1991-1992, Kukulak 1998, Haczewski
et al. 1998, 2007) and human impact (Łajczak 2005, 2006, 2007, 2009, 2011).

3. Study area

The number of raised bogs in the Polish Carpathians is small compared to the northern
lowlands of Poland featuring young Glacial relief (Żurek 1983, 1987, Dembek et al. 2000,
Dembek and Piórkowski 2007). Most peat bogs in the Polish Carpathians are less than 1 hectare
in area and only a few are larger than 100 hectares (Łajczak 2007, 2009, 2011). Polish Carpathian
peat bogs are often found on ridges and in spring areas, moraine depressions as well as
landslide depressions. However, the largest peat bogs in this region are found in the Orawsko-
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lowlands of Poland featuring young Glacial relief (Żurek 1983, 1987, Dembek et al. 2000,
Dembek and Piórkowski 2007). Most peat bogs in the Polish Carpathians are less than 1 hectare
in area and only a few are larger than 100 hectares (Łajczak 2007, 2009, 2011). Polish Carpathian
peat bogs are often found on ridges and in spring areas, moraine depressions as well as
landslide depressions. However, the largest peat bogs in this region are found in the Orawsko-
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Nowotarska Basin and in the largest valleys in the Bieszczady Range (Fig. 1). Peat bogs occur
at lower elevations in mountain areas atop local drainage divides (ombrogenous bogs) and
across slopes (soligenous or hanging bogs). Topogenous and river-fed bogs are found at the
lowest elevations (Kukulak 1998, Haczewski et al. 1998, 2007, Margielewski 2006, Dembek and
Piórkowski 2007, Łajczak 2007, 2009, 2011, Obidowicz and Margielewski 2008).

The Orawsko-Nowotarska Basin has an area of 600 km2 and is the only intra-mountain basin
in the Carpathian Mountains where raised bogs developed during the Holocene (Łajczak 2007,
2009). The Basin is located between a high mountain massif (Tatras) and the lower Beskidy
Mountains and is tilted to the north. Peat bogs in the Basin developed across glaciofluvial fans
and high Holocene terraces at elevations ranging from 590 m to 770 m. Bogs in the region are
found between 5 m and 40 m over river channels. The mean peat thickness in domes exceeds
1 m and may reach 11 m. Raised bogs cover 5% of the Basin area. Low bogs cover 7% of the
Basin area. The total peat bog area in the Basin may have reached 40% prior to human
settlement in the Late Middle Ages. As settlers began to extract peat and dry peat areas, peat
bogs began to shrink to a current 70 km2, which includes dome remnants, post-peat areas and
low bogs (Łajczak 2007). The European Drainage Divide runs across the Basin from south to
north, separating drainage basins of the Black Sea and the Baltic Sea. The southern and western
part of the Basin still experiences upward tectonic shifts, while its remaining area is shifting
downward (Vanko 1988, Zuchiewicz 2010).

The bottom of the Upper San Valley and the bottom of the Wołosatka Valley are located at an
elevation range of 550 to 700 m and have a total area of 13 km2. The density of raised bogs in
this region is much higher than that in the Orawsko-Nowotarska Basin. However, peat bogs
in the Bieszczady Mountains are smaller and less deteriorated due to less peat extraction and
less drying (Łajczak 2011). The remaining peat dome fragments and post-peat areas cover 4%
of the valley floors in the study area and may be found on postglacial terraces and alluvial fans
at heights at 5 to 8 m above river channels. Mean peat thickness in peat domes does not exceed
3 m. Today, the total area of peat domes, post-peat areas and adjacent low bogs does not exceed
1 km2 (Łajczak 2011).

The parent material of peat bogs in both study areas is a layer of poorly permeable clay about
2 m thick. The clay is located atop water-bearing gravel. The edge zone of virtually every raised
bog is recharged by shallow groundwater outflows. Given that precipitation in the study areas
barely exceeds evaporation during the vegetation season, minerotrophic recharge must be
considered a key determinant of bog development (Łajczak 2009).

4. Purpose of reserach and materials used

The purpose of the paper is to show how raised bogs in mountain valleys and basins develop
during each of the four stages of bog development and how this affects local relief. The research
was performed in two study areas in the Polish Carpathian Mountains (Fig. 1).

The paper is based on an analysis of maps from the last 230 years (Karte des Königreisches.....
1779-1782, Administrative Karte..... 1855, Die Spezialkarte..... 1894, Tactical Map..... 1937,
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Topographic Maps 1965, 1997) and aerial photographs from 1965, 1988 and 2006. The maps
and photographs show the shrinking process for each peat bog analyzed in the study area. In
addition, extraction scarps and post-peat areas are analyzed. The paper also employs data
obtained via fieldwork, which included peat bog and post-peat area mapping using GPS and
morphometric measurements. The research was performed over the course of 15 years in the
two study areas mentioned earlier (Łajczak 2007, 2009, 2011). Peat deposit thickness was
ascertained via drilling. Maximum peat thickness data were obtained from the research
literature (Horawski et al. 1979, Wójcikiewicz 1979, Baumgart-Kotarba 1991-1992, Kukulak
1998, Lipka 1999, Haczewski et al. 2007). Fieldwork focused on the location of peat deposit
remnants outside of known peat areas, especially in areas where peat extraction was halted
before 1850. This type of information makes it possible to make inferences about the previous
extent of peat domes, which were often larger than that shown on the oldest maps (Łajczak
2007, 2009, 2011). The analysis of exhumed landforms in post-peat areas helps to identify places
with the thickest peat deposits. Such places are understood to be the original peat formation
sites. The research results were used to assess the most likely size of peat domes prior to human
impact based on local relief and distribution of water phenomena.

5. Results

5.1. Reconstruction of raised bog range for the period prior to human impact

The oldest maps analyzed and the traces of peat found outside of contemporary post-peat
areas suggest that 26 raised bogs may have existed in the Orawsko-Nowotarska Basin prior to
human settlement (Fig. 2). The total area of raised bogs prior to human settlement has been
estimated to be about 4,900 ha (Łajczak 2007). Three of the bogs were completely eliminated
in the 19th century. Eighteen became smaller and some became fragmented. Only five of the
bogs have remained in their natural state (Łajczak 2011). The raised bogs of the past covered
a more topographically diverse landscape than do their fragments today (Horawski et al.
1979, Wójcikiewicz 1979, Baumgart-Kotarba 1991-1992, Lipka 1999, Łajczak 2007, 2009). This
makes it possible to assess how raised bogs at the advanced stage of development are able to
alter local relief. The two largest peat domes were most likely 1,000 ha in size. Nine peat domes
ranged from 100 ha to 1,000 ha in area. The largest peat domes (dimensions: 5 x 2 km and 4 x
2 km) were some of the largest in modern-day Poland (Łajczak 2007). Transit streams flowing
around peat bogs, especially in areas beyond the lowest parts of edge zones had a meandering
pattern. The streams were recharged primarily by water seeping out of peat bogs. Raised bogs
in the Orawsko-Nowotarska Basin sit atop fragments of Quaternary glaciofluvial fans of
variable age. Some are found atop Holocene high terraces (Baumgart-Kotarba 1991-1992,
Łajczak 2007, 2009). In general, the younger the fragment of Quaternary glaciofluvial fan, the
more expansive the raised bogs used to be. This can be explained in terms of neotectonics, local
relief and hydrogeological conditions (Fig. 2). Groundwater flows at greater depths in the
western and southern parts of the Basin that are being lifted upward and fragmented by
erosion. In turn, this does not favor bog growth. Groundwater in the lower part of the Basin
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across slopes (soligenous or hanging bogs). Topogenous and river-fed bogs are found at the
lowest elevations (Kukulak 1998, Haczewski et al. 1998, 2007, Margielewski 2006, Dembek and
Piórkowski 2007, Łajczak 2007, 2009, 2011, Obidowicz and Margielewski 2008).

The Orawsko-Nowotarska Basin has an area of 600 km2 and is the only intra-mountain basin
in the Carpathian Mountains where raised bogs developed during the Holocene (Łajczak 2007,
2009). The Basin is located between a high mountain massif (Tatras) and the lower Beskidy
Mountains and is tilted to the north. Peat bogs in the Basin developed across glaciofluvial fans
and high Holocene terraces at elevations ranging from 590 m to 770 m. Bogs in the region are
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part of the Basin still experiences upward tectonic shifts, while its remaining area is shifting
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elevation range of 550 to 700 m and have a total area of 13 km2. The density of raised bogs in
this region is much higher than that in the Orawsko-Nowotarska Basin. However, peat bogs
in the Bieszczady Mountains are smaller and less deteriorated due to less peat extraction and
less drying (Łajczak 2011). The remaining peat dome fragments and post-peat areas cover 4%
of the valley floors in the study area and may be found on postglacial terraces and alluvial fans
at heights at 5 to 8 m above river channels. Mean peat thickness in peat domes does not exceed
3 m. Today, the total area of peat domes, post-peat areas and adjacent low bogs does not exceed
1 km2 (Łajczak 2011).

The parent material of peat bogs in both study areas is a layer of poorly permeable clay about
2 m thick. The clay is located atop water-bearing gravel. The edge zone of virtually every raised
bog is recharged by shallow groundwater outflows. Given that precipitation in the study areas
barely exceeds evaporation during the vegetation season, minerotrophic recharge must be
considered a key determinant of bog development (Łajczak 2009).

4. Purpose of reserach and materials used

The purpose of the paper is to show how raised bogs in mountain valleys and basins develop
during each of the four stages of bog development and how this affects local relief. The research
was performed in two study areas in the Polish Carpathian Mountains (Fig. 1).

The paper is based on an analysis of maps from the last 230 years (Karte des Königreisches.....
1779-1782, Administrative Karte..... 1855, Die Spezialkarte..... 1894, Tactical Map..... 1937,
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Topographic Maps 1965, 1997) and aerial photographs from 1965, 1988 and 2006. The maps
and photographs show the shrinking process for each peat bog analyzed in the study area. In
addition, extraction scarps and post-peat areas are analyzed. The paper also employs data
obtained via fieldwork, which included peat bog and post-peat area mapping using GPS and
morphometric measurements. The research was performed over the course of 15 years in the
two study areas mentioned earlier (Łajczak 2007, 2009, 2011). Peat deposit thickness was
ascertained via drilling. Maximum peat thickness data were obtained from the research
literature (Horawski et al. 1979, Wójcikiewicz 1979, Baumgart-Kotarba 1991-1992, Kukulak
1998, Lipka 1999, Haczewski et al. 2007). Fieldwork focused on the location of peat deposit
remnants outside of known peat areas, especially in areas where peat extraction was halted
before 1850. This type of information makes it possible to make inferences about the previous
extent of peat domes, which were often larger than that shown on the oldest maps (Łajczak
2007, 2009, 2011). The analysis of exhumed landforms in post-peat areas helps to identify places
with the thickest peat deposits. Such places are understood to be the original peat formation
sites. The research results were used to assess the most likely size of peat domes prior to human
impact based on local relief and distribution of water phenomena.

5. Results

5.1. Reconstruction of raised bog range for the period prior to human impact

The oldest maps analyzed and the traces of peat found outside of contemporary post-peat
areas suggest that 26 raised bogs may have existed in the Orawsko-Nowotarska Basin prior to
human settlement (Fig. 2). The total area of raised bogs prior to human settlement has been
estimated to be about 4,900 ha (Łajczak 2007). Three of the bogs were completely eliminated
in the 19th century. Eighteen became smaller and some became fragmented. Only five of the
bogs have remained in their natural state (Łajczak 2011). The raised bogs of the past covered
a more topographically diverse landscape than do their fragments today (Horawski et al.
1979, Wójcikiewicz 1979, Baumgart-Kotarba 1991-1992, Lipka 1999, Łajczak 2007, 2009). This
makes it possible to assess how raised bogs at the advanced stage of development are able to
alter local relief. The two largest peat domes were most likely 1,000 ha in size. Nine peat domes
ranged from 100 ha to 1,000 ha in area. The largest peat domes (dimensions: 5 x 2 km and 4 x
2 km) were some of the largest in modern-day Poland (Łajczak 2007). Transit streams flowing
around peat bogs, especially in areas beyond the lowest parts of edge zones had a meandering
pattern. The streams were recharged primarily by water seeping out of peat bogs. Raised bogs
in the Orawsko-Nowotarska Basin sit atop fragments of Quaternary glaciofluvial fans of
variable age. Some are found atop Holocene high terraces (Baumgart-Kotarba 1991-1992,
Łajczak 2007, 2009). In general, the younger the fragment of Quaternary glaciofluvial fan, the
more expansive the raised bogs used to be. This can be explained in terms of neotectonics, local
relief and hydrogeological conditions (Fig. 2). Groundwater flows at greater depths in the
western and southern parts of the Basin that are being lifted upward and fragmented by
erosion. In turn, this does not favor bog growth. Groundwater in the lower part of the Basin
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can be found at shallow depths and groundwater outflows create wet conditions in the area,
which in turn favors bog growth (Łajczak 2009).

Figure 2. Probable range of raised bogs in the Orawsko-Nowotarska Basin in the period prior to human impact. The
raised bogs are presented on the background of Quaternary landforms.a- raised bogs. Quaternary terraces within gla‐
ciofluvial fans: b- Mindel terraces, c- Riss terraces, d- Vistulian terraces, e- postglacial terraces, f- Holocene terraces. g-
areas located outside the basin, h- main water-courses, i- European Drainage Divide, j- areas shifting upward, k- areas
shifting downward, l- state border.

Seventeen raised bogs existed in the Upper San Valley and the Wołosatka Valley in the
Bieszczady Mountains prior to human settlement in the 17th century (Kukulak 1998, Haczewski
et al. 2007, Łajczak 2011). The 17 bogs had a total area of only about 60 ha and developed across
topographically homogenous terrain – often close to streams – on high terraces and alluvial
fans (Fig. 3).

5.2. Distribution of peat bogs at different elevations

Eight types of geomorphological situations were identified for raised bogs location at different
elevations in the study areas (Fig. 4A). Each type of bog is listed starting at high elevations and
ending with low elevations. Their spatial distribution within both studied areas is shown in
Fig. 4B. In each geomorphological situation, expanding peat bogs alter relief in a different way
(stages “a” and “b” in Łajczak 2005, 2007, 2011). This process is perturbed or halted as a result
of human impact – stage “c”. While currently almost all of the bogs are classified as ombrog‐
enous or ombrogenous-soligenous using the Kaule and Göttlich (1976) classification system,
each group of peat bogs was recharged by water in a variety of ways during its unique
development stage.

The first group of peat bogs (I) includes five bogs located atop a drainage divide and are
found only in the Orawsko-Nowotarska Basin on ridges 5 to 40 m over adjacent surfaces
(Baumgart-Kotarba 1991-1992,  Lipka 1999,  Łajczak 2005,  2007,  2009).  Group I  bogs were
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soligenous bogs during the early stage of development. The second group of peat bogs (II)
includes eight bogs in spring areas in shallow erosion incisions or at the bottom or on the
sides of erosion incisions (Orawsko-Nowotarska Basin) (Łajczak 2007, 2009). Group II bogs
were soligenous or river-fed bogs during the early stage of development. The third group of
peat  bogs (III)  includes  six  bogs in  the  Orawsko-Nowotarska Basin and one bog in  the
Bieszczady  Mountains.  Group  III  bogs  developed  in  old  river  channels  found  on  Riss,
Vistulian and older Holocene terraces (Baumgart-Kotarba 1991-1992, Kukulak 1998, Łajc‐
zak 2005, 2007, 2009, Haczewski et al. 2007). Group III bogs then transformed into river-fed
bogs,  topogenous  bogs,  soligenous  bogs  and  finally  into  ombrogenous  bogs.  Group  IV
includes four bogs found on terraces of variable age near the base of the edge of the next
higher terrace (Łajczak 2005, 2007). All four are found in the Orawsko-Nowotarska Basin.
Group IV bogs were soligenous and later river-fed bogs in the early stage of development.
Group V consists of just one bog in the Orawsko-Nowotarska Basin, which had developed
on  an  expansive  and  uniformly  tilted  fragment  of  the  Vistulian  Terrace.  This  bog  was
soligenous at first and then became river-fed. Group VI can be found only in the Bieszcza‐
dy Mountains and consists of just one bog on an alluvial fan (Łajczak 2011). The bog started

Figure 3. Probable range of raised bogs in bottoms of the Upper San and Wołosatka river valleys in the Bieszczady
Mountains. a- raised bogs, b- bottoms of river valleys, c- limit of larger alluvial fans, d- main water-courses, e- state
border.
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can be found at shallow depths and groundwater outflows create wet conditions in the area,
which in turn favors bog growth (Łajczak 2009).
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raised bogs are presented on the background of Quaternary landforms.a- raised bogs. Quaternary terraces within gla‐
ciofluvial fans: b- Mindel terraces, c- Riss terraces, d- Vistulian terraces, e- postglacial terraces, f- Holocene terraces. g-
areas located outside the basin, h- main water-courses, i- European Drainage Divide, j- areas shifting upward, k- areas
shifting downward, l- state border.

Seventeen raised bogs existed in the Upper San Valley and the Wołosatka Valley in the
Bieszczady Mountains prior to human settlement in the 17th century (Kukulak 1998, Haczewski
et al. 2007, Łajczak 2011). The 17 bogs had a total area of only about 60 ha and developed across
topographically homogenous terrain – often close to streams – on high terraces and alluvial
fans (Fig. 3).

5.2. Distribution of peat bogs at different elevations

Eight types of geomorphological situations were identified for raised bogs location at different
elevations in the study areas (Fig. 4A). Each type of bog is listed starting at high elevations and
ending with low elevations. Their spatial distribution within both studied areas is shown in
Fig. 4B. In each geomorphological situation, expanding peat bogs alter relief in a different way
(stages “a” and “b” in Łajczak 2005, 2007, 2011). This process is perturbed or halted as a result
of human impact – stage “c”. While currently almost all of the bogs are classified as ombrog‐
enous or ombrogenous-soligenous using the Kaule and Göttlich (1976) classification system,
each group of peat bogs was recharged by water in a variety of ways during its unique
development stage.

The first group of peat bogs (I) includes five bogs located atop a drainage divide and are
found only in the Orawsko-Nowotarska Basin on ridges 5 to 40 m over adjacent surfaces
(Baumgart-Kotarba 1991-1992,  Lipka 1999,  Łajczak 2005,  2007,  2009).  Group I  bogs were
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soligenous bogs during the early stage of development. The second group of peat bogs (II)
includes eight bogs in spring areas in shallow erosion incisions or at the bottom or on the
sides of erosion incisions (Orawsko-Nowotarska Basin) (Łajczak 2007, 2009). Group II bogs
were soligenous or river-fed bogs during the early stage of development. The third group of
peat  bogs (III)  includes  six  bogs in  the  Orawsko-Nowotarska Basin and one bog in  the
Bieszczady  Mountains.  Group  III  bogs  developed  in  old  river  channels  found  on  Riss,
Vistulian and older Holocene terraces (Baumgart-Kotarba 1991-1992, Kukulak 1998, Łajc‐
zak 2005, 2007, 2009, Haczewski et al. 2007). Group III bogs then transformed into river-fed
bogs,  topogenous  bogs,  soligenous  bogs  and  finally  into  ombrogenous  bogs.  Group  IV
includes four bogs found on terraces of variable age near the base of the edge of the next
higher terrace (Łajczak 2005, 2007). All four are found in the Orawsko-Nowotarska Basin.
Group IV bogs were soligenous and later river-fed bogs in the early stage of development.
Group V consists of just one bog in the Orawsko-Nowotarska Basin, which had developed
on  an  expansive  and  uniformly  tilted  fragment  of  the  Vistulian  Terrace.  This  bog  was
soligenous at first and then became river-fed. Group VI can be found only in the Bieszcza‐
dy Mountains and consists of just one bog on an alluvial fan (Łajczak 2011). The bog started

Figure 3. Probable range of raised bogs in bottoms of the Upper San and Wołosatka river valleys in the Bieszczady
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out as a soligenous bog. Group VII is the largest of the groups and includes 12 raised bogs
found at the edges of alluvial fans (Łajczak 2009, 2011). Ten of the bogs are found in the
Bieszczady Mountains  and were  initially  soligenous.  Group VIII  is  found at  the  lowest
elevations and includes five bogs in the Bieszczady Mountains. The bogs fill in oxbow lakes
on the postglacial terrace between an inactive levee and an undercut flysch slope (Kukulak

Figure 4. Geomorphological location of identified eight groups of raised bogs in the study areas. A- distribution of
peat bogs at different elevations, B- their spatial distribution within both areas. For numbering of peat bog groups (I-
VIII) – see the text. Terraces: m.t.- Mindel, r.t.- Riss, v.t.- Vistulian, p.t.- postglacial.
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1998, Haczewski et  al.  2007,  Łajczak 2011).  The bogs were river-fed at first  and then re‐
mained both ombrogenous and soligenous throughout their period of development.

5.3. Changes in peat bog relief during the first stage of development

The first stage of development of the studied bogs consisted of the formation of a low bog. In
the case of bogs located atop drainage divides, the first stage of development included convex
landforms, while other types of bogs developed in concave landforms (Ralska-Jasiewiczowa
1972, 1980, 1989, Kukulak 1998, Łajczak 2005, 2007, 2011, Haczewski et al. 2007). At this stage
of development, bogs in Group I began to evolve in a way that included increasing differences
in local elevation. On the other hand, other groups of peat bogs evolved in a completely
different manner by reducing differences in local elevation. This process continued until low
bogs filled in concave landforms (Fig. 5). This stage was dominated by soligenous bogs, with
some river-fed bogs and topogenous bogs. Even bogs growing on convex landforms were
initially recharged by shallow groundwater outflows. As the low bog became thicker and its
surface farther removed from minerotrophic waters, oligotrophication and acidification of the
site began to occur, leading to the development of a raised bog (Ralska-Jasiewiczowa 1989,
Kukulak 1998, Łajczak 2005, 2007).

In raised bogs located atop drainage divides (I), the initial stage of development affected the
entire cross section of low ridges. Only the tops of higher ridges were affected. Some Group
II bogs were hanging bogs during their initial stage of development. This may be inferred from
the presence of modern-day hanging bogs in the area that have not yet proceeded to the raised
bog stage. Low bogs developed downstream of springs and expanded around them, although
the principal direction of expansion remained downstream (Łajczak 2005, 2007, 2009). Low
bogs in Group III began to develop after local streams dried up and became filled with fine-
grained sediments featuring shallow groundwater. The initial stage of development of Group
IV bogs occurred around spring niches at the base of a scarp of an upper terrace as well as in
stream channels fed by these same springs during the Holocene. Such sites became collection
points for poorly permeable clayey sediments carried in by sheet wash. Further low bog
development encompassed ever larger parts of terraces (Łajczak 2005, 2007, 2009). A Group V
raised bog began to develop in an area with numerous springs and over time began to cover
the downstream parts of stream channels. A Group VI raised bog began to develop in an area
with a gap in the poorly permeable layer of clay sitting atop gravel forming the alluvial fan.
This type of situation created the right conditions for shallow groundwater to exit the ground
under pressure. Group VII bogs located at lower elevations did not form due to river flooding
but due to numerous springs at the base of alluvial fans. The development of these low bogs
once again led to the accumulation of peat in various concave landforms situated mainly at
lower elevations (Łajczak 2005, 2007, 2009). The first stage of bog development (VIII) at lower
elevations was accompanied by the last stage of oxbow lake sediment accumulation (Kukulak
1998, Haczewski et al. 2007, Łajczak 2011). At first, the bogs were periodically flooded.
However, the bogs were always recharged to some extent by groundwater from an undercut
slope located nearby. This remains true today.
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out as a soligenous bog. Group VII is the largest of the groups and includes 12 raised bogs
found at the edges of alluvial fans (Łajczak 2009, 2011). Ten of the bogs are found in the
Bieszczady Mountains  and were  initially  soligenous.  Group VIII  is  found at  the  lowest
elevations and includes five bogs in the Bieszczady Mountains. The bogs fill in oxbow lakes
on the postglacial terrace between an inactive levee and an undercut flysch slope (Kukulak
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1998, Haczewski et  al.  2007,  Łajczak 2011).  The bogs were river-fed at first  and then re‐
mained both ombrogenous and soligenous throughout their period of development.

5.3. Changes in peat bog relief during the first stage of development

The first stage of development of the studied bogs consisted of the formation of a low bog. In
the case of bogs located atop drainage divides, the first stage of development included convex
landforms, while other types of bogs developed in concave landforms (Ralska-Jasiewiczowa
1972, 1980, 1989, Kukulak 1998, Łajczak 2005, 2007, 2011, Haczewski et al. 2007). At this stage
of development, bogs in Group I began to evolve in a way that included increasing differences
in local elevation. On the other hand, other groups of peat bogs evolved in a completely
different manner by reducing differences in local elevation. This process continued until low
bogs filled in concave landforms (Fig. 5). This stage was dominated by soligenous bogs, with
some river-fed bogs and topogenous bogs. Even bogs growing on convex landforms were
initially recharged by shallow groundwater outflows. As the low bog became thicker and its
surface farther removed from minerotrophic waters, oligotrophication and acidification of the
site began to occur, leading to the development of a raised bog (Ralska-Jasiewiczowa 1989,
Kukulak 1998, Łajczak 2005, 2007).

In raised bogs located atop drainage divides (I), the initial stage of development affected the
entire cross section of low ridges. Only the tops of higher ridges were affected. Some Group
II bogs were hanging bogs during their initial stage of development. This may be inferred from
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the principal direction of expansion remained downstream (Łajczak 2005, 2007, 2009). Low
bogs in Group III began to develop after local streams dried up and became filled with fine-
grained sediments featuring shallow groundwater. The initial stage of development of Group
IV bogs occurred around spring niches at the base of a scarp of an upper terrace as well as in
stream channels fed by these same springs during the Holocene. Such sites became collection
points for poorly permeable clayey sediments carried in by sheet wash. Further low bog
development encompassed ever larger parts of terraces (Łajczak 2005, 2007, 2009). A Group V
raised bog began to develop in an area with numerous springs and over time began to cover
the downstream parts of stream channels. A Group VI raised bog began to develop in an area
with a gap in the poorly permeable layer of clay sitting atop gravel forming the alluvial fan.
This type of situation created the right conditions for shallow groundwater to exit the ground
under pressure. Group VII bogs located at lower elevations did not form due to river flooding
but due to numerous springs at the base of alluvial fans. The development of these low bogs
once again led to the accumulation of peat in various concave landforms situated mainly at
lower elevations (Łajczak 2005, 2007, 2009). The first stage of bog development (VIII) at lower
elevations was accompanied by the last stage of oxbow lake sediment accumulation (Kukulak
1998, Haczewski et al. 2007, Łajczak 2011). At first, the bogs were periodically flooded.
However, the bogs were always recharged to some extent by groundwater from an undercut
slope located nearby. This remains true today.

Changes in Raised Bog Relief During the Holocene Case Study: Polish Carpathian Mountains
http://dx.doi.org/10.5772/54988

345



Figure 5. Scheme of growth of distinguished raised bog groups. For numbering of peat bog groups (I-VIII) – see the
text. a- sub-peat material, b- low bog material, c- peat typical for raised bog, d- shallow ground water outflow, e- di‐
rections of low bog and raised bog expansion, f- surface water outflow, g- vertical peat dome growth, h- local drain‐
age divide lines in Early Holocene, i- shifted local drainage divide lines, j- dried stream channels and filled with fine-
grained sediments, k- places of shallow ground water outflows on alluvial fans, l- levee, m- channel deepening during
the Holocene.
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5.4. Changes in peat bog relief during the second stage of development

The growth of peat domes across low bogs marks the second stage of bog development, which
can be interrupted or halted by human impact. The second stage began at different times for
different bogs in the study area. Nevertheless, this stage of development of most bogs started
during the Atlantic Period or earlier (Ralska-Jasiewiczowa 1972, 1980, 1989, Obidowicz 1990,
Kukulak 1998, Haczewski et al. 2007). The second stage produced much larger changes in relief
than the first stage (Łajczak 2005, 2007) (Fig. 5). The key change was fossilization of concave
landforms, which became filled in by low bogs and then transitioned into raised bogs. Peat
dome growth led to the formation of convex landforms atop formerly concave landforms.
Other effects included the shifting of local drainage divides and a marked decrease in the
density of local streams flowing close to expansive peat domes. Streams flowing in the vicinity
of growing peat domes also changed course. Another tendency in raised bog development is
the shift towards lower elevations, which now feature thicker peat deposits. This shift started
already at the first stage of development. In effect, the thickest peat deposits are found
relatively far away from the original peat formation site (Łajczak 2005). Hence, peat dome
development creates increasing differences in local elevation. The opposite trend was found
to be true for the first stage of bog development. However, each peat bog is different and may
exhibit unique changes in relief development.

Growing peat domes covered the tops and sides of ridges found on drainage divides and their
edge zones approached nearby stream channels. Higher ridges became covered by peat domes
only at the top, while dome edge zones covered the upper parts of gentle slopes. The thickest
peat deposits – formerly more than 6 m thick and currently up to 4 m thick – formed atop a
drainage divide (Lipka 1999, Łajczak 2005, 2007). As peat domes continued to grow, so did
local differences in elevation. In places with low bogs filling spring niches, growing peat domes
filled in erosion incisions and created small hills in some places. As peat domes grew, their
thickest deposits were to be found downslope. In such cases, the edge zone covered shallow
depressions between domes and higher sections of mineral parent material. These areas are
recharged by groundwater outflows and possess edge streams and larger transit streams as
well. The development of raised bogs in this area also leads to larger local differences in
elevation. The path of development for raised bogs in old stream channels was similar.
Growing peat domes covered even neighboring erosion incisions and often joined other peat
domes to form expansive domes that mask the morphologically diverse parent surface
(Baumgart-Kotarba 1991-1992, Łajczak 2007). The thickest peat deposits (up to 11 m) were
found at locations where the dome peaks sit atop the deepest old stream channels. In the fourth
group of bogs found on high terraces at the base of the edges of even higher terraces, peat
domes developed far away from groundwater outflows and cover old stream channels of a
rather small size. At these sites, the peat thickness exceeds 6 m. The development of the Group
V peat bog followed a similar path. Maps from 1779-1782 and 1855 show that it used to be
surrounded by a wide swath of low bogs. Edge streams and larger transit streams beyond the
low bogs followed a meandering course. The expansion of raised bog on the alluvial fan was
limited by the presence of larger transit streams. On the other hand, the expansion of peat bogs
across the lowest parts of the alluvial fans was not limited by any topographic barriers. The

Changes in Raised Bog Relief During the Holocene Case Study: Polish Carpathian Mountains
http://dx.doi.org/10.5772/54988

347
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5.4. Changes in peat bog relief during the second stage of development

The growth of peat domes across low bogs marks the second stage of bog development, which
can be interrupted or halted by human impact. The second stage began at different times for
different bogs in the study area. Nevertheless, this stage of development of most bogs started
during the Atlantic Period or earlier (Ralska-Jasiewiczowa 1972, 1980, 1989, Obidowicz 1990,
Kukulak 1998, Haczewski et al. 2007). The second stage produced much larger changes in relief
than the first stage (Łajczak 2005, 2007) (Fig. 5). The key change was fossilization of concave
landforms, which became filled in by low bogs and then transitioned into raised bogs. Peat
dome growth led to the formation of convex landforms atop formerly concave landforms.
Other effects included the shifting of local drainage divides and a marked decrease in the
density of local streams flowing close to expansive peat domes. Streams flowing in the vicinity
of growing peat domes also changed course. Another tendency in raised bog development is
the shift towards lower elevations, which now feature thicker peat deposits. This shift started
already at the first stage of development. In effect, the thickest peat deposits are found
relatively far away from the original peat formation site (Łajczak 2005). Hence, peat dome
development creates increasing differences in local elevation. The opposite trend was found
to be true for the first stage of bog development. However, each peat bog is different and may
exhibit unique changes in relief development.

Growing peat domes covered the tops and sides of ridges found on drainage divides and their
edge zones approached nearby stream channels. Higher ridges became covered by peat domes
only at the top, while dome edge zones covered the upper parts of gentle slopes. The thickest
peat deposits – formerly more than 6 m thick and currently up to 4 m thick – formed atop a
drainage divide (Lipka 1999, Łajczak 2005, 2007). As peat domes continued to grow, so did
local differences in elevation. In places with low bogs filling spring niches, growing peat domes
filled in erosion incisions and created small hills in some places. As peat domes grew, their
thickest deposits were to be found downslope. In such cases, the edge zone covered shallow
depressions between domes and higher sections of mineral parent material. These areas are
recharged by groundwater outflows and possess edge streams and larger transit streams as
well. The development of raised bogs in this area also leads to larger local differences in
elevation. The path of development for raised bogs in old stream channels was similar.
Growing peat domes covered even neighboring erosion incisions and often joined other peat
domes to form expansive domes that mask the morphologically diverse parent surface
(Baumgart-Kotarba 1991-1992, Łajczak 2007). The thickest peat deposits (up to 11 m) were
found at locations where the dome peaks sit atop the deepest old stream channels. In the fourth
group of bogs found on high terraces at the base of the edges of even higher terraces, peat
domes developed far away from groundwater outflows and cover old stream channels of a
rather small size. At these sites, the peat thickness exceeds 6 m. The development of the Group
V peat bog followed a similar path. Maps from 1779-1782 and 1855 show that it used to be
surrounded by a wide swath of low bogs. Edge streams and larger transit streams beyond the
low bogs followed a meandering course. The expansion of raised bog on the alluvial fan was
limited by the presence of larger transit streams. On the other hand, the expansion of peat bogs
across the lowest parts of the alluvial fans was not limited by any topographic barriers. The
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growth of the peat dome tends to smooth out the local land surface up to a certain point – peat
deposit 5 m thick or more – at which it leads to increasing local differences in elevation. The
development of peat domes in the group located at the lowest elevations also leads to increas‐
ing local differences in elevation (Kukulak 1998, Haczewski et al. 2007, Łajczak 2011). This
group of raised bogs has already reached its maximum extent, as its edge zone runs along the
foot of an undercut slope and a levee on the other side.

Growing peat bogs may strongly affect the network of local stream channels. The development
of low bogs can affect the course of small streams. Peat also fills in oxbow lakes. At the
advanced stage of raised bog development, the stream network becomes substantially
reorganized. Peat domes cover some stream channels and some streams are forced to shift
away from the dome (Łajczak 2007). Such streams become edge streams flowing around the
peat dome. These streams are narrow and cut relatively deep into peat deposits in many cases.
As peat domes expand, the thickest peat deposits tend to be found at increasingly lower
elevations. This forces edge streams to quickly shift downslope. Larger transit streams are
found beyond the edge zone of the peat dome and may limit dome expansion depending on
their size. These streams and edge streams were recharged prior to human impact by numerous
short tributaries seeping out of peat domes and flowing across the muddy edge zone. In the
study area, the edge zones of many bogs approached small streams but remained 300 m or
more away from larger rivers. Streams of varying size flowing outside of the peat edge zone,
especially at lower elevations, tend to meander. The channels of transit streams flowing near
the largest peat bog in the Orawsko-Nowotarska Basin are as much as six meters lower than
the old stream channels masked by the expansive peat dome (Baumgart-Kotarba 1991-1992)
(Fig. 6). This suggests that these large streams became much deeper during the Holocene in
the absence of peat formation.

5.5. Human impact on peat bog relief

Prior to the introduction of agriculture in the Orawsko-Nowotarska Basin towards the end of
the Middle Ages, raised bogs most likely occupied about 10% of the Basin, while low bogs may
have occupied as much as 30% of the Basin. In the valleys studied in the Bieszczady Mountains,
the numbers were closer to 6% and 4% (Łajczak 2007, 2011). Some fragments of the two study
areas were already largely covered by peat bogs (Figs 2, 3). In the Orawsko-Nowotarska Basin,
incoming settlers began to clear low bogs by burning the peat. In the 18th century, peat
extraction began at the edges of peat domes. The peat was used to heat homes. Peat extraction
intensified between the mid-19th century and the late 20th century. Peat extraction usually
started at the edge of the dome and continued towards the center and normally did not involve
the entire dome all at once. Peat dome burning continued until the early 1900s. In the 1950s,
industrial-scale peat extraction began at three peat bogs in order to serve the gardening needs
of Polish consumers. Drainage work began at the same time around the edges of peat bogs
and stream channels became regulated, which led to the drying of large parts of the bogs. This
caused a more than three-fold reduction in the low bogs’ total area. Raised bogs became
reduced 60% (Łajczak 2007, 2011) (Fig. 7). Human impact began to reduce the extent of raised
bogs in the Bieszczady Mountains starting in the 19th century. The reductions ended in the
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1950s. The edges of these bogs were later dried (Łajczak 2011). Today peat bogs in the valleys
of the Bieszczady Mountains are protected by law, which makes bog revitalisation possible.
Only one large bog in the Orawsko-Nowotarska Basin is protected by law. Almost all others
are no longer experiencing human impact and are slowly regenerating.

Human impact on raised bogs helps create the following landforms: 1) shallow hollows after
the surface layer of a peat dome has been burned off or after the entire peat deposit in a low
bog has been burned off, 2) peat extraction pits of varying size and shape, 3) drainage ditches,
4) regulated and/or straightened stream channels (e.g. Rawes 1983, Mallik et al. 1984, Evans
1989, Cooper and McCaan 1995, Rhodes and Stevenson 1997, Shaw et al. 1997, Bragg and Tallis
2001, Łajczak 2007, 2011, Latocha 2012). Peat extraction alters bog relief in the most visible of

Figure 6. Chosen cross-sections through the largest raised bog in the Orawsko-Nowotarska Basin. a- sub-peat materi‐
al, b- peat deposit. Differences between elevation of fossilized channels and active stream channels are marked.
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growth of the peat dome tends to smooth out the local land surface up to a certain point – peat
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foot of an undercut slope and a levee on the other side.
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the absence of peat formation.
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Prior to the introduction of agriculture in the Orawsko-Nowotarska Basin towards the end of
the Middle Ages, raised bogs most likely occupied about 10% of the Basin, while low bogs may
have occupied as much as 30% of the Basin. In the valleys studied in the Bieszczady Mountains,
the numbers were closer to 6% and 4% (Łajczak 2007, 2011). Some fragments of the two study
areas were already largely covered by peat bogs (Figs 2, 3). In the Orawsko-Nowotarska Basin,
incoming settlers began to clear low bogs by burning the peat. In the 18th century, peat
extraction began at the edges of peat domes. The peat was used to heat homes. Peat extraction
intensified between the mid-19th century and the late 20th century. Peat extraction usually
started at the edge of the dome and continued towards the center and normally did not involve
the entire dome all at once. Peat dome burning continued until the early 1900s. In the 1950s,
industrial-scale peat extraction began at three peat bogs in order to serve the gardening needs
of Polish consumers. Drainage work began at the same time around the edges of peat bogs
and stream channels became regulated, which led to the drying of large parts of the bogs. This
caused a more than three-fold reduction in the low bogs’ total area. Raised bogs became
reduced 60% (Łajczak 2007, 2011) (Fig. 7). Human impact began to reduce the extent of raised
bogs in the Bieszczady Mountains starting in the 19th century. The reductions ended in the
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1950s. The edges of these bogs were later dried (Łajczak 2011). Today peat bogs in the valleys
of the Bieszczady Mountains are protected by law, which makes bog revitalisation possible.
Only one large bog in the Orawsko-Nowotarska Basin is protected by law. Almost all others
are no longer experiencing human impact and are slowly regenerating.
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ways (Fig. 8). Extraction from the edges towards the center of the dome produces one type of
bog relief, while the opposite direction of extraction produces another type of bog relief. Peat
extraction leads to the fragmentation of some peat domes. One dome in the Orawsko-
Nowotarska Basin has broken up into three fragments (Łajczaka 2011).

In areas where peat extraction had been taking place for very many years, the following
landforms can be observed: 1) older post-peat areas with occasional traces of peat that are used
for agricultural purposes, 2) younger post-peat areas with reduced but continuous peat
deposits, 3) peat domes reduced to peat remnants, 4) active industrial-scale extraction areas
that yield large depressions atop peat domes that usually link with younger post-peat areas,
5) extraction scarps or post-extraction scarps that separate peat dome remnants from younger
post-peat areas as well as expansive depressions atop peat domes (Łajczak 2011). In the
Orawsko-Nowotarska Basin, older post-peat areas formed not later than the mid-19th century
and mark areas previously occupied by low bogs, edge fragments of raised bogs and three

Figure 7. Actual range of remnants of peat domes in the study areas. a- remnants of peat domes, b- state border.
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entirely destroyed raised bogs. There are no older post-peat areas in the Bieszczady Mountains.
Older post-peat areas feature exposed mineral parent material where landforms can be
observed that served as potential starting points for peat formation (Łajczak 2006). In younger
post-peat areas, the reduced peat layer features a diverse surface with numerous low scarps,
pits filled with water and peat deposits overgrown with moss. Younger post-peat areas occupy
a much larger area in the Orawsko-Nowotarska Basin than in the Bieszczady Mountains. In
the Orawsko-Nowotarska Basin, younger post-peat areas are surrounded by wide older post-
peat areas. Existing fragments of peat domes possess virtually fully natural tops and are
surrounded by extraction scarps or post-extraction scarps. The scarps can be as high as 6 m
and are either fully vertical or stair-shaped. In bogs where most of the peat has been extracted,
reduced peat domes take the form of narrow peat remnants. In the Orawsko-Nowotarska
Basin, peat dome remnants are much smaller than the original domes. However, in the
Bieszczady Mountains, peat dome remnants are only slightly smaller than the original domes
(Łajczak 2011). Expansive depressions found atop peat domes have formed only in three peat
bogs in the Orawsko-Nowotarska Basin. The depressions occupy no more than 20% of the
existing domes’ surface and can be as deep as 4 m. Each depression is ringed by vertical scarps
and drained by a dense network of drainage ditches (Łajczak 2007, 2011). In the Orawsko-
Nowotarska Basin, scarps surrounding peat remnants tend to zigzag, while in the Bieszczady
Mountains, the scarp geometry is either bent or circular. In most of the investigated peat bogs
where peat extraction had proceeded from the edge towards the center of the peat dome, the

Figure 8. A schematic diagram illustrating the decrease of the range of peat dome as a result of peat extraction. I-
peat extraction from the edge towards the center of the dome, II- opposite direction of peat extraction. a- peat dome,
b- low bog, c- remnant of peat dome, d- older post-peat area, e- younger post-peat area, f- extraction scarp or post-
extraction scarp, g- peat deposit, h- sub-peat material.
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entirely destroyed raised bogs. There are no older post-peat areas in the Bieszczady Mountains.
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Basin, peat dome remnants are much smaller than the original domes. However, in the
Bieszczady Mountains, peat dome remnants are only slightly smaller than the original domes
(Łajczak 2011). Expansive depressions found atop peat domes have formed only in three peat
bogs in the Orawsko-Nowotarska Basin. The depressions occupy no more than 20% of the
existing domes’ surface and can be as deep as 4 m. Each depression is ringed by vertical scarps
and drained by a dense network of drainage ditches (Łajczak 2007, 2011). In the Orawsko-
Nowotarska Basin, scarps surrounding peat remnants tend to zigzag, while in the Bieszczady
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aforementioned elements of the morphology of damaged raised bogs tend to form a circular
pattern around the peat dome remnants. In peat bogs where peat extraction had proceeded all
over the place, the circular pattern does not exist (Fig. 9).

Figure 9. Distribution of main morphological elements within former large raised bogs – examples from the Orawsko-
Nowotarska Basin. a- remnant of peat dome, b- younger post-peat area, c- older post-peat area, d- industrial-scale
extraction area that yields large depression atop peat dome, e- extraction scarp or post-extraction scarp, f- part of a
bog which has preserved natural character, g- main water-courses.

The most visible and most rapidly changing elements of relief in bogs affected by human
impact are extraction scarps (Łajczak 2007, 2011, Latocha 2012). The edges of drained areas are
also surrounded by scarps but they are lower. The depressed surface with dried peat is often
separated from peat saturated with water by a large ditch. When peat extraction comes to an
end, the post-extraction scarp changes along its vertical axis, as illustrated over time by Figure
10. The drying of peat on initially vertical walls of the scarp leads to fractures in the peat deposit
and to peat sliding downward where it is washed away during snow melting periods, mainly.
Peat mud fills numerous pits in younger post-peat areas. Peat hanging over the declining scarp
deteriorates over time and the scarp becomes flat. A fully overgrown former scarp assumes a
convex-concave shape with a small gradient. This shape becomes even smoother over time as
extraction pits become overgrown and new deposits form. Cartographic materials, old
photographs, and the opinions of persons involved in peat extraction indicate that post-
extraction scarps maintained their vertical walls for ten years after extraction ceased in the
Orawsko-Nowotarska Basin. The more time passes since the end of peat extraction, the more
a post-extraction scarp resembles a mature scarp. Phase “c” scarp is about twenty years older
than phase “b” and phase “d” scarp is between 30 and 60 years old. Scarps in existence more
than 60 years since the end of peat extraction are designated “e” or “f”. A mature convex-
concave peat dome cross section can be found only in the case of one peat dome in the Orawsko-
Nowotarska Basin. This peat dome has been protected by law since the 1920s (Łajczak 2006).
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Scarp relief transitions from phase “a” to “e” or “f” most rapidly on southern and southwestern
“warm” slopes of the peat dome. The slowest rate of change occurs on the opposite slopes.
This suggests that peat is washed away during early spring snow melting periods, mainly.

Figure 10. Changes in relief of peat bog scarp since peat extraction is halted. a-f- phases in scarp relief changes, g-
peat deposit, h- sub-peat material, i- younger post-peat area, j- bog slides, k- bogflows, l- peat hollows with water, m-
shallowed hollows without water.

Edge streams, which used to flow around peat domes, became deeply incised ditches ringing
the peat dome and linked with large regulated streams as well as short ditches draining
younger post-peat areas and peat dome remnants (Fig. 11). The purpose of the drainage work
was to dry the wet edge zone and younger post-peat areas as well as to accelerate water
drainage away from the peat bog (Łajczak 2007). The following factors contributed to increas‐
ingly abrupt water discharge during flood events: 1) complete extraction of peat deposits
across large older post-peat areas, with poorly permeable clayey parent material becoming
exposed, 2) some extraction of peat deposits in younger post-peat areas and peat dome
remnants, 3) straightening of stream channels, 4) increases in stream gradients. The result is
the formation of gravel-bottom braided channels in the case of even small streams with a local
tendency to aggradation. This is a sharp contrast to the earlier sinuous stream channels with
a stable cross section (Łajczak 2007, 2011).
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Figure 9. Distribution of main morphological elements within former large raised bogs – examples from the Orawsko-
Nowotarska Basin. a- remnant of peat dome, b- younger post-peat area, c- older post-peat area, d- industrial-scale
extraction area that yields large depression atop peat dome, e- extraction scarp or post-extraction scarp, f- part of a
bog which has preserved natural character, g- main water-courses.
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shallowed hollows without water.
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drainage away from the peat bog (Łajczak 2007). The following factors contributed to increas‐
ingly abrupt water discharge during flood events: 1) complete extraction of peat deposits
across large older post-peat areas, with poorly permeable clayey parent material becoming
exposed, 2) some extraction of peat deposits in younger post-peat areas and peat dome
remnants, 3) straightening of stream channels, 4) increases in stream gradients. The result is
the formation of gravel-bottom braided channels in the case of even small streams with a local
tendency to aggradation. This is a sharp contrast to the earlier sinuous stream channels with
a stable cross section (Łajczak 2007, 2011).

Changes in Raised Bog Relief During the Holocene Case Study: Polish Carpathian Mountains
http://dx.doi.org/10.5772/54988

353



Figure 11. Example of ditches draining anthropogenically disturbed raised bog in the Orawsko-Nowotarska Basin:
plan-view and profile. a- remnant of peat dome, b- younger post-peat area, c- girdling ditch, d- other ditch.

5.6. Peat bog revitalisation

Peat extraction has been declining in the Orawsko-Nowotarska Basin for more than two
decades. This type of human impact has ceased to exist in the Bieszczady Mountains (Łajczak
2007, 2011). Drainage ditches are overgrown with vegetation due to a lack of maintenance and
are effectively retarding the flow of water. This helps create wetlands in younger post-peat
areas, which are now becoming a secondary edge zone. Peat moss takes about three years to
colonize fresh peat pits filled with water. The increasing sinuosity of stream channels regulated
in the past helps to make secondary edge zones more wet. Streams become more sinuous as
water undercuts stream channel banks, which leads to more shallow stream channels. Beaver
dams built near peat bogs in the Bieszczady Mountains provide another means of retaining
water in post-peat areas. Small manmade dams in the region perform the same function
(Łajczak 2011). The increasingly wet secondary edge zone and the increasingly flat post-
extraction scarp help make peat dome remnants more wet, which prevents the drying of peat
and facilitates the growth of peat moss. The cross section of a raised bog at this stage of
development is different than that at previous stage of bog development (Fig. 12). Differences
in elevation across post-peat areas initially become smaller during the last stage of raised bog
development. As the peat dome grows, so do differences in elevation. However, this process
may be disrupted once again if more peat is extracted and dried.
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Figure 12. Cross-profiles through Bór na Czerwonem raised bog in the Orawsko-Nowotarska Basin in the periods: I-
prior to human impact, II- at the end of peat extraction, and III- at the beginning of revitalisation process. a- peat de‐
posit, b- sub-peat material.

6. Relief development patterns for raised bogs affected by human impact

Figure 13 shows changes in the extent and relief of a raised bog experiencing human impact.
Period I shows a pre-human impact state. Period II shows an extraction and drying state. Period
III shows the initial bog revetalisation state. Younger and older post-peat areas indicate areas
of losses within the peat dome and the edge zone (period II). This was an area of stream channel
regulation and drainage ditch construction. Extensive peat extraction primarily along the
edges of the peat dome led to major changes in peat bog relief and major losses of water
supplies (Łajczak 2007, 2009, 2011). Increases in the density of the drainage network surround‐
ing peat dome remnants led to further drying of peat. An unintended consequence of stream
channel regulation was streams becoming more shallow and wider. Another consequence was
stream channels evolving into braided stream channels with a local tendency to aggradation.
Today peat extraction has ended at most sites and drainage ditches are no longer being
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maintained and are becoming more shallow. This helps make younger post-peat areas more
wet, which helps them evolve into secondary edge zones. Another element of peat dome
revitalisation is post-extraction scarps becoming more flat.

Figure 13. Typical changes in the extent and relief of a raised bog experiencing human impact. A- plan, B- profile.
Periods: I- pre-human impact state, II- extraction and drying state, III- initial bog revitalisation state. a- peat dome, b-
peat dome edge zone, c- remnant of peat dome surrounded by exploitation scarp, d- younger post-peat area, e- edge
stream on outside of dome, f- short stream seeping out of peat dome and flowing across the muddy edge zone, g-
meandering stream outside peat bog, h- ditch, i- direction flow. Schematic cross-sections of stream channels and
ditches at various stages of their development are presented.

7. Discussion

The paper focuses on changes in raised bog relief in the Polish Carpathian Mountains. It
documents bog characteristics that have not been documented before. The investigated peat
bogs can be classified as valley-type based on their geomorphology (Ilnicki 2002), although
each bog developed in a different mesoform. Raised bogs in the study area are not found
exclusively on visible drainage divides, as other researchers seem to indicate (Tobolski 2000,
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Ilnicki 2002), but tend to be found at lower elevations. Raised bogs with large peat domes may
develop at any elevation in the study area. However, concave landforms are more likely to
host peat bogs. This includes spring niches, old stream channels, the base of scarps of higher
terraces, and the edges of alluvial fans. Numerous and stable groundwater outflows present
within such landforms create the right conditions for low bogs to develop. As raised bogs
evolve over time, these outflows maintain a high moisture level in the edge zone (Łajczak
2007, 2009).

Four stages of geomorphological development were identified for raised bogs in the study
area. The last two stages are associated with human impact. Stage one is low bog development.
Stage two is peat dome development. Peat domes grow depending on the relief of parent
material and access to water. Gore (1983) as well as Obidowicz and Margielewski (2008)
present a structural scheme of a large raised bog. The paper analyzes the geomorphological
development of raised bogs found in a variety of mountain settings (e.g. valleys, basins) as
well as analyzes peat bog development prior to human impact. These issues have been
discussed only by a small number of researchers thus far (Kaule and Göttlich 1976, Rawes
1983, Obidowicz 1985, Carling 1986, Rhodes and Stevenson 1997, Bragg and Tallis 2001, Dykes
and Warburton 2007, Łajczak 2007, 2011, Obidowicz and Margielewski 2008). New knowledge
presented in this paper includes trends in bog development during the first and second stage
of development relative to stable groundwater outflows facilitating bog formation. Assuming
the view of Kaule and Göttlich (1976), raised bogs became ombrogenous-soligenous bogs at
this stage, given that edge zones are still largely recharged by groundwater outflows.

The research literature tends to focus on historical and contemporary changes in peat bog relief
caused by human impact (Bower 1961, Rawes 1983, Mallik et al. 1984, Evans 1989, Cooper and
McCaan 1995, Rhodes and Stevenson 1997, Shaw et al. 1997, Bragg and Tallis 2001, Dykes and
Warburton 2007, Łajczak 2007, 2011) in the form of sheep and cattle grazing, peat burning and
peat drying. Peat erosion is of particular interest. However, a more in-depth analysis of
contemporary changes in peat bog relief is difficult to find. This is especially true of papers
published in the British Isles (Bower 1961, Evans 1989, Shaw et al. 1997, Bragg and Tallis
2001). In the study areas covered in this paper, peat extraction and drying are the main
determinants of change in raised bog relief caused by human impact. Post-peat areas become
larger and peat domes become smaller due to peat extraction by private landowners and
industrial companies. Peat extraction, however, is on the decline. The paper also discusses
changes related to the third stage of peat bog development by showing how just one form of
human impact (e.g. peat extraction) can produce a variety of geomorphological effects based
on how and when the impact had occurred.

The Polish research literature rarely covers ongoing changes in raised bog development –
classified as stage four in this paper. The most important observations in this respect are the
formation of a secondary edge zone in younger post-peat areas featuring shallow overgrown
drainage ditches and peat pits as well as post-extraction scarps becoming more flat. Both
processes assist in peat dome development (Łajczak 2007, 2011). On the other hand, the British
research literature tends to focus on ongoing changes in peat bogs currently used for com‐
mercial purposes. In Great Britain and Ireland, both machine-based and manual harvesting of
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peat produce landforms such as scarps and peat pits that maintain sharp contours for long
periods of time (Cooper and McCann 1995, Latocha 2012). In addition, the end of sheep grazing
does not lead to a rapid smoothing of landforms produced by trampling (Rawes 1983). While
the rate of relief change in post-peat areas in the British Isles is rather slow, the corresponding
rate for scarps and peat pits in raised bogs in the Polish Carpathians is rather fast. Latocha
(2012) writes about post-extraction depressions in blanket bogs in Ireland, which are still
ringed by vertical scarps, even though peat extraction had ended more than 50 years ago at a
number of these sites. The scarps in Ireland are stabilized by rapid grass growth. However,
older peat pits are much more shallow than younger peat pits, as their bottom is always wet.
In the study area in the Polish Carpathians, scarps become overgrown mainly by bushy plants
and pine and this takes more time. On the other hand, peat moss first encroaches upon peat
pits and drainage ditches (Łajczak 2007, 2011). The burning of peat is a key factor behind the
deterioration of upland and mountain blanket bogs in the British Isles (Rhodes and Stevenson
1997). However, this factor ceased to be a key factor in the Polish Carpathians in the early
20th century (Łajczak 2007, 2011).

8. Conclusions

The most important the author`s findings are:

• the younger the fragments of Quaternary accumulation landforms in the studied areas, the
more expansive the raised bogs used to be,

• almost of the bogs are classified as ombrogenous or ombrogenous-soligenous,

• the key change during the first two phases of peat bog relief development is fossilization of
concave landforms, which become filled in by low bogs and then transitioned into raised
bogs,

• another tendency in raised bog development is the shift towards lower elevation which now
feature thicker peat deposits,

• among various manners of human impact on the peat bog relief for the last centuries, the
peat extraction alters bog relief in the most visible of ways,

• the most visible and most rapidly changing elements of relief in bogs affected by human
impact are extraction scarps,

• since the second halt of the 20th century the younger post-peat areas are more wet, which
helps them evolve into secondary edge zone of the bogs

One of the most urgent issues affecting Polish environmental conservation policy is the
designation as reserves or as sites of ecological interest all the peat bogs studied that form a
peatland complex unique at the European scale. A provision of legal protection for peat bogs
will require some financial compensation for the local owners. Another way in which the local
population should be able to improve their standards of living would be the development of
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eco-tourism (walking, cycling, horse-riding) promoting the natural qualities of the sprawling
mountain bogs.

Well preserved peat domes constitute a valuable component of the studied areas landscape
unique at the Carpathian scale. In the past the post-peat areas were converted to pastures,
meadows or arable land. Taking into account mountain topography, cool climate and espe‐
cially low values of local clay soils for agriculture, the post-peat areas should be treated as
wastelands or as meadows and pastures.

Author details

Adam Łajczak*

Address all correspondence to: alajczak@o2.pl

Institute of Geography, Jan Kochanowski University, Kielce, Poland

References

[1] Administrative Karte von den Königreichen Galizien und Lodomerien (1855). C.
Kummerer Ritter von Kummersberg (ed.), 1:115000, Wien.

[2] Barsiegan, A. M. (1974). Typology of mountainous peat bogs in Armenia. In: Types of
peat bogs in the Soviet Union and its classification. Izd. Nauka, Leningrad (in Russi‐
an).

[3] The geomorphological evolution of the intermontane Orawa Basin associated with
neotectonic movements (Polish Carpathians). Studia Geomorphologica Carpatho-
Balcanica, 25-26, 3-28 (in Polish with an English summary). (1991-1992).

[4] Bindler, R. (2006). Mires in the past- looking for the future: Geochemistry of peat and
the analysis of past environmental changes. Global and Planetary Changes, 53,
209-221.

[5] Bower, M. M. (1961). The distribution of erosion in blanket peat bogs in the Pennines.
Trans. Inst. Br. Geogr., 29, 17-30.

[6] Bragg, O. M., & Tallis, J. H. (2001). The sensitivity of peat-covered upland land‐
scapes, Catena, 42, 345-360.

[7] Carling, P. A. (1986). Peat slides in Teesdale and Weardale, Northern Pennines, July
1983: description and failure mechanisms. Earth Surface Processes and Landforms,
11, 193-206.

[8] Chairman, D. (2002). Peatlands and Environment Change. Wiley, Chichester.

Changes in Raised Bog Relief During the Holocene Case Study: Polish Carpathian Mountains
http://dx.doi.org/10.5772/54988

359



peat produce landforms such as scarps and peat pits that maintain sharp contours for long
periods of time (Cooper and McCann 1995, Latocha 2012). In addition, the end of sheep grazing
does not lead to a rapid smoothing of landforms produced by trampling (Rawes 1983). While
the rate of relief change in post-peat areas in the British Isles is rather slow, the corresponding
rate for scarps and peat pits in raised bogs in the Polish Carpathians is rather fast. Latocha
(2012) writes about post-extraction depressions in blanket bogs in Ireland, which are still
ringed by vertical scarps, even though peat extraction had ended more than 50 years ago at a
number of these sites. The scarps in Ireland are stabilized by rapid grass growth. However,
older peat pits are much more shallow than younger peat pits, as their bottom is always wet.
In the study area in the Polish Carpathians, scarps become overgrown mainly by bushy plants
and pine and this takes more time. On the other hand, peat moss first encroaches upon peat
pits and drainage ditches (Łajczak 2007, 2011). The burning of peat is a key factor behind the
deterioration of upland and mountain blanket bogs in the British Isles (Rhodes and Stevenson
1997). However, this factor ceased to be a key factor in the Polish Carpathians in the early
20th century (Łajczak 2007, 2011).

8. Conclusions

The most important the author`s findings are:

• the younger the fragments of Quaternary accumulation landforms in the studied areas, the
more expansive the raised bogs used to be,

• almost of the bogs are classified as ombrogenous or ombrogenous-soligenous,

• the key change during the first two phases of peat bog relief development is fossilization of
concave landforms, which become filled in by low bogs and then transitioned into raised
bogs,

• another tendency in raised bog development is the shift towards lower elevation which now
feature thicker peat deposits,

• among various manners of human impact on the peat bog relief for the last centuries, the
peat extraction alters bog relief in the most visible of ways,

• the most visible and most rapidly changing elements of relief in bogs affected by human
impact are extraction scarps,

• since the second halt of the 20th century the younger post-peat areas are more wet, which
helps them evolve into secondary edge zone of the bogs

One of the most urgent issues affecting Polish environmental conservation policy is the
designation as reserves or as sites of ecological interest all the peat bogs studied that form a
peatland complex unique at the European scale. A provision of legal protection for peat bogs
will require some financial compensation for the local owners. Another way in which the local
population should be able to improve their standards of living would be the development of

Soil Processes and Current Trends in Quality Assessment358

eco-tourism (walking, cycling, horse-riding) promoting the natural qualities of the sprawling
mountain bogs.

Well preserved peat domes constitute a valuable component of the studied areas landscape
unique at the Carpathian scale. In the past the post-peat areas were converted to pastures,
meadows or arable land. Taking into account mountain topography, cool climate and espe‐
cially low values of local clay soils for agriculture, the post-peat areas should be treated as
wastelands or as meadows and pastures.

Author details

Adam Łajczak*

Address all correspondence to: alajczak@o2.pl

Institute of Geography, Jan Kochanowski University, Kielce, Poland

References

[1] Administrative Karte von den Königreichen Galizien und Lodomerien (1855). C.
Kummerer Ritter von Kummersberg (ed.), 1:115000, Wien.

[2] Barsiegan, A. M. (1974). Typology of mountainous peat bogs in Armenia. In: Types of
peat bogs in the Soviet Union and its classification. Izd. Nauka, Leningrad (in Russi‐
an).

[3] The geomorphological evolution of the intermontane Orawa Basin associated with
neotectonic movements (Polish Carpathians). Studia Geomorphologica Carpatho-
Balcanica, 25-26, 3-28 (in Polish with an English summary). (1991-1992).

[4] Bindler, R. (2006). Mires in the past- looking for the future: Geochemistry of peat and
the analysis of past environmental changes. Global and Planetary Changes, 53,
209-221.

[5] Bower, M. M. (1961). The distribution of erosion in blanket peat bogs in the Pennines.
Trans. Inst. Br. Geogr., 29, 17-30.

[6] Bragg, O. M., & Tallis, J. H. (2001). The sensitivity of peat-covered upland land‐
scapes, Catena, 42, 345-360.

[7] Carling, P. A. (1986). Peat slides in Teesdale and Weardale, Northern Pennines, July
1983: description and failure mechanisms. Earth Surface Processes and Landforms,
11, 193-206.

[8] Chairman, D. (2002). Peatlands and Environment Change. Wiley, Chichester.

Changes in Raised Bog Relief During the Holocene Case Study: Polish Carpathian Mountains
http://dx.doi.org/10.5772/54988

359



[9] Coggins, A. M., Jennings, S. G., & Ebinghaus, R. (2006). Accumulation rates of heavy
metals: lead, mercury and cadmium in ombrotrophic peatlands in the west of Ire‐
land. Atmospheric environment, 40, 260-278.

[10] Cooper, A., & Mccann, T. (1995). Machine Peat Cutting and Land Use Change on
Blanket Bog in Northern Ireland. J. of Environmental Management, 43, 153-170.

[11] Dembek, W., Piórkowski, H., & Rycharski, M. (2000). Wetlands on the background of
geographical regionalisation of Poland. Publ. IMUZ, Falenty, 97, 135 pp. (in Polish).

[12] Dembek, W., & Piórkowski, H. (2007). Wetlands in landscape of Poland. In: E. Bier‐
nacka (ed.) Peatbogs and wetlands. SGGW Publ., Warsaw, in Polish)., 15-48.

[13] Die Spezialkarte der Österreichisch-Ungarischen Monarchie (1894). Wien.

[14] Dykes, A. P., & Warburton, J. (2007). Mass movements in peat: A formal classifica‐
tion scheme. Geomorphology, 86, 73-93.

[15] Evans, R. (1989). Erosion studies in the Dark Peak. North of England Soils Discussion
Group, Proceedings, , 24, 39-61.

[16] Früh, J., & Schröter, C. (1904). Die Moore der Schweiz, mit Berucksichtigung der ge‐
samten Moorfrage. Beitr. Geol. Schweiz. Geotechn., Ser. 3, Bern.

[17] Gams, A. (1958). Die Alpenmoore. Jb. Ver. Schutze Alpenpfl. Tiere, 23.

[18] Gore, A. J. P. (1983). Introduction. In: A.J.P. Gore (ed.) Ecosystems of the world 4A.
Mires: swamp, bog, fen and moor. Amsterdam-Oxford-New York, 440 pp.

[19] Grosse-Brauckmann, G. (1974). Über pflanzliche Mikrofossilien mitteleuropäischen
Torfe. Telma, 4, 51-117.

[20] Haczewski, G., Bąk, K., & Kukulak, J. (1998). Explanations to Geological Map of Po‐
land, 1:50000 (Dźwiniacz Górny). Publ. PIG, Warszawa-Kraków (in Polish).

[21] Haczewski, G., Kukulak, J., & Bąk, K. (2007). Geology and geomorphology of the
Bieszczady National Park. Publ. of Pedagogical Academy in Kraków, 468 (in Polish
with an English summary).

[22] Horawski, M., Curzydło, J., & Wójcikiewicz, M. (1979). Fluctuations of the level of
surface of the Bór na Czerwonem raised bog in 1974 and 1975. Zeszyty Naukowe AR,
Kraków, 153, Melioracje, 10: 19-32 (in Polish with an English summary).

[23] Ilnicki, P. (2002). Hoohmors and peat. Poznań, 606 pp. (in Polish).

[24] Karte des Königreisches Galizien und Lodomerien (1779-1782). F. von Mieg (ed.),
1:28000, Wien.

[25] Kaule, G. (1974). Die Űbergangs- und Hohmoore Sűddeutschlands und der Vogesen.
Dissertationes Botanicae, 27.

Soil Processes and Current Trends in Quality Assessment360

[26] Kaule, G., & Göttlich, K. (1976). Begriffsbestimmungen anhand der Moortypen Mitte‐
leuropas. Moor-und Torfkunde. E. Schweizerbart`sche Verlagsbuchhandlung, Stutt‐
gart, , 1-28.

[27] Kukulak, J. (1998). Origin and development of peat bogs in the upper San River val‐
ley in the Bieszczady Mountains. Proc. of the 4th Meeting of Polish Geomorpholo‐
gists, Lublin (in Polish).

[28] Latocha, A. (2012). Anthropogenically influenced changes in natural environment of
mountainous areas in Ireland, an example of Glenveagh National Park. In: A. Łajczak
(ed.) Anthropopression in chosen morphoclimatic zones - record in landforms and
sediments. Proc. of Faculty of Earth Sciences, Univ. of Silesia, Sosnowiec, 77, 231-241
(in Polish with an English summary).

[29] Lipka, K. (1999). An assessment of the current natural rating of peatlands and their
adjacent territories, including the scope for a limited and controlled collection of peat
moss in some gminas. Publ. of PEAT-POL, Krakow, 80 pp. (in Polish).

[30] Lowe, J. J., & Walker, M. J. C. (1997). Plant macrofossil analysis. In: J.J. Lowe, M.J.C.
Walker (eds) Reconstructing Quaternary Environments. Longman Lim., Edinburgh,
182-190.

[31] Łajczak, A. (2005). The role of biogenic accumulation and peat excavation in geomor‐
phological development of the Orawsko-Nowotarska Basin, West Carpathian Mts.
Geomorfologický Sbornik, 4, 97-100.

[32] Łajczak, A. (2006). Raised peatbog Bór na Czerwonem (Podhale, South Poland)- de‐
velopment, degradation, renaturalisation. Nature Conservation, 62, 89-103.

[33] Łajczak, A. (2007). Natura 2000 in Poland, Area PLH120016 The Orawsko-Podha‐
lańskie Peatlands. Publ. of Inst. of Botany, P.A.Sci., Kraków, 139 pp.

[34] Łajczak, A. (2009). Development conditions and distribution of peat bogs in the Or‐
awsko-Nowotarska Basin, Western Carpathian Mountains. Przegląd Geologiczny,
57(8): 694-702 (in Polish).

[35] Łajczak, A. (2011). Contemporary changes in the relief of raised bogs on the example
of the Polish Carpathians. Geographia Polonica, 84, Spec. Issue Part 2, 75-92.

[36] Maksimov, A. (1965). Peat deposit and its use in agriculture. Państwowe Wydawnict‐
wa Rolnicze i Leśne, Warszawa, 3-29 (in Polish).

[37] Mallik, A. U., Gimingham, C. H., & Rahman, A. A. (1984). Ecological effects of heath‐
er burning: I. Water infiltration, moisture retention and porosity of surface soil, J.
Ecol, 72, 767-776.

[38] Margielewski, W. (2006). Records of the Late Glacial-Holocene palaeoenvironmental
changes in landslide forms and deposits of the Beskid Makowski and Beskid Wysp‐
owy Mts area (Polish Outer carpathians). Folia Quaternaria, 76, 1-149.

Changes in Raised Bog Relief During the Holocene Case Study: Polish Carpathian Mountains
http://dx.doi.org/10.5772/54988

361



[9] Coggins, A. M., Jennings, S. G., & Ebinghaus, R. (2006). Accumulation rates of heavy
metals: lead, mercury and cadmium in ombrotrophic peatlands in the west of Ire‐
land. Atmospheric environment, 40, 260-278.

[10] Cooper, A., & Mccann, T. (1995). Machine Peat Cutting and Land Use Change on
Blanket Bog in Northern Ireland. J. of Environmental Management, 43, 153-170.

[11] Dembek, W., Piórkowski, H., & Rycharski, M. (2000). Wetlands on the background of
geographical regionalisation of Poland. Publ. IMUZ, Falenty, 97, 135 pp. (in Polish).

[12] Dembek, W., & Piórkowski, H. (2007). Wetlands in landscape of Poland. In: E. Bier‐
nacka (ed.) Peatbogs and wetlands. SGGW Publ., Warsaw, in Polish)., 15-48.

[13] Die Spezialkarte der Österreichisch-Ungarischen Monarchie (1894). Wien.

[14] Dykes, A. P., & Warburton, J. (2007). Mass movements in peat: A formal classifica‐
tion scheme. Geomorphology, 86, 73-93.

[15] Evans, R. (1989). Erosion studies in the Dark Peak. North of England Soils Discussion
Group, Proceedings, , 24, 39-61.

[16] Früh, J., & Schröter, C. (1904). Die Moore der Schweiz, mit Berucksichtigung der ge‐
samten Moorfrage. Beitr. Geol. Schweiz. Geotechn., Ser. 3, Bern.

[17] Gams, A. (1958). Die Alpenmoore. Jb. Ver. Schutze Alpenpfl. Tiere, 23.

[18] Gore, A. J. P. (1983). Introduction. In: A.J.P. Gore (ed.) Ecosystems of the world 4A.
Mires: swamp, bog, fen and moor. Amsterdam-Oxford-New York, 440 pp.

[19] Grosse-Brauckmann, G. (1974). Über pflanzliche Mikrofossilien mitteleuropäischen
Torfe. Telma, 4, 51-117.

[20] Haczewski, G., Bąk, K., & Kukulak, J. (1998). Explanations to Geological Map of Po‐
land, 1:50000 (Dźwiniacz Górny). Publ. PIG, Warszawa-Kraków (in Polish).

[21] Haczewski, G., Kukulak, J., & Bąk, K. (2007). Geology and geomorphology of the
Bieszczady National Park. Publ. of Pedagogical Academy in Kraków, 468 (in Polish
with an English summary).

[22] Horawski, M., Curzydło, J., & Wójcikiewicz, M. (1979). Fluctuations of the level of
surface of the Bór na Czerwonem raised bog in 1974 and 1975. Zeszyty Naukowe AR,
Kraków, 153, Melioracje, 10: 19-32 (in Polish with an English summary).

[23] Ilnicki, P. (2002). Hoohmors and peat. Poznań, 606 pp. (in Polish).

[24] Karte des Königreisches Galizien und Lodomerien (1779-1782). F. von Mieg (ed.),
1:28000, Wien.

[25] Kaule, G. (1974). Die Űbergangs- und Hohmoore Sűddeutschlands und der Vogesen.
Dissertationes Botanicae, 27.

Soil Processes and Current Trends in Quality Assessment360

[26] Kaule, G., & Göttlich, K. (1976). Begriffsbestimmungen anhand der Moortypen Mitte‐
leuropas. Moor-und Torfkunde. E. Schweizerbart`sche Verlagsbuchhandlung, Stutt‐
gart, , 1-28.

[27] Kukulak, J. (1998). Origin and development of peat bogs in the upper San River val‐
ley in the Bieszczady Mountains. Proc. of the 4th Meeting of Polish Geomorpholo‐
gists, Lublin (in Polish).

[28] Latocha, A. (2012). Anthropogenically influenced changes in natural environment of
mountainous areas in Ireland, an example of Glenveagh National Park. In: A. Łajczak
(ed.) Anthropopression in chosen morphoclimatic zones - record in landforms and
sediments. Proc. of Faculty of Earth Sciences, Univ. of Silesia, Sosnowiec, 77, 231-241
(in Polish with an English summary).

[29] Lipka, K. (1999). An assessment of the current natural rating of peatlands and their
adjacent territories, including the scope for a limited and controlled collection of peat
moss in some gminas. Publ. of PEAT-POL, Krakow, 80 pp. (in Polish).

[30] Lowe, J. J., & Walker, M. J. C. (1997). Plant macrofossil analysis. In: J.J. Lowe, M.J.C.
Walker (eds) Reconstructing Quaternary Environments. Longman Lim., Edinburgh,
182-190.

[31] Łajczak, A. (2005). The role of biogenic accumulation and peat excavation in geomor‐
phological development of the Orawsko-Nowotarska Basin, West Carpathian Mts.
Geomorfologický Sbornik, 4, 97-100.

[32] Łajczak, A. (2006). Raised peatbog Bór na Czerwonem (Podhale, South Poland)- de‐
velopment, degradation, renaturalisation. Nature Conservation, 62, 89-103.

[33] Łajczak, A. (2007). Natura 2000 in Poland, Area PLH120016 The Orawsko-Podha‐
lańskie Peatlands. Publ. of Inst. of Botany, P.A.Sci., Kraków, 139 pp.

[34] Łajczak, A. (2009). Development conditions and distribution of peat bogs in the Or‐
awsko-Nowotarska Basin, Western Carpathian Mountains. Przegląd Geologiczny,
57(8): 694-702 (in Polish).

[35] Łajczak, A. (2011). Contemporary changes in the relief of raised bogs on the example
of the Polish Carpathians. Geographia Polonica, 84, Spec. Issue Part 2, 75-92.

[36] Maksimov, A. (1965). Peat deposit and its use in agriculture. Państwowe Wydawnict‐
wa Rolnicze i Leśne, Warszawa, 3-29 (in Polish).

[37] Mallik, A. U., Gimingham, C. H., & Rahman, A. A. (1984). Ecological effects of heath‐
er burning: I. Water infiltration, moisture retention and porosity of surface soil, J.
Ecol, 72, 767-776.

[38] Margielewski, W. (2006). Records of the Late Glacial-Holocene palaeoenvironmental
changes in landslide forms and deposits of the Beskid Makowski and Beskid Wysp‐
owy Mts area (Polish Outer carpathians). Folia Quaternaria, 76, 1-149.

Changes in Raised Bog Relief During the Holocene Case Study: Polish Carpathian Mountains
http://dx.doi.org/10.5772/54988

361



[39] Obidowicz, A. (1985). Mountainous peat-bogs in Europe. Kosmos, 34(2), 299-310 (in
Polish).

[40] Obidowicz, A. (1990). Eine Pollenanalytische und Moorkundliche Studie zur Vegeta‐
tions-geschichte des Podhale-Gebietes (West-Karpaten). Acta Palaeobotanica, 30(1-2),
147-219.

[41] Obidowicz, A., & Margielewski, W. (2008). Classification of mountainous peat bogs.
In: S. Żurek (ed.) Peat bogs in mountains, upland and lowlands of Poland. Proc. of
Jan Kochanowski University in Kielce, Poland, 103-109 (in Polish).

[42] Ralska-Jasiewiczowa, M. (1972). The forest of the Polish Carpathians in the Late Gla‐
cial and Holocene. Studia Geomorphologica Carpatho-Balcanica, 6, 5-19.

[43] Ralska-Jasiewiczowa, M. (1980). Late Glacial and Holocene of the Bieszczady Mts
(Polish Eastern Carpathians). PWN, Warszawa-Kraków.

[44] Ralska-Jasiewiczowa, M. (1989). Type region: The Bieszczady Mountains. Acta Palae‐
obotanica, 29.

[45] Rawes, M. (1983). Changes in two high altitude blanket bogs after cessation of sheep
grazing. J. Ecol, 71, 219-235.

[46] Rhodes, N., & Stevenson, A. (1997). Palaeoenvironmental evidence for the impor‐
tance of fire as a cause of erosion of British and Irish blanket peats. In: J.H. Tallis, R.
Meade, P.D. Hulme (eds) Blanket Mire Degradation: Causes, Consequences and
Challenges. Macaulay Land Use Research Institute, Aberdeen, 64-78.

[47] Ringler, A. (1981). Die Alpenmoore Bayerns- Landschaftsökologische Grunglagen,
Gefährdung, Schutzkonzept. Berichte ANL, 5.

[48] Senft, F. (1862). Die Humus-, Marsch-, Torf- und Limonitbildungen als Erzeunismit‐
tel neuer Erdrindelagen (fűr Geonosten, Bergleute, Forst-und Landwirthe), Leipzig.

[49] Shaw, S., Wheeler, B., & Backshall, J. (1997). Review of effects of burning and grazing
of blanket bogs- conservation issues and conflicts. In: J.H. Tallis, R. Meade, P.D.
Hulme (eds) Blanket Mire Degradation: Causes, Consequences and Challenges. Mac‐
aulay Land Use Research Institute, Aberdeen, 174-182.

[50] Sjörs, H. (1948). Myrvegetation i Bergslagen. Acta Phytogeogr. Suec. 21 (in Swedish).

[51] Tactical Map of Poland (1937). Wyd. Wojskowego Inst. Geogr., 1:100000, Warszawa.

[52] Tobolski, K. (2000). Identification guide for peats and lacustrine sediments. Vademe‐
cum Geobotanicum, PWN, Warszawa, 508 pp (in Polish).

[53] Tołpa, S. (1949). Peat bogs and peat. Książnica- Atlas, Wrocław-Warszawa, 3-77 (in
Polish).

[54] Topographic Maps (1965). Wyd. Państ. Służby Geodez. i Kartogr., 1:25000, Warsza‐
wa.

Soil Processes and Current Trends in Quality Assessment362

[55] Topographic Maps (1997). Wyd. Państ. Służby Geodez. i Kartogr., 1:10000, Warsza‐
wa.

[56] Vanko, J. (1988). Map of recent vertical movements in Western Carpathians in Slova‐
kia until 1952-77. Geodet. a kartogr. Oborz., 76(9), 216-222 (in Slovak).

[57] Wójcikiewicz, M. (1979). The stratigraphy of the Bór na Czerwonem peat bog with
the consideration of sub-fossil associations and distribution and differentiation of
contemporary plant communities. Part II. The characteristics of the peat bog plant
cover. Zeszyty Naukowe AR, Kraków, 153, Melioracje, 10, 133-193 (in Polish with an
English summary).

[58] Zuchiewicz, W. (2010). Neotectonics of the Polish Carpathians and Subcarpathian Ba‐
sins. Publ. Academy of Mining and Metallurgy, Kraków, 234 pp (in Polish).

[59] Żurek, S. (1983). State of stock-taking of peat bogs in Poland. Wiadomości Meliora‐
cyjne i Łąkarskie, 7, 210-215 (in Polish).

[60] Żurek, S. (1987). The peat deposits of Poland against the peat zones of Europe. Doku‐
mentacja Geograficzna IGiPZ PAN, 4, 1-84 (in Polish with an English summary).

[61] Żurek, S., & Tomaszewicz, H. (1996). Investigations of marsches. In: M. Gutry-Kor‐
ycka, H. Werner-Więckowska (eds) Guide-book to field hydrographical investiga‐
tions. PWN, Warszawa, 190-210 (in Polish).

Changes in Raised Bog Relief During the Holocene Case Study: Polish Carpathian Mountains
http://dx.doi.org/10.5772/54988

363



[39] Obidowicz, A. (1985). Mountainous peat-bogs in Europe. Kosmos, 34(2), 299-310 (in
Polish).

[40] Obidowicz, A. (1990). Eine Pollenanalytische und Moorkundliche Studie zur Vegeta‐
tions-geschichte des Podhale-Gebietes (West-Karpaten). Acta Palaeobotanica, 30(1-2),
147-219.

[41] Obidowicz, A., & Margielewski, W. (2008). Classification of mountainous peat bogs.
In: S. Żurek (ed.) Peat bogs in mountains, upland and lowlands of Poland. Proc. of
Jan Kochanowski University in Kielce, Poland, 103-109 (in Polish).

[42] Ralska-Jasiewiczowa, M. (1972). The forest of the Polish Carpathians in the Late Gla‐
cial and Holocene. Studia Geomorphologica Carpatho-Balcanica, 6, 5-19.

[43] Ralska-Jasiewiczowa, M. (1980). Late Glacial and Holocene of the Bieszczady Mts
(Polish Eastern Carpathians). PWN, Warszawa-Kraków.

[44] Ralska-Jasiewiczowa, M. (1989). Type region: The Bieszczady Mountains. Acta Palae‐
obotanica, 29.

[45] Rawes, M. (1983). Changes in two high altitude blanket bogs after cessation of sheep
grazing. J. Ecol, 71, 219-235.

[46] Rhodes, N., & Stevenson, A. (1997). Palaeoenvironmental evidence for the impor‐
tance of fire as a cause of erosion of British and Irish blanket peats. In: J.H. Tallis, R.
Meade, P.D. Hulme (eds) Blanket Mire Degradation: Causes, Consequences and
Challenges. Macaulay Land Use Research Institute, Aberdeen, 64-78.

[47] Ringler, A. (1981). Die Alpenmoore Bayerns- Landschaftsökologische Grunglagen,
Gefährdung, Schutzkonzept. Berichte ANL, 5.

[48] Senft, F. (1862). Die Humus-, Marsch-, Torf- und Limonitbildungen als Erzeunismit‐
tel neuer Erdrindelagen (fűr Geonosten, Bergleute, Forst-und Landwirthe), Leipzig.

[49] Shaw, S., Wheeler, B., & Backshall, J. (1997). Review of effects of burning and grazing
of blanket bogs- conservation issues and conflicts. In: J.H. Tallis, R. Meade, P.D.
Hulme (eds) Blanket Mire Degradation: Causes, Consequences and Challenges. Mac‐
aulay Land Use Research Institute, Aberdeen, 174-182.

[50] Sjörs, H. (1948). Myrvegetation i Bergslagen. Acta Phytogeogr. Suec. 21 (in Swedish).

[51] Tactical Map of Poland (1937). Wyd. Wojskowego Inst. Geogr., 1:100000, Warszawa.

[52] Tobolski, K. (2000). Identification guide for peats and lacustrine sediments. Vademe‐
cum Geobotanicum, PWN, Warszawa, 508 pp (in Polish).

[53] Tołpa, S. (1949). Peat bogs and peat. Książnica- Atlas, Wrocław-Warszawa, 3-77 (in
Polish).

[54] Topographic Maps (1965). Wyd. Państ. Służby Geodez. i Kartogr., 1:25000, Warsza‐
wa.

Soil Processes and Current Trends in Quality Assessment362

[55] Topographic Maps (1997). Wyd. Państ. Służby Geodez. i Kartogr., 1:10000, Warsza‐
wa.

[56] Vanko, J. (1988). Map of recent vertical movements in Western Carpathians in Slova‐
kia until 1952-77. Geodet. a kartogr. Oborz., 76(9), 216-222 (in Slovak).

[57] Wójcikiewicz, M. (1979). The stratigraphy of the Bór na Czerwonem peat bog with
the consideration of sub-fossil associations and distribution and differentiation of
contemporary plant communities. Part II. The characteristics of the peat bog plant
cover. Zeszyty Naukowe AR, Kraków, 153, Melioracje, 10, 133-193 (in Polish with an
English summary).

[58] Zuchiewicz, W. (2010). Neotectonics of the Polish Carpathians and Subcarpathian Ba‐
sins. Publ. Academy of Mining and Metallurgy, Kraków, 234 pp (in Polish).

[59] Żurek, S. (1983). State of stock-taking of peat bogs in Poland. Wiadomości Meliora‐
cyjne i Łąkarskie, 7, 210-215 (in Polish).

[60] Żurek, S. (1987). The peat deposits of Poland against the peat zones of Europe. Doku‐
mentacja Geograficzna IGiPZ PAN, 4, 1-84 (in Polish with an English summary).

[61] Żurek, S., & Tomaszewicz, H. (1996). Investigations of marsches. In: M. Gutry-Kor‐
ycka, H. Werner-Więckowska (eds) Guide-book to field hydrographical investiga‐
tions. PWN, Warszawa, 190-210 (in Polish).

Changes in Raised Bog Relief During the Holocene Case Study: Polish Carpathian Mountains
http://dx.doi.org/10.5772/54988

363



Section 3

Soil Plant Interactions



Section 3

Soil Plant Interactions



Chapter 13

Effects of Water Stress on Germination and Growth of
Wheat, Photosynthetic Efficiency and Accumulation of
Metabolites

Rui Guo, Wei Ping Hao, Dao Zhi Gong,
Xiu Li Zhong and Feng Xue Gu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51205

1. Introduction

Especially over the last 100 years, our unbridled exploitation of the world’s natural resources
has severely damaged its vegetation and has also resulted in worrying accumulations of in‐
dustrial wastes and greenhouse gases. Together, these have upset natural ecosystem balances
and have created many environment and climatic problems, including rising temperatures, in‐
creasing desertification, serious soil loss, soil salinization and damaging accumulations of soil
nitrogen [39, 31, 37]. In many nations, the recent increased incidences of severe drought and
associated desertification are coming into especially sharp focus because of their sudden, long
term and devastating consequences for the local human population.

Drought imposes one of the commonest and most significant constraints to agricultural pro‐
duction, seriously affecting crop growth, gene expression, distribution, yield and quality [45,
44, 53]. There are numerous reports on photosynthetic and metabolites characteristics under
water stress [22, 52, 25, 5]. Generally, photosynthesis is inhibited by water stress, also affects
photosynthetic components and chloroplast stress [54, 52]. Plants have evolved a number of
mechanisms to adapt to and survive water stress, Some plant species have evolved mecha‐
nisms to cope with the stress, including drought avoidance, dehydration avoidance, or de‐
hydration tolerance. Such adaptive mechanisms are the results of a multitude of
morphoanatomical, physiological, biochemical, and molecular changes [1, 2, 6]. But to our
knowledge, only a few report about the effects of different level water stress on photosyn‐
thetic and metabolites of wheat seedlings.

© 2013 Guo et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Wheat is an important crop, with some cultivars tolerant to water stress. The purpose of this
study was to investigate the effects of water stress on the growth, chlorophyll fluorescence
and accumulations of proline, betaine and carbohydrates of wheat seedlings, by using PEG
simulated water stress. It was also desired to elucidate mechanisms of water stress damage
and to identify possible adaptive mechanisms to water stress. Understanding how wheat
manages water stress is important for the reclamation of drought-prone soils and crop pro‐
duction, and possibly also to discover water-stress resistance genes and hence to develop
drought-resistance biotechnology in this crop.

2. Materials and methods

2.1. Design of simulated water stress conditions

Water stress conditions were simulated to polyethylene glycol-6000 (PEG) at one of three
concentrations: 0, 5, 15 and 25%. The osmotic potentials of the solutions was measured using
a water potential meter (Psypro Wescor Corporation, US) [49]. Table 1 results shows how
osmotic potential decreases with increasing PEG-6000 concentration.

PEG-6000 concentration 0% 5% 15% 25%

OP (MPa) -0.05 -0.09 -0.34 -0.95

Table 1. The osmotic potential (OP) of solutions of polyethylene glycol (PEG).

2.2. Plant materials and growing conditions

Seeds of wheat (Triticum aestivum) FengYou-68 were sown 20 seeds in per germination box
Seedlings were watered daily with 0.5 Hoagland’s nutrient solution [14]. All the boxes were
placed in growth chambers [HPG-400, Haerbin, China] with a 16-h photoperiod (Sylvania
cool white fluorescent lamps, 200 mmol m-2 s-1, 400–700 nm). The temperature was 25 ± 2°C
(day) and 21 ± 1.5°C (night).

After three days, 25 boxes containing uniform seedlings were selected and randomly divid‐
ed into five sets of five replicates. One set was used to determine the seedling growth pa‐
rameters just prior to treatment, a second set was used as the untreated control (0%
PEG-6000, watered with Hoagland’s nutrient solution), and the three remaining sets were
stressed with one or other of the PEG-6000 solutions. Each PEG subtreatment was applied to
a set of five boxes, daily for 7 days.

2.3. Measurement of growth

After the seventh day of treatment, the fresh weights (FW) were recorded after removing
surface water by blotting and the dry weights (DW) determined after drying for 15 min in
an oven at 80°C and then in a vacuum dryer at 40°C to constant weight. The relative growth
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rate (RGR) was defined as (ln DW after treatment – ln DW before treatment) / treatment du‐
ration. The water content (WC) percentage was calculated as: 100×(FW–DW)/FW [52].

2.4. Measurement of chlorophyll fluorescence and pigments

The maximal photochemical efficiency of PSII (PSII=Fv/Fm), the photosynthetic efficiency of
PSII (Y(II)=Fm’-F/Fm’), non-photochemical quenching (NPQ=Fm-Fm’/Fm’), non-photochemi‐
cal quenching coefficient (qN=Fm-Fm’/Fm-Fo’), photochemical quenching (qP=Fm’-F/Fm’-
Fo’), the efficiency of excitation energy capture by open PSII reaction centers (Fv’/Fm’) and
apparent photosynthetic electron transport rate (ETR) were determined between 09:00 and
11:00 h from fully-expanded leaves using an Imaging-PAM (Walz, Effeltrich, Germany], [12,
48]. The leaves were held in the dark for about 20 min before measurement. The intensities
of the actinic and saturating light settings were 185μmol/m2s and 2500μmol/m2s PAR, re‐
spectively. The contents of carotenoids (Car) and chlorophyll (Chl) a and b were extracted
using acetone, and spectrophotometeric determination at 440, 645 and 663 nm of each sam‐
ple was done three times. The calculations were Chl a = 12.7×OD663-2.69×OD645; Chl b =
22.9×OD645-4.86×OD663 and Car = 4.7×OD440-0.27×(20.2×OD645+8.02×OD663).

2.5. Measurement of metabolites and organic acids

Proline was extracted with 3% sulfosalicylic acid for 30 min at 70°C and measured with nin‐
hydrin [55]. Betaine was extracted with 80% methanol for 20 min at 70°C and measured as
described by Grieve and Grattan (1983). Total soluble sugars (SS) were extracted for 30 min
at 70°C in 70% alcohol, and measured using anthrone.

2.6. Measurement of germination

One  hundred  wheat  seeds  were  germinated  on  filter  paper  in  germination  boxes.  The
dry  seeds  were  submerged  in  100  mL of  each  of  the  PEG-6000  solutions  described
above  (with  distilled  water  as  the  control).  The  boxes  were  maintained  at  20°C  in  the
dark for 10 d,  five replicates of  each PEG treatment were prepared.  Percentages of  ger‐
minated seeds were scored daily,  based on the emergence of  the radicles.  The germina‐
tive Energy(Ge), germinative Percentage(Gp), and germination activity Index(Ai) of wheat
seeds  were  modified  using  Ge  =  n/Nx100% (n:  the  number  of  germination  of  seeds  in
4  days;  N:  the  total  number  of  seeds);  Gp  =  nl/Nlx100%  (n1:  the  number  of  germina‐
tion  of  seeds  at  10  days;  N1:  the  total  number  of  seeds).

3. Statistical analysis

Statistical analysis included one-way analysis of variance (ANOVA) in SPSS (Version 13.0,
SPSS, Chicago, IL, USA) and Duncan’s method to detect differences in physiological param‐
eters in plants under water stress (P≤0.05). All measurements represent the means and
standard errors (SE) of five replicates.
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3. Statistical analysis
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eters in plants under water stress (P≤0.05). All measurements represent the means and
standard errors (SE) of five replicates.
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4. Results

4.1. Growth

The RGR and WC of shoots and roots all decreased with increasing PEG concentration, with
the greatest reductions occurring under the highest water stresses (Fig. 1 A - D, P≤0.05).
From the slopes of equations (1) and (2) (Table 2), it was calculated that the RGR for root
and shoot increased by 0.229 and 0.231, respectively, per 1% increase in PEG-6000 concentra‐
tion. Meanwhile, the WC of root and shoot decreased by 24.03 and 21.00, respectively, for
each 1% increase in PEG concentration (see equations (3) and ((4)) in Table 2).

Figure 1. Effects of water stress on shoot (A) and root (B) relative growth rate (RGR) and water content (WC). The
values are the means of five replicates. Means followed by different letters in the same stress type are significantly
different at P≤0.05 according to Duncan’s method.

Regression equation R2
Decrease in RGR and WC per 1% increment in PEG-6000

concentration

RGR
YR=-0.229x+1.254 (1) 0.79 0.229

YS=-0.231x+1.389 (2) 0.80 0.231

WC
YR=-24.03x+132.52 (3) 0.64 24.03

YS=-21.00x+125.28(4) 0.68 21.00

Table 2. A regression analysis between RGR, WC and PEG concentration was performed, where YR represented the
root RGR and WC, Y S the shoot, and x was PEG concentration.
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4.2. Chlorophyll fluorescence and pigments

The Fv/Fm, Y(II), qP and ETR decreased with increasing PEG concentration, while NPQ and
qN contents increased significantly, the effects were much more pronounced under high
PEG concentration (Table 3; P≤0.05). The contents of Chl a and Chl b under PEG induced wa‐
ter stress were less than in the control, each parameter decreased gradually with increasing
PEG concentration. The Chl a/b ratio was higher with PEG than in the control (Table 4,
P≤0.05). The content of Car was scarcely changed by water stress (Table 4, P≤0.05).

PEG-6000

concentration
Fv/Fm Y(II) NPQ qN qP ETR

0%

5%

15%

25%

0.80±0.00a

0.79±0.00a

0.76±0.00a

0.59±0.00b

0.49±0.00a

0.49±0.00a

0.27±0.00b

0.00±0.00

0.29±0.00b

0.27±0.00b

0.48±0.00a

0.17±0.00c

0.64±0.00b

0.63±0.00b

0.78±0.00a

0.58±0.00c

0.76±0.00a

0.75±0.00a

0.51±0.00b

0.00±0.00

38.30±0.00a

38.00±0.00a

21.20±0.00b

0.00±0.00

Table 3. Effects of PEG induced water stress on contents of photosynthetic pigments (g kg-1FM) in seedlings of wheat.
The values are the means of five replicates. Means followed by different letters in the same stress type are significantly
different at P≤0.05 according to Duncan’s method.

PEG-6000

concentration
Chla Chlb Chla+ Chlb Chla/Chlb Car

0% 1.14±0.06a 0.29±0.00a 1.43±0.08a 3.93±0.04 0.31±0.00a

5% 1.13±0.08a 0.28±0.00a 1.41±0.06a 4.04±0.08 0.34±0.00a

15% 1.02±0.01a 0.22±0.00b 1.24±0.02ab 4.64±0.08 0.32±0.00a

25% 0.86±0.00b 0.17±0.00c 1.03±0.01b 5.06±0.09 0.28±0.00b

Table 4. Effects of PEG induced water stress on contents of photosynthetic pigments (g kg-1FM) in seedlings of wheat.
The values are the means of five replicates. Means followed by different letters.

4.3. Metabolites

The contents of proline increased with increasing PEG concentration, with that in the shoot
being significantly higher than that in the root (Fig. 2, A and B; P≤0.05). In the roots, increas‐
ing water stress had a positive effect on betaine content, causing a significant rise at 25%
PEG concentration, however, in the shoots a negative effect (Fig. 2, C and D; P≤0.05). The
impacts of water stress on soluble sugar were similar as proline and betaine, it contents sig‐
nificantly increased under high water stress (Fig. 2 E and F; P≤0.05).

Effects of Water Stress on Germination and Growth of Wheat
http://dx.doi.org/10.5772/51205

371



4. Results

4.1. Growth

The RGR and WC of shoots and roots all decreased with increasing PEG concentration, with
the greatest reductions occurring under the highest water stresses (Fig. 1 A - D, P≤0.05).
From the slopes of equations (1) and (2) (Table 2), it was calculated that the RGR for root
and shoot increased by 0.229 and 0.231, respectively, per 1% increase in PEG-6000 concentra‐
tion. Meanwhile, the WC of root and shoot decreased by 24.03 and 21.00, respectively, for
each 1% increase in PEG concentration (see equations (3) and ((4)) in Table 2).

Figure 1. Effects of water stress on shoot (A) and root (B) relative growth rate (RGR) and water content (WC). The
values are the means of five replicates. Means followed by different letters in the same stress type are significantly
different at P≤0.05 according to Duncan’s method.

Regression equation R2
Decrease in RGR and WC per 1% increment in PEG-6000

concentration

RGR
YR=-0.229x+1.254 (1) 0.79 0.229

YS=-0.231x+1.389 (2) 0.80 0.231

WC
YR=-24.03x+132.52 (3) 0.64 24.03

YS=-21.00x+125.28(4) 0.68 21.00

Table 2. A regression analysis between RGR, WC and PEG concentration was performed, where YR represented the
root RGR and WC, Y S the shoot, and x was PEG concentration.

Soil Processes and Current Trends in Quality Assessment370

4.2. Chlorophyll fluorescence and pigments

The Fv/Fm, Y(II), qP and ETR decreased with increasing PEG concentration, while NPQ and
qN contents increased significantly, the effects were much more pronounced under high
PEG concentration (Table 3; P≤0.05). The contents of Chl a and Chl b under PEG induced wa‐
ter stress were less than in the control, each parameter decreased gradually with increasing
PEG concentration. The Chl a/b ratio was higher with PEG than in the control (Table 4,
P≤0.05). The content of Car was scarcely changed by water stress (Table 4, P≤0.05).
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Table 4. Effects of PEG induced water stress on contents of photosynthetic pigments (g kg-1FM) in seedlings of wheat.
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4.3. Metabolites

The contents of proline increased with increasing PEG concentration, with that in the shoot
being significantly higher than that in the root (Fig. 2, A and B; P≤0.05). In the roots, increas‐
ing water stress had a positive effect on betaine content, causing a significant rise at 25%
PEG concentration, however, in the shoots a negative effect (Fig. 2, C and D; P≤0.05). The
impacts of water stress on soluble sugar were similar as proline and betaine, it contents sig‐
nificantly increased under high water stress (Fig. 2 E and F; P≤0.05).
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Figure 2. Effects of PEG induced water stress on the contents of proline, betaine and soluble sugar in roots and shoots
of wheat seedling. The values are the means of five replicates. Means followed by different letters in the same stress
type are significantly different at P≤0.05 according to Duncan’s method.

5. Organic acids

OA, CA, MA, FA, LA and SA were all detected in both the shoots and roots of the wheat
seedlings under water stress (Fig. 3). In response to water stress, the OA, MA and SA content
of the roots and shoots decreased with PEG-6000 concentration increased, declined signifi‐
cant reduction above 15% PEG-6000 concentration (Fig. 3 A1, A2, C1, C2, F1 and F2, P≤0.05).
The level of FA increased under low water stress whereas it decreased under high stress in
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shoot, but in root it level show completely opposite change (Fig. 3 D1 and D2, P≤0.05). Water

stress had a significant negative impact on CA and LA levels in shoots, but there had no reg‐

ular impact on the levels of CA and LA in roots (Fig. 3 B and E, P≤0.05).

Figure 3. Effects of water stress on the levels of Oxalic Acid (A1), Citric Acid (B1), Malic Acid (C1), Formic Acid (D1),
Lactic Acid (E1) and Succinic Acid (F1) in the root, and Oxalic Acid (A2), Citric Acid (B2), Malic Acid (C2), Formic Acid
(D2), Lactic Acid (E2) and Succinic Acid (F2) shoot of wheat seedlings. The values are the means of five replicates.
Means followed by different letters in the same stress type are significantly different at P≤0.05 according to Duncan’s
method.

5.1. Germination

The table 5 shows that the trend in changes in Gp and Ge of wheat seeds under water stress

conditions was similar; there was a decreased trend with increased PEG-6000 concentration

(P≤0.05), the reductions were greater when concentration above 15% (P≤0.05).
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Treatment Gp (%) Ge (%)

CK 96.66 96.00

5% PEG 95.33 91.67

15% PEG 83.67 80.33

25% PEG 64.00 63.67

Table 5. Effect of water stress on two indices (Gp and Ge) of germination for wheat. Germinative percentage - Gp and
germinative Energy - Gp.

6. Discussion

PEG is an osmotic agent, which play an important role in the regulation of mineral elements,
hormone, protein metabolism and effects of signal transduction [50, 41]. The main function
of PEG is to slow down the moisture rate of import and export seeds, which benefit to re‐
duce membrane system injury in process of seed imbibition and repair impaired membrane
system [27, 16]. PEG has been widely used in seed priming and simulated water stress test,
the wheat seedlings were treated by three different PEG concentrations.

7. Impact of water stress treatments on growth

In plants in general, an appropriate growth strategy is key to fitness in a competitive situation,
so too in wheat seedlings, their growth strategy is critical to survival [10]. The RGR value of a
plant reflects its vigour and is considered a good index of its exposure to stresses of all sorts [26,
52]. The RGR response of wheat seedlings exposed to increasing PEG concentrations (Fig. 1 A,
P ≤ 0.05), revealed a decrease for roots and shoots (Table 2, P ≤ 0.05). This may reflect the im‐
pact of water stress on root cell development, which would likely impair nutrient uptake as
well as having detrimental effects on photosynthesis, essential for biomass accumulation and
therefore on shoot and root elongation. The change trend for WC was similar to that for RGR
but the extension of WC in the root was about 1.14-times that of the shoot (Fig 1. B; Table
2;P≤0.05). Water stress therefore appears to reduce the absorption and utilization of water to
such an extent that the tolerance mechanisms employed by these plants in a drought are insuf‐
ficient to maintain normal growth.

7.1. Impact of water stress treatments on chlorophyll fluorescence and pigments

The chlorophyll fluorescence kinetics react to the “intrinsic” characteristic of photosynthesis
and can rapidly and sensitively reflect a plant’s physiological status and its relationship
with the environment [Huang et al., 2009]. In this study, PSII values decreased with increas‐
ing PEG concentration but these began to decline significantly in 15% PEG concentration.
The results indicate that photoinhibition occurs under water stress as a result of damage to
the reaction center of photosystem II (Table 3, P≤0.05). The values of Y(II), qP and ETR de‐
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creased, while those of NPQ and qN increased with increasing PEG concentrations. These
results indicate that electron transport activity and the photosynthetic apparatus of wheat
seedlings with certain drought-resistance are damaged.

Chl and Car are the main photosynthetic pigments of plants, so these are good indicators of
the photosynthesis capability of a plant. Under water stress, with the exception of Car which
barely changed, the contents of Chl a and b decreased slightly at first but then decreased
more sharply at the 15% PEG concentration (Table 4; P≤0.05). This may be linked with the
observation that under -0.34MPa water potential conditions Chl synthesis was severely in‐
hibited with the result that the functioning of the photosynthetic apparatus became serious‐
ly impaired [25, 5]. Compared with the control, the water stress effects on Chl a/b were high
and this appears to be closely related to the metabolic regulation of Chl; this possibility is
worth further investigation.

7.2. Impact of water stress treatments on metabolites

Proline and betaine are also known to play important roles in osmotic adjustment with their
accumulation under water stress being observed in many species [46, 38]. Here, the results
show that, along with a decrease in osmotic potential, the accumulation of free proline and
betaine increased significantly both in the roots and the shoots. This increase would lower
the osmotic potential [i.e. make it more strongly negative] in the cells which would help to
maintain turgor and thus sustain the normal physiological and biochemical processes in the
face of drought (Fig. 2, P≤0.05).

Soluble sugars are the main osmotic adjustment substances and so are important indicators
of drought tolerance. The results show that the soluble sugars contents of wheat seedlings
increases under high PEG concentration. This indicates that they may help to regulate and
maintain the activity of physiological processes within the plant in a high water-stress envi‐
ronment by raising the osmotic potential of the cells [14].

7.3. Impact of water stress treatments on organic acids

The accumulation of organic acids is a physiological response of plants to stress, when
plants are suffered by water stress, they can through cells apperceive and transmit drought
signal [42]. There nearly no impact on the content of organic acids under blew 15% water
stress, it decreased significantly under high stress, but in shoot FA completely opposite
change (Fig. 3, P≤0.05). The results confirmed that the organic acids metabolic regulation
was closely related to the plant water stress resistance. The change of organic acid may be
adaptive mechanism by which wheat seedlings maintain their intracellular osmotic balance
under water stress [47, 55].

7.4. Impact of water stress treatments on germination

Germination is one of the most critical periods in the life cycle of plants. Under water stress,
low water potential is a determining factor inhibiting seed germination [51, 43]. The inhibit‐

Effects of Water Stress on Germination and Growth of Wheat
http://dx.doi.org/10.5772/51205

375



Treatment Gp (%) Ge (%)

CK 96.66 96.00

5% PEG 95.33 91.67

15% PEG 83.67 80.33

25% PEG 64.00 63.67

Table 5. Effect of water stress on two indices (Gp and Ge) of germination for wheat. Germinative percentage - Gp and
germinative Energy - Gp.

6. Discussion

PEG is an osmotic agent, which play an important role in the regulation of mineral elements,
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creased, while those of NPQ and qN increased with increasing PEG concentrations. These
results indicate that electron transport activity and the photosynthetic apparatus of wheat
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the osmotic potential [i.e. make it more strongly negative] in the cells which would help to
maintain turgor and thus sustain the normal physiological and biochemical processes in the
face of drought (Fig. 2, P≤0.05).
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7.3. Impact of water stress treatments on organic acids

The accumulation of organic acids is a physiological response of plants to stress, when
plants are suffered by water stress, they can through cells apperceive and transmit drought
signal [42]. There nearly no impact on the content of organic acids under blew 15% water
stress, it decreased significantly under high stress, but in shoot FA completely opposite
change (Fig. 3, P≤0.05). The results confirmed that the organic acids metabolic regulation
was closely related to the plant water stress resistance. The change of organic acid may be
adaptive mechanism by which wheat seedlings maintain their intracellular osmotic balance
under water stress [47, 55].

7.4. Impact of water stress treatments on germination

Germination is one of the most critical periods in the life cycle of plants. Under water stress,
low water potential is a determining factor inhibiting seed germination [51, 43]. The inhibit‐
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ing action of water stress on the wheat germination was increased with PEG-6000 concentra‐
tion increasing (Table 5).

8. Conclusion

In summary, the growth of wheat seedlings was inhibited by water stress, especially in
roots. The function of water regulation occurs outside root, or in apoplast of root, or both
outside root and in apoplast of root. Therefore, we propose that the water-potential adjust‐
ment of the roots may be a key physiological mechanism for wheat resisting water stress.
Proline, betaine and soluble sugar content increase to a greater extent in response to water
stress, these data suggest that wheat seedlings may initially sense high drought environ‐
ments, the harmful effects of water stress on the distribution and accumulation of carbohy‐
drates, it was reflecting the specific detrimental effects of a drought environment. With the
extension of PEG-6000 concentrations, wheat seedlings photosynthetic electron transport
and photosynthetic primary reaction inhibited, heat disseminate which possess photoprotec‐
tive effect increased. It implies that there was a closed relationship between the effects of
water stress on chlorophyll fluorescence parameters of wheat seedlings. These results pro‐
vide useful data that will facilitate the development of strategies for the creation of engi‐
neered wheat varieties that are more tolerant towards water stress.
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1. Introduction

The soil as the support of all terrestrial ecosystems is distributed as a continuous landscape
and varies according to drainage, geomorphology and litho-climatic conditions [1]. There
are five major factors that control the formation of soil: parent materials, climate, biota, top‐
ography and time [2]. These factors present interdependence; for example contrasting cli‐
matic regimes are likely to be associated with contrasting types of vegetation. Nonetheless
in certain situation one of the factors had the dominant influence in determining differences
among of set of soil [3]. In addition processes of soil genesis are operating under the influ‐
ence of environmental factors; therefore we can understand the relationship between partic‐
ular soils and the landscape and ecosystem in which they function [4]. Climate is perhaps
the most influential of the four factor acting on large geographical areas (large scale), contri‐
buting to the development of specific types of soils and vegetation patterns [5], such as Geli‐
sols (tundra vegetation: lichens, grasses and low shrub), Histosols (water loving plants:
pond weeds, cattails, sedges, reed, mosses), Spodosols (mainly coniferous species), Alfisols
(deciduous forest), Mollisols (grasses), Aridisols (xerophytic plants), and Oxisols (tropical
rain forest). However, at regional level (medium scale) soil variability is often related to
small changes in topography and thickness of parent materials or to the effect of organism.
In Trans-Mexican Volcanic Belt, is common finding soil sequences or catenas related with
specific vegetation species such as Andosols (Pines-volcanic ashes), Cambisols (deciduous
trees-colluvial material), fluvisols (crop lands-alluvial material) y solonchack (halophyte
grasses-lacutrine material) [6]. Finally at local scales, variation in edaphic characters often
provides the best statistical explanation for variation in floristic composition. Frequently,
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systematic variations in the parent material are closely related to endemism [7]. Endemic
species have relatively narrow tolerance to changes in their environment, and can be de‐
pendant on certain geologic and edaphic features. There are studies that provide detailed in‐
formation on species and plant communities, some include relief features, and others report
physical and chemical analyses which allow us to infer about soil fertility [8,9] while some
other studies have performed statistical analysis to correlate such variables [10-12]. This
chapter presents a revision of the current knowledge on the role of soil properties as for pH,
H2O2 reaction, and reactions to HCl in the distribution of endemic plant species and synthe‐
tize in table 1 studies that give details examples of this relationship (plant-soil endemicity).

Species/References
Soi/Substrate

type
Technique Results/Conclusions Localities

Calochotusobispoensis,

C. tiburonensis, C.

pulchellus (Liliaceae)

[40]

Serpentine Concentrations of Ni

and Cu in plant tissue

Three species are endemics Coastal of

California USA

Ariocarpus

kotschoubeyanus

(Cactaceae) [64]

Silty, dry lake

beds

Cartographic method

by conglomerates

This plant is an edaphic

specialist

Chihuahuan

Desert, Mexico

Satureja arkansana

(Lamiaceae)

and

Coreopsis lanceolata

(Asteraceae) [25]

Sandstone glade

with alkaline soil

Soil pH Satureja arkansana was

absent on soil with a pH less

than 6.1

In areas with soil pH greater

than 6.1 C. lanceolata was

absent

Arkansas USA

Hemizonia pungens ssp.

pungens

(Asteraceae) [20]

Alkali pools Reciprocal transplant

greenhouse

experiment

This plant grows better on

non-alkali soil when grown

without competition

Yolo, California,

USA

Guaiacum unijugum

(Zygophyllaceae) [67]

Coastal dune and

arroyo

environments

Genetic analysis using

microsatellite

The current extraction of

gravel its habitat which

could pose a direct threat

Baja California

Sur, Mexico

Agave bracteosa, A.

victoria-reginae, A.

albopilosa

Brahea berlandieri

Dasylirion berlandieri

Hesperaloe funifera var.

funifera

Yucca filifera

Litosols

stoniness soils,

summit,

slopes,

Stoniness soils

depth soils

Sampling of 39 plots

(1 Ha each one) all

species were recorded

and particle size, pH,

depth and organic

matter

It was observed that soil

characteristics drastically

alter the conformation of the

vegetation and therefore

species are not present

Northern Gulf

Coastal Plain in

northeastern

Mexico
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Species/References
Soi/Substrate

type
Technique Results/Conclusions Localities

(All monocotyledons)

[71]

Lupinus subcarnosus

(Leguminosae) [72]

Sandy soil Allozymic variation in

enzymes and other

proteins

Edaphically restricted species

is less genetically variable

East-central

Texas USA

Lasthenia californica

(Asteraceae) [73,74]

Serpentine soils Genetic, physiological

and phylogenetic

studies

Races A and C of L.

californica coexist on

serpentine soil, but inhabit

soil of differing physical and

chemical properties

Palo Alto,

California in the

Santa Cruz

Mountains USA

Coccoloba cereifera

(Polygonaceae), [75]

Sandy soils,

gravelly soils and

quartzitic

outcrops

Each 25 m2 quadrant

was classified

according to soil types

and were sampled for

chemical and

granulometric

analyses

The spatial distribution of

Coccoloba was largely

related to the arrangement

of sandfields

Serra Do Cipó,

southeastern

Brazil

Erigonum nervulosum

(Polygonaceae)

Streptanthus brachatus

and S. morrisonii

(Brassicaceae) [76]

Serpentine barren

soils

Low concentrations of

Ca, Mg, P, N

Differences in Ca and Mg

between serpentine soils

allow distinct species

distribution

Lake County,

California, USA

Table 1. Studies in which species distribution and soil features are reported.

2. Endemism

Endemic, in botany, means that a plant species is considered native to the country –region-
where it can be found [13] and the term is applied to the distribution of organisms [14]. Al‐
though climatic factors are the most studied [15,16]; endemism is a non-ecological [17],
geological event. Climate limits the flora [18,19], while geological characteristics largely de‐
fine habitat diversity [4]. Moreover, edaphically severe habitats commonly support edaphic
endemics, which are plant species that do not occur elsewhere [20]. Although that might be
not enough to recognize the endemic species, edaphological characters (macro and micro)
are essential to establish phylogenetic hypothesis of endemic taxa and areas of endemism,
looking for consistency with geological models [21-23].
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geological event. Climate limits the flora [18,19], while geological characteristics largely de‐
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3. Soil

Soil, in soil taxonomy [24] is a natural body comprised of solids (minerals and organic mat‐
ter), liquid, and gases that occurs on the land surface. Soil occupies space, and is character‐
ized By one of the following: horizons or layers, that are distinguishable from the initial
materials a result of additions, losses, transfers, and transformations of energy and matter or
the ability to support rooted plants in a natural environment.

We intend to clarify that for some plant species, soil has played an essential role in their evo‐
lution and current distribution. Therefore, it is necessary to indicate that according to soil
taxonomy is not possible to classify the earthy materials used in pots in greenhouses. In the
same sense, plants even grow on trees, but trees are regarded as non soil. Soil covers the
earth’s surface as a continuum, except on bare rock. Some endemics are restricted to a par‐
ticular geological formation or to one type of rock or rock outcrops. Endemicity found on
rocky outcrops, either calcareous or otherwise, has been reported by several researchers
[25-31].

In order to understand the relevance of soil for plant endemism, it is necessary to highlight
that the geological processes as genesis of unique soil types may provide the necessary isola‐
tion for the genesis of unique biota, and the edaphic factors are used to draw the link be‐
tween environments and taxa [32]. If the environmental scenario is potentially multi-
dimensional [33], some soil properties should be also considered as predictors. Previous
research [2] considers that the distinction between soil and environment is arbitrary; and
might constitute a theoretical artifact which does not represent natural processes.

3.1. Soil genesis

The transformation of rock into soil is designated as soil formation. Climate, organisms, re‐
lief, rocks, and the time are soil forming factors. Therefore, soil can be considered as a partic‐
ular combination of its forming factors. For a given combination of factors there is only one
soil type [2]. Soil properties such as pH, clay content, porosity, etc, are determined by the
combination of these factors. The smallest change in any one of the properties, gives rise to a
new soil.

Climate is usually considered the dominant soil forming factor, and cannot be described by
a single index [4]; for example, the high proportion of smectite in soil, indicate a highly sea‐
sonal semiarid subtropical climate [34].

Living organism as bacterial species are able to fix N2, dissolved P, weathered extrusive
igneous rock, marble, and limestone, and significantly mobilized useful minerals, such as
P, K, Mg, Mn, Fe, Cu, and Zn in rock minerals [35]. Additionally, plant root systems al‐
ter the structure of the surrounding soil [36], and the roots of some plants have the abil‐
ity to exude low-molecular-weight organic acids that produce changes in the availability
of nutrients [37].

Relief modifies the water relationships in soils, affected by slope processes such as erosion,
landslides and other mass movement [38-39]. However, little is known about the dynamics

Soil Processes and Current Trends in Quality Assessment384

of soil mosaics formed by slope processes; whereby mountainous regions are characterized
by high soil diversity.

The soil formation is regulated by the origin of parent material and by the age of the ex‐
posed surface. The nature of the parent material profoundly influences soil characteristics
such as the chemical weathering and the quantity and type of clay minerals. While the total
composition of the parent rocks is only one of the factors involved in soil formation, it is of
considerable interest to analyze some of these rocks, and of soils of similar origin. The time
of soils formation refers to the age of the exposed surface. The soils change with time and
undergo a process of evolution [2].

3.2. Soil properties

Physical, chemical and mineralogical analyses are used in soil taxonomic criteria. For stand‐
ard laboratory methods descriptions see Appendix of Keys to Taxonomy of Soils [24]. The
diversity of soil properties resulted in the diversity of soil use and soil ecological functions
[38,39]. In edaphic islands such as serpentine and limestone outcrops upon which plant
grow are necessary specific analyses; per example, in ultramafic soil trace elements as Mn,
Cu, Zn, Cr and the heavy metals Ni and Co are extracted, as well as in calcareous soils are
measured soluble and exchangeable P [40,41]. Overall, previous authors agree that vegeta‐
tion differences are strongly associated with differences in the bedrock [29,42].

4. Sampling approach

The existing literature comprises a wide range of sampling techniques to obtain vegetation
samples. The plant populations may vary in size and in number of individuals per species.
According to our field observations, it is necessary to select populations that adequately rep‐
resent the endemic area (Figure 1). Soil sampling must be performed in the same locations
where vegetation has been previously sampled. The overlap of both sampling activities al‐
lows correlating changes in vegetation and soil [43]. Thus, the resulting plots are clearly rep‐
resentative of the surrounding area. Accordingly, geology and topography are essential
characteristics that need to be thoroughly examined. For instance, spatial variability studies
have indicated that even when the relief of the site is gently rolling, erosion processes can
affect soil properties [44, 45], and therefore alter the results of sample analysis. We do not
recommend to combined soil samples from which the different edaphic variables are meas‐
ured [11], this method can give erroneous conclusions because information at the micro-
scale level is lost.

The geology and the topography are factors that influence the formation of particular soil
type and the establishment of specific biological forms, [38]. The geological origin of rocks
can be identified visually and mineralogical composition by X-ray diffraction or other meth‐
ods [31]. Undisturbed rock samples must be collected, without showing any chemical or
physical weathering. The slope and rock outcrops are some landscape features easy to dis‐
tinguish. The slope is important by the sediments mobilized by slope processes as for land‐
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of soil mosaics formed by slope processes; whereby mountainous regions are characterized
by high soil diversity.

The soil formation is regulated by the origin of parent material and by the age of the ex‐
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undergo a process of evolution [2].
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4. Sampling approach

The existing literature comprises a wide range of sampling techniques to obtain vegetation
samples. The plant populations may vary in size and in number of individuals per species.
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The geology and the topography are factors that influence the formation of particular soil
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physical weathering. The slope and rock outcrops are some landscape features easy to dis‐
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slides, colluviation, and accumulation of the material that eroded from upper landscape
positions [39], this can be recorder in degrees or percent. The geomorphic position can regis‐
ter as summit, shoulder, back slope, toe slope, and floodplain if any (Figure 2).

Figure 1. Delimiting study area in slope or plane environments. (A, B) Nuevo León, México. Habitats for several succu‐
lent species endemic to the Chihuahuan Desert.

Figure 2. Geomorphic position of Cephalocereus species. (A) C. nizandensis on summit; (B) C. senilis on summit and
shoulder.

The slope aspect would influence insolation, temperature and moisture. Isolation, tempera‐
ture and moisture also must be into accounted because they have effect on the bedrock or
with the vegetation [29, 77]. In the surface it is necessary to test soil and bedrock reactions to
HCl as a measure of their calcareousness. Moreover, the soil properties of depth, stoniness,
root distribution, H2O2 reaction, structure, and Munsell color should be recorded [31,54]. If
the characteristics of the site permit, three or more bulk soil or rhizosphere soil and rock
samples along the geomorphic position per site should be collected (Figure 3). In the cases
where there was no soil, organic debris must be collected [54].

Finally, the abundance of certain minerals in the soil can influence the physiological response
and metabolism in plant species, such as heavy metals accumulation and the synthesis and ac‐
cumulation of biominerals [40, 53]. The most common biominerals in plant tissues are calcium
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oxalates (Figure 4), and their abundance is associated with calcareous soils [78]. We recom‐
mend isolate crystals from the plant tissue for better analyses and carried out X-ray diffraction
(XDR), chemical composition and morphology with scanning electron microscopy (SEM). We
also suggest use the petrographic microscope to know the optical properties of the crystals for
be able to identify in the sand fraction of soil [57]. Additionally to relate the soil elements that
plants take up soil and incorporate in their tissues, use energy dispersive X-ray (EDX) on crys‐
tals analyses. In order to determine the importance of the biominerals in the soil properties, is
necessary that at least three hundred grains from the sandy fraction will count on a grain
mount by line counting method using a petrographic microscope [54, 57].

Figure 3. Samples. (A) rock and organic debris for Cephalocereus apicicephalium; (B) soil for C. totolapensis.

Figure 4. Calcium oxalate crystals isolated from Cephalocereus species. (A) petrographic microscope; (B) scanning
electron microscopy.
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5. Edaphic endemism

The interest for environmental conservation has been growing over the last decades. How‐
ever, there has been little or no consensus on priority species or conservation strategies Ta‐
ble 2. The conservation of soil diversity greatly overlaps with such for plants, and both
become endangered as a result of land use [46]. The fact that soil taxa are geographically re‐
stricted is important for planning and conservation efforts. Soil characteristics often play an
essential role in determining plant community distributions [47]. The endemism of native
plant species in edaphically specialized habitats suggest that these native endemic species
are uniquely specialized to survive and grow better under the conditions prevalent in these
harsh areas. For instance, several authors [48] reported there are almost five edaphically-re‐
stricted or -endemic butterflies, mostly associated with serpentine soils. Some species are ab‐
solutely limited by the edaphic restriction of their host plants. These are a better argument
for biodiversity preservation [49].

Species Evidence Reference

Calochotus (3 spp.) Soil studies 40

Cephalocereus (5 spp) Soil-rock studies 54, 57

Calulanthus amplexicaulis var barbarae Soil studies 59

Mammillaria fraileana Soil-rock studies 31

Table 2. Studies in which species endemism are related to soil features.

Some explanations for the close relationship soil-plant have been looking at morpho-ana‐
tomical changes and physiological response to variations in soil parameters. Soil nutrient
status determines leaves with glands or without glands: sclerophyllous (leaves without
glands) plants exist almost exclusively on oligotrophic soil; whereas orthophyllous (leaves
with glands) growth on more or less equally on both oligotrophic and eutrophic soil [50]. In
this sense, exceptionally high levels of species turnover were found along all three soil fertil‐
ity gradients which reflect the high degree of edaphic specialization of the flora [51]. Soil fer‐
tility is difficult to quantify, because it dependent not only of the nitrogen (N) and
phosphorus (P) status of the soils, but also on their availability. Differences between species
in ability to solubilize mineral nutrients could affect the ability or inability of plants to grow
in particular soils. In calcareous soils, species suffer lime-chlorosis by Fe deficiency, and
their growth is affected by inability to solubilize the native phosphate [52]. In ultramaphic
soils, the vegetation accumulates large quantities of heavy metals in their tissues. So, endem‐
ic plants have developed strategies to grow successfully in these unusual conditions. For ex‐
ample, to minimize water requirements and excessive water loss, serpentine plants are able
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to reduce water potentials to levels lower than found on nonserpentine soils, as well as keep
stomata closed or nearly closed [53].

Soil constitutes the main source of nutrients for plants. However, for plants growing on bare
rock mycorriza have been described as an important factor in promoting edaphic specializa‐
tion [35, 37]. This high degree of host specificity of symbiotic microbes could enhance nu‐
trient uptake in the infertile soils or rocks. In rhizoplane of cacti, several bacterial species
were isolated. This bacterium fixed N2, dissolved P, weathered extrusive igneous rock, mar‐
ble and limestone, and significantly mobilized useful minerals, such as P, K, Mg, Mn, Fe, Cu
and Zn in rock minerals [35]. Other rock-colonizing cacti usually grow in cracks or fissures
that are deeply penetrated by the root system: Mammillaria fraileana [31] and Cephalocereus
apicicephalium and Cephalocereus nizandensis (Figure 5) [54]. Little is known about weathering
mechanisms, except that the roots of these species can exude low-molecular organic acids
(LOAs). The LOAs in root exudates may play an important role in the solubilization and
plant availability of mineral nutrients in the rock [55]. Additionally, [20] mentioned that
rock outcrop represent refuges from competition with other (often exotic) species.

Figure 5. Rocky habitats. (A) Cephalocereus apicicephalium grows in fissures; (B) C. nizandensis grows in cracks.

The edaphic endemics are now restricted to unusual and sometimes contaminated soils, but
may have been able to withstand large concentrations of metals in their tissues or large
quantities of calcium oxalate crystals [40]. The ability to tolerate excessively high levels of
nickel and other heavy metals may be a physiological adaptation of the genus Calochortus
and not necessarily an evolutionary response by several species to life on an ultramafic sub‐
strate. The amount of crystalline Ca oxalate in the oldest leaves of Eucalyptus diversicolor may
be related in part to the high levels of exchange-able soil calcium [56]. Cephalocereus species
could accumulate great quantities of calcium oxalate crystals even if there is low calcium
soluble in the soil [54]. Cephalocereus nizandensis and C. apicicephalium grow on limestone out‐
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crops, where the Ca is precipitated and C. totolapensis preferred acid soils from andesites,
siltstones or mica schist (soluble Ca is 19-72 parts per million). The amount of soluble Ca is
also very low in where grow C. columna-trajani (63-229 parts per million) and C. senilis
(82-100 parts per million) [57]. The last two species have the larger epidermal crystals of the
genus (Figure 6) [58].

Figure 6. Prismatic calcium oxalate crystals in epidermal cells. (A) Cephalocereus columna-trajani; (B) C. senilis. Scale A
= 40 μm, B = 50 μm.

For studies of  evolution of  a  soil-type adapted endemic species  is  necessary to perform
phylogenetic  analysis.  The  existence  of  genetically  compatible  taxa  with  such  distinct
edaphic  requirements  presents  a  unique  opportunity  for  intensive  study  of  the  genetic
basis of tolerance to soil-type. A group plant may have evolved in a very dynamic selec‐
tive context with strong edaphic selective pressures.  In [59] they examined phylogenetic
relationships of the rare serpentine endemic taxon Caulanthus amplexicaulus  var.  barbarae.
They  found  that  the  serpentine  taxa  were  nonmonophyletic  evolving  independently  at
least  three times,  suggesting that  tolerance to serpentine may be gained or lost  through
relatively few genetic changes. In other case, [50] construct phylogeny for the Pentaschis‐
tis  clade with 82 species in three genera.  They investigated the association between leaf
anatomy type and soil nutrient type on which species grow. Despite there is little phylo‐
genetic constrain in soil nutrient type. However, only orthophyllous-leaved species diver‐
sify  on eutrophic  soils.  Nevertheless,  modern phylogenies  on a  number  of  phanerogam
genera  occurring  on  New Caledonia  (Acianthus,  Cupaniopsis,  Guioa,  Morinda,  and Oxera)
have shown a shift  in  soil  preference (from non serpentine to  serpentine soils  and vice
versa). Thus [60] concluded that the ability to grown on serpentine soil is either a plesio‐
morphic  or  a  very homoplasious  character  and therefore  the  hypothesis  that  serpentine
soils  preserve  the  indigenous  flora  in  New  Caledonia  against  competition  with  immi‐
grant  species  cannot  be supported for  these  groups.  Rarely are  made specific  soil  stud‐
ies, the data are taken often of general charts. We suggest making detailed studies as in
Cephalocereus,  according to plant species and soil  type [57].  Therefore,  it  might be possi‐
ble to infer the role of soil in the evolution of endemic plant species using the phyloge‐
netic analysis.
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6. Conservation strategies

In the landscape, the vegetational differences often serve to delineate the geologic disconti‐
nuities of an area even to the casual observer. The remarkable differences often observed in
plant cover for different soil types in adjacent areas, have naturally led to attempts to ex‐
plain these phenomena in terms of the physical or chemical properties of the soil, or of the
physiological characteristics of the plants [61]. These areas should be priority sites for con‐
servation to preserve the unique interaction between soil and plant species as well as the mi‐
crobiota and fauna. For example, the halophytic and gypsophytic vegetation of the Ebro-
Basin at Los Monegros [62] or flora of the Coastal Calcareous Hills of the Biosphere Reserve
Baconao in Cuba [63] are excellent to demonstrate the varied adaptations of plant types and
life-forms as strategies to survive on edapho-climatic harsh conditions of various kinds. In
the Chihuahuan Desert region it was found that several Cactaceae species, particularly
many members of the Cacteae tribe often inhabit extremely specialized habitats, such as
gypsum and other unusual soil formations (Figure 7) [64]. The patches of edaphic endemism
also frequently exist as refuges for native species in highly invaded ecosystems [20], ultra‐
mafic substrates act as sites in which Pinus balfouriana escapes of the competition [65]. More‐
over, the work with Helianthus exilis showed the need to protect specialized microhabitat
found only within the large serpentine outcrops, the species cannot survived outside the
narrow conditions proper of its habitat [66]. However, the scarcity of conclusive studies on
role of soil to determine the prevalence of endemic plants hampers the efforts of public and
private organizations to preserve such areas.

Figure 7. A) Aztekium ritterii grows in outcrops of steep slopes of crystalline grypsum; (B) Turbinicarpus valdezianus
grows in calcarious rocks.

The population size can greatly vary among populations of the same specie generating mi‐
cro-endemic nature. The small populations of some species consist of adult individuals that
may be 3 as in Cephalocereus totolapensis [54] or 4 as in Guaiacum unijugum [67]. These popula‐
tion sizes are not reported sometimes considerer no significant, but many regions show a
unique assemblage of species or a higher level of species richness or other associated species
which could serve to protect this ecosystem. In Australian alpine vegetation the analyses of
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the relationships between physiognomic variation and environment indicate that edaphic
factors are more important than climatic factors in differentiating formations [18]. Thus, eda‐
phic discontinuities should be determining the size and population distribution and should
be considered when proposing conservation areas.

Frequently, endemic species are less widely distributed and are less well represented in pro‐
tected areas than other threatened species [68]. Baconao Biosphere Reserve presents high flo‐
ristic composition and which endemic species represent 21%; however they are restricted at
limestone hills, parent material that cover only 6.6% of total area [63]; and the same applies
when registering Asteraceae endemic species to the Mexican state of Oaxaca with 53.4% and
many of them not found in any Biosphere Reserve [69]; in the same sense, 12 endemic plant
species are restricted to serpentine soil in Puerto Rico, all rare, uncommon and very local‐
ized within their limited distribution, and only two have been placed on the United States
Federal list as threatened or endangered [70], and most species endemic to the state of Nue‐
vo Leon (Northeast of Mexico) present in the submontane scrub have restricted distribution
and specially cacti are not located within any protected area [71]. Therefore it is important to
reconsider the extension of the sites identified as irreplaceable for various members of the
flora endemic worldwide.

The effects of growing human populations on natural communities, on ecosystems, and on
some endemic plant populations results in degraded state of sites due to human activity as
roadway, tourist development, extraction of mineral as gravel, sand, and others. However,
an understanding of the interrelations between soil or bedrock and occurrence of endemics,
becomes even more important in the context of restoration ecology and the reversal of land
degradation. In addition, the role of soil in the determination of endemic plants has not been
sufficiently studied; thus, public and private organizations have not intensified their efforts
to preserve such areas. Table 1 show some examples of the different soils supporting en‐
demic species and how through different techniques of study has been able to establish a
close relationship between soil and plant. As can be seen, the soil-plant endemism is not ex‐
clusive to one type of soil or a plant family.

7. Conclusions

Diverse studies have demonstrated that soil characteristics are correlated with differences in
bedrock. Although incipient and timid studies intend to respond to which extent do soil
characteristics correlate with vegetation patterns, this is a question that should not be forgot‐
ten in plant endemic studies.

We cannot do random sampling hoping to find a relationship between habitat and popula‐
tion size or presence / absence of some species. Efforts should be directed to characterize the
habitat or habitats where the species grows in order to determine whether the type of soil,
rock, and bedrock are the most important factors for endemic species development. When
the limiting factor is the substrate, and abrupt limit in abundance is expected, as well as in
population parameters. Narrow endemism in plants is frequently related to soil specificity,
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and many endemic plants are found in patches of certain soil within a different soil matrix.
Additionally as with the soil, vegetation usually changed abruptly at the contact zone.

Edaphic endemic plants are highly vulnerable to extinction due to stochastic events, habitat
degradation, climatic change, and invasion by weedy species. Finally, the protected areas
may be unable to maintain regional species diversity and representativeness, especially if
additional fragments are lost and fragmented landscapes are left unmanaged and they are
fragile to soil erosion or degradation by chemical contamination.
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Additionally as with the soil, vegetation usually changed abruptly at the contact zone.

Edaphic endemic plants are highly vulnerable to extinction due to stochastic events, habitat
degradation, climatic change, and invasion by weedy species. Finally, the protected areas
may be unable to maintain regional species diversity and representativeness, especially if
additional fragments are lost and fragmented landscapes are left unmanaged and they are
fragile to soil erosion or degradation by chemical contamination.

Author details

María Luisa Bárcenas-Argüello1, Ma. del Carmen Gutiérrez-Castorena2 and Teresa Terrazas3

*Address all correspondence to: marialuisabarcenas@gmail.com

1 Botany Program, Postgraduate College, Texcoco, , Mexico

2 Soils Program, Postgraduate College, Texcoco, Mexico

3 Botany Department-Biology Institute, National Autonomous University of Mexico, México
City, Mexico

References

[1] Cotler AH. El Uso de la Información Edáfica en los Estudios Ambientales. Gaceta
Ecológica 2003;(68) 33-42.

[2] Jenny H. Factors of Soil Formation. A of System Quantitative Pedology, New York:
Dover Press;1994.

[3] Boul SW, Hole FD, McCraken RJ: Génesis y Clasificación de Suelos. México: Trillas;
1998.

[4] Brady NC, Weil RR. The Nature and Properties of Soils. New Jersey: Prentice-Hall;
1999.

[5] USDA-NRCS.Global Soil Regions 1:1 million scale. Soil Survey Division, World Soil
Resources. 1998.

[6] Cajuste BL, Gutiérrez-Castorena MdelC. El Factor Relieve en la Distribución de Sue‐
los en México. In: Krasilnikov P, Jiménez NFJ, Reyna TT, García CNE. (eds.) Geogra‐
fía de Suelos de México. México: Las Prensas de Ciencias; 2011. p73-86.

[7] Billings WD. The Environmental Complex in Relation to Plant Growth and Distribu‐
tion. The Quarterly Review of Biology 1952;27(3) 251-265.

The Role of Soil Properties in Plant Endemism – A Revision of Conservation Strategies
http://dx.doi.org/10.5772/53056

393



[8] Misra A, Tyler G. Influence of Soil Moisture on Soil Solution Chemistry and Concen‐
trations of Minerals in the Calcicoles Phleum phleoides and Veronica spicata Grown on a
Limestone Soil. Annals of Botany 1999;84(3) 401-410.

[9] Patterson TB, Givnish TJ. Geographic Cohesion, Chromosomal Evolution, Parallel
Adaptative Radiations, and Consequent Floral Adaptations in Calochortus (Calochor‐
taceae): Evidence from a cDNA Phylogeny. New Phytologist 2004;161(1) 253–264.

[10] Méndez-Larios I, Ortiz E, Villaseñor JL. Las Magnoliophyta Endémicas de la Porción
Xerofítica de la Provincia Florística del Valle de Tehuacán-Cuicatlán, México. Anales
del Instituto de Biología, Universidad Nacional Autónoma de México. Serie Botánica
2004;75(1) 87-104.

[11] Ruedas M, Valverde T, Zavala-Hurtado JA. Analysis of the Factors that Affect the
Distribution and Abundance of Three Neobuxbaumia Species (Cactaceae) that Differ
in their Degree of Rarity. Acta Oecologica 2006;29(2) 155-164.

[12] Svenning J-C. Microhabitat Specialization in a Species-Rich Palm Community in Am‐
azonian Ecuador. Journal of Ecology 1999;87(1) 55-65.

[13] Font Quer P. Diccionario de Botánica. Barcelona: Labor; 1977.

[14] Esparza-Olguín LG. ¿Qué Sabemos de la Rareza en Especies Vegetales? Un Enfoque
Genético-Demográfico. Boletín de la Sociedad Botánica de México 2004;(75) 17-32.

[15] Davies TJ, Barraclough TG, Savolainen V, Chase MW. Environmental Causes for
Plant Biodiversity Gradients. Philosophical Transactions of the Royal Society B,
2004;359(1450) 1645-1656.

[16] Giordani P, Incerti G. The Influence of Climate on the Distribution of Lichens: a Case
Study in a Borderline Area (Liguria, NW Italy). Plant Ecology 2008;195(2) 257-272.

[17] Luna-Vega I. Aplicaciones de la Biogeografía Histórica a la Distribución de las Plan‐
tas Mexicanas. Revista Mexicana de Biodiversidad 2008;79(1) 217-241.

[18] Kirkpatrick JB, Bridle KL. Environmental Relationships of Floristic Variation in the
Alpine Vegetation of Southeast Australia. Journal of Vegetation Science 1998;9(2)
251–260.

[19] Yesson C, Culham A. Phyloclimatic Modeling: Combining Phylogenetics and Biocli‐
matic Modeling. Systematic Biology 2006;55(5) 785-802.

[20] Veblen KE, Young TP. A California Grasslands Alkali Specialist, Hemizonia pungens
spp. pungens, Prefer Non-Alkali Soils. Journal of Vegetation Science 2009;20(1)
170-176.

[21] Andrés HAR, Morrone JJ, Terrazas T, López ML. Análisis de Trazos de las Especies
Mexicanas de Rhus Subgénero Lobadium (Angiospermae: Anacardiaceae). Interciencia
2006;31(12) 900-904.

Soil Processes and Current Trends in Quality Assessment394

[22] Morrone JJ, Márquez J. Halffter’s Mexican Transition Zone, Beetle Generalized
Tracks, and Geographical Homology. Journal of Biogeography 2001;28(5) 635-650.

[23] Webb CO, Ackerly DD, McPeek MA, Donoghue MJ. Phylogenies and Community
Ecology. Annual Review of Ecology and Systematics 2002;33 475-505.

[24] Soil Survey Staff. Keys to Soil Taxonomy, 11th ed., Washington: USDA-Natural Re‐
sources Conservation Service; 2010.

[25] Jeffries DL. Analysis of the Vegetation and Soils of Glades on Calico Rock Sandstone
in Northern Arkansas. Bulletin of the Torrey Botanical Club 1985;112(1) 70-73.

[26] Collins SL, Mitchell GS, Klahr SC. Vegetation-Environment Relationships in a Rock
Outcrop Community in Southern Oklahoma. The American Midland Naturalist
1989;122(2) 339-348.

[27] Pérez-García E A, Meave J, Gallardo C. Vegetación y Flora de la Región de Nizanda,
Istmo de Tehuantepec, Oaxaca, México. Acta Botanica Mexicana 2001;(56) 19-88.

[28] Pérez-García EA, Sevilla AC, Meave J, Scariot A. Floristic Differentiation in Lime‐
stone Outcrops of Southern Mexico and Central Brazil: a Beta Diversity Approach.
Boletín de la Sociedad Botánica de México 2009;84(2) 45-58.

[29] Searcy KB, Wilson BF, Fownes JH. Influence of Bedrock and Aspect on Soils and
Plant Distribution in the Holyoke Range, Massachusetts. Journal of the Torrey Bota‐
nical Society 2003;130(3) 158-169.

[30] Müller JV. Herbaceous Vegetation of Seasonally Wet Habitats on Inselbergs and Lat‐
eritic Crusts in West and Central Africa. Folia Geobotanica 2007;42(1) 29-61.

[31] Lopez BR, Bashan Y, Bacilio M, De la Cruz-Agüero G. Rock-Colonizing Plants:
Abundance of the Endemic Cactus Mammillaria fraileana Related to Rock Type in
Southern Sonoran Desert. Plant Ecology 2009;201(2) 575-588.

[32] Kruckeberg AR, Rabinowitz D. Biological Aspects of Endemism in Higher Plants.
Annual Review of Ecology and Systematics 1985;(16) 447-479.

[33] Elith J, Leathwick JR. Species Distribution Models: Ecological Explanation and Pre‐
diction Across Space and Time. Annual Review of Ecology, Evolution, and Systemat‐
ics 2009;40 677-697.

[34] Perales R, Serrano H, García BA, Hernández FM. Inferencias Paleoambientales de
Mioceno Medio de Somosaguas (Pozuelo de Alarcón, Madrid) Basadas en la Estruc‐
tura de Tamaños Corporales de su Fauna de Mamíferos. Paleolusitana 2009;(1)
317-325.

[35] Puente ME, Li CY, Bashan Y. Microbial Populations and Activities in the Rhizoplane
of Rock-Weathering Desert Plants. II. Growth Promotion of Cactus Seedlings. Plant
Biology 2004;6(5) 643-650.

The Role of Soil Properties in Plant Endemism – A Revision of Conservation Strategies
http://dx.doi.org/10.5772/53056

395



[8] Misra A, Tyler G. Influence of Soil Moisture on Soil Solution Chemistry and Concen‐
trations of Minerals in the Calcicoles Phleum phleoides and Veronica spicata Grown on a
Limestone Soil. Annals of Botany 1999;84(3) 401-410.

[9] Patterson TB, Givnish TJ. Geographic Cohesion, Chromosomal Evolution, Parallel
Adaptative Radiations, and Consequent Floral Adaptations in Calochortus (Calochor‐
taceae): Evidence from a cDNA Phylogeny. New Phytologist 2004;161(1) 253–264.

[10] Méndez-Larios I, Ortiz E, Villaseñor JL. Las Magnoliophyta Endémicas de la Porción
Xerofítica de la Provincia Florística del Valle de Tehuacán-Cuicatlán, México. Anales
del Instituto de Biología, Universidad Nacional Autónoma de México. Serie Botánica
2004;75(1) 87-104.

[11] Ruedas M, Valverde T, Zavala-Hurtado JA. Analysis of the Factors that Affect the
Distribution and Abundance of Three Neobuxbaumia Species (Cactaceae) that Differ
in their Degree of Rarity. Acta Oecologica 2006;29(2) 155-164.

[12] Svenning J-C. Microhabitat Specialization in a Species-Rich Palm Community in Am‐
azonian Ecuador. Journal of Ecology 1999;87(1) 55-65.

[13] Font Quer P. Diccionario de Botánica. Barcelona: Labor; 1977.

[14] Esparza-Olguín LG. ¿Qué Sabemos de la Rareza en Especies Vegetales? Un Enfoque
Genético-Demográfico. Boletín de la Sociedad Botánica de México 2004;(75) 17-32.

[15] Davies TJ, Barraclough TG, Savolainen V, Chase MW. Environmental Causes for
Plant Biodiversity Gradients. Philosophical Transactions of the Royal Society B,
2004;359(1450) 1645-1656.

[16] Giordani P, Incerti G. The Influence of Climate on the Distribution of Lichens: a Case
Study in a Borderline Area (Liguria, NW Italy). Plant Ecology 2008;195(2) 257-272.

[17] Luna-Vega I. Aplicaciones de la Biogeografía Histórica a la Distribución de las Plan‐
tas Mexicanas. Revista Mexicana de Biodiversidad 2008;79(1) 217-241.

[18] Kirkpatrick JB, Bridle KL. Environmental Relationships of Floristic Variation in the
Alpine Vegetation of Southeast Australia. Journal of Vegetation Science 1998;9(2)
251–260.

[19] Yesson C, Culham A. Phyloclimatic Modeling: Combining Phylogenetics and Biocli‐
matic Modeling. Systematic Biology 2006;55(5) 785-802.

[20] Veblen KE, Young TP. A California Grasslands Alkali Specialist, Hemizonia pungens
spp. pungens, Prefer Non-Alkali Soils. Journal of Vegetation Science 2009;20(1)
170-176.

[21] Andrés HAR, Morrone JJ, Terrazas T, López ML. Análisis de Trazos de las Especies
Mexicanas de Rhus Subgénero Lobadium (Angiospermae: Anacardiaceae). Interciencia
2006;31(12) 900-904.

Soil Processes and Current Trends in Quality Assessment394

[22] Morrone JJ, Márquez J. Halffter’s Mexican Transition Zone, Beetle Generalized
Tracks, and Geographical Homology. Journal of Biogeography 2001;28(5) 635-650.

[23] Webb CO, Ackerly DD, McPeek MA, Donoghue MJ. Phylogenies and Community
Ecology. Annual Review of Ecology and Systematics 2002;33 475-505.

[24] Soil Survey Staff. Keys to Soil Taxonomy, 11th ed., Washington: USDA-Natural Re‐
sources Conservation Service; 2010.

[25] Jeffries DL. Analysis of the Vegetation and Soils of Glades on Calico Rock Sandstone
in Northern Arkansas. Bulletin of the Torrey Botanical Club 1985;112(1) 70-73.

[26] Collins SL, Mitchell GS, Klahr SC. Vegetation-Environment Relationships in a Rock
Outcrop Community in Southern Oklahoma. The American Midland Naturalist
1989;122(2) 339-348.

[27] Pérez-García E A, Meave J, Gallardo C. Vegetación y Flora de la Región de Nizanda,
Istmo de Tehuantepec, Oaxaca, México. Acta Botanica Mexicana 2001;(56) 19-88.

[28] Pérez-García EA, Sevilla AC, Meave J, Scariot A. Floristic Differentiation in Lime‐
stone Outcrops of Southern Mexico and Central Brazil: a Beta Diversity Approach.
Boletín de la Sociedad Botánica de México 2009;84(2) 45-58.

[29] Searcy KB, Wilson BF, Fownes JH. Influence of Bedrock and Aspect on Soils and
Plant Distribution in the Holyoke Range, Massachusetts. Journal of the Torrey Bota‐
nical Society 2003;130(3) 158-169.

[30] Müller JV. Herbaceous Vegetation of Seasonally Wet Habitats on Inselbergs and Lat‐
eritic Crusts in West and Central Africa. Folia Geobotanica 2007;42(1) 29-61.

[31] Lopez BR, Bashan Y, Bacilio M, De la Cruz-Agüero G. Rock-Colonizing Plants:
Abundance of the Endemic Cactus Mammillaria fraileana Related to Rock Type in
Southern Sonoran Desert. Plant Ecology 2009;201(2) 575-588.

[32] Kruckeberg AR, Rabinowitz D. Biological Aspects of Endemism in Higher Plants.
Annual Review of Ecology and Systematics 1985;(16) 447-479.

[33] Elith J, Leathwick JR. Species Distribution Models: Ecological Explanation and Pre‐
diction Across Space and Time. Annual Review of Ecology, Evolution, and Systemat‐
ics 2009;40 677-697.

[34] Perales R, Serrano H, García BA, Hernández FM. Inferencias Paleoambientales de
Mioceno Medio de Somosaguas (Pozuelo de Alarcón, Madrid) Basadas en la Estruc‐
tura de Tamaños Corporales de su Fauna de Mamíferos. Paleolusitana 2009;(1)
317-325.

[35] Puente ME, Li CY, Bashan Y. Microbial Populations and Activities in the Rhizoplane
of Rock-Weathering Desert Plants. II. Growth Promotion of Cactus Seedlings. Plant
Biology 2004;6(5) 643-650.

The Role of Soil Properties in Plant Endemism – A Revision of Conservation Strategies
http://dx.doi.org/10.5772/53056

395



[36] Kearney M, Porter W. Mechanistic Niche Modelling: Combining Physiological and
Spatial Data to Predict Species’ Ranges. Ecology Letters 2009;12(4) 334-350.

[37] Bar-Yosef B. Root Excretions and their Environmental Effects: Influence on Availabil‐
ity of Phosphorus. In: Waisel Y, Eshel A, Kafkafi U. (eds.), Plant Roots: The Hidden
Half. New York: Marcel Dekker; 1996. p.581-605.

[38] Krasilnikov P, García-Calderón NE, Fuentes-Romero E. Pedogenesis and Slope Proc‐
esses in Subtropical Mountain Areas, Sierra Sur de Oaxaca, México. Revista Mexica‐
na de Ciencias Geológicas 2007;24(3) 469-486.

[39] Krasilnikov P, García CNE, García PMdelS. Soils Developed on Different Parent Ma‐
terials. Terra Latinoamericana 2007;25(4) 335-344.

[40] Fiedler PL. Heavy Metal Accumulation and the Nature of Edaphic Endemism in the
Genus Calochortus (Liliaceae). American Journal of Botany 1985;72(11) 1712-1718.

[41] Zohlen A, Tyler G. Soluble Inorganic Tissue Phosphorus and Calciole-Calcifuge Be‐
haviour of Plants. Annals of Botany 2004;94(3) 427-432.

[42] Méndez-Mendoza C, Reyes-Agüero JA, Aguirre-Rivera JR, Peña-Valdivia CB. Dis‐
tribución Geográfica y Ecológica de Ephedra L. en el Altiplano Potosino. Revista Cha‐
pingo Serie Horticultura 2000;6(1) 131-138.

[43] Montaño-Arias NM, García-Sánchez R, Ochoa-de la Rosa G, Monroy-Ata A. Relación
entre la Vegetación Arbustiva, el Mezquite y el Suelo de un Ecosistema Semiárido en
México. Terra Latinoamericana 2005;24(2) 193-205.

[44] Lozano PZ, Bravo C, Ovalles F, Hernández RM, Moreno B, Piñango L, Villanueva JG.
Selección de un Diseño de Muestreo en Parcelas Experimentales a Partir del Estudio
de la Variabilidad Espacial de los Suelos. Bioagro 2004;16(1) 61-72.

[45] Cristobal AD, Alvarez SME, Hernández AE, Maldonado TR, Pérez GM, Castro BR.
Variabilidad Espacial de Propiedades Químicas del Suelo y su Uso en el Diseño de
Experimentos. Terra Latinoamericana 2008;26(4) 317-324.

[46] Amundson R, Guo Y, Gong P. Soil Diversity and Land Use in the United States. Eco‐
systems 2003;6(5) 470-482.

[47] Guo Y, Gong P, Amundson R. Pedodiversity in the United States of America. Geo‐
derma, 2003;117(1-2) 99-115.

[48] Gervais BR, Shapiro AM. Distribution of Edaphic-Endemic Butterflies in the Sierra
Nevada of California. Global Ecology and Biogeography 1999;8(2) 151-162.

[49] Raven PH. Catastrophic Selection and Edaphic Endemism. Evolution 1964;18(2)
336-338.

[50] Galley C, Linder HP. The Phylogeny of the Pentaschistis Clade (Danthonioideae, Poa‐
ceae) Based on Chloroplast DNA, and the Evolution and Loss of Complex Charac‐
ters. Evolution 2007;61(4) 864-884.

Soil Processes and Current Trends in Quality Assessment396

[51] Cowling RM. Diversity Components in a Species-rich Area of the Cape Floristic Re‐
gion. Journal of Vegetation Science 1990;1(5) 699-710.

[52] Ström L, Olsson T, Tyler G. Differences Between Calcifugue and Acidifugue Plants in
Root Exudation of Low-Molecular Organic Acids. Plant and Soil 1994;167(2) 239-245.

[53] Brady KU, Kruckeberg AR, Bradshaw HD.. Evolutionary Ecology of Plant Adapta‐
tion to Serpentine Soils. Annual Review of Ecology, Evolution and Systematics
2005;36 243-266.

[54] Bárcenas-Argüello ML, Gutiérrez-Castorena MdelC, Terrazas T, López-Mata L. Rock-
Soil Preferences of Three Cephalocereus (Cactaceae) of Tropical Dry Forest. Soil Sci‐
ence Society of American Journal 2010;74(4) 1374-1384.

[55] Stöm L. Root Exudation of Organic Acids: Importance to Nutrient Availability and
the Calcifuge and Calcicole Behaviour of Plants. Oikos 1997;80(3) 459-466.

[56] O’Connell AM, Malajczuk N, Gailitis V. Occurrence of Calcium Oxalate in Karri (Eu‐
calyptus diversicolor F. Muell.) Forest Ecosystems of South Western Australia. Oecolo‐
gia 1983;56(2/3) 239-244.

[57] Bárcenas-Argüello ML. Distribución Ecológica del Subgénero Neodawsonia Backeb.
del Género Cephalocereus Pfeiff. (Cactaceae), en el Istmo de Tehuantepec, México.
PhD thesis. Colegio de Postgraduados México; 2011.

[58] Bárcenas-Argüello ML. Filogenia del género Cephalocereus Pfeiff. (Cactaceae) sensu
Anderson con Base en Caracteres Estructurales. MSc thesis. Colegio de Postgradua‐
dos México; 2006.

[59] Pepper AE, Norwood LE. Evolution of Caulanthus amplexicaulis var. barbarae (Brassi‐
caceae), a Rare Serpentine Endemic Plant: A Molecular Phylogenetic Perspective.
American Journal of Botany 2001;88(8) 1479-1489.

[60] De Kok R. Are Plant Adaptations to Growing on Serpentine Soil Rare or Common? A
Few Case Studies from New Caledonia. Adansonia 2002;24(2) 229-238.

[61] Whittaker RH. The Ecology of Serpentine Soils. Ecology 1954;35(2) 258-288.

[62] Breckle SW. Halophytic and Gypsophytic Vegetation of the Ebro-Basin at Los Mone‐
gros. In Melic A, Blasco-Zumeta J. (eds) Manifiesto Científico por Los Monegros Bo‐
letín de la Sociedad Entomológica Aragonesa 1999;(24) 101-104.

[63] Figueredo CLM, Reyes DOJ, Acosta CF, Fagilde EMC. Estudio Florístico de los Cer‐
ros Calizos Costeros de la Reserva de la Biósfera Baconao, Cuba. Polibotánica 2009;
(28) 69-117.

[64] Hernández HM, Gómez-Hinostrosa C, Hoffman G. Is Geographical Rarity Frequent
among the Cacti of the Chihuahuan Desert. Revista Mexicana de Biodiversidad
2010;81(1) 163-175.

The Role of Soil Properties in Plant Endemism – A Revision of Conservation Strategies
http://dx.doi.org/10.5772/53056

397



[36] Kearney M, Porter W. Mechanistic Niche Modelling: Combining Physiological and
Spatial Data to Predict Species’ Ranges. Ecology Letters 2009;12(4) 334-350.

[37] Bar-Yosef B. Root Excretions and their Environmental Effects: Influence on Availabil‐
ity of Phosphorus. In: Waisel Y, Eshel A, Kafkafi U. (eds.), Plant Roots: The Hidden
Half. New York: Marcel Dekker; 1996. p.581-605.

[38] Krasilnikov P, García-Calderón NE, Fuentes-Romero E. Pedogenesis and Slope Proc‐
esses in Subtropical Mountain Areas, Sierra Sur de Oaxaca, México. Revista Mexica‐
na de Ciencias Geológicas 2007;24(3) 469-486.

[39] Krasilnikov P, García CNE, García PMdelS. Soils Developed on Different Parent Ma‐
terials. Terra Latinoamericana 2007;25(4) 335-344.

[40] Fiedler PL. Heavy Metal Accumulation and the Nature of Edaphic Endemism in the
Genus Calochortus (Liliaceae). American Journal of Botany 1985;72(11) 1712-1718.

[41] Zohlen A, Tyler G. Soluble Inorganic Tissue Phosphorus and Calciole-Calcifuge Be‐
haviour of Plants. Annals of Botany 2004;94(3) 427-432.

[42] Méndez-Mendoza C, Reyes-Agüero JA, Aguirre-Rivera JR, Peña-Valdivia CB. Dis‐
tribución Geográfica y Ecológica de Ephedra L. en el Altiplano Potosino. Revista Cha‐
pingo Serie Horticultura 2000;6(1) 131-138.

[43] Montaño-Arias NM, García-Sánchez R, Ochoa-de la Rosa G, Monroy-Ata A. Relación
entre la Vegetación Arbustiva, el Mezquite y el Suelo de un Ecosistema Semiárido en
México. Terra Latinoamericana 2005;24(2) 193-205.

[44] Lozano PZ, Bravo C, Ovalles F, Hernández RM, Moreno B, Piñango L, Villanueva JG.
Selección de un Diseño de Muestreo en Parcelas Experimentales a Partir del Estudio
de la Variabilidad Espacial de los Suelos. Bioagro 2004;16(1) 61-72.

[45] Cristobal AD, Alvarez SME, Hernández AE, Maldonado TR, Pérez GM, Castro BR.
Variabilidad Espacial de Propiedades Químicas del Suelo y su Uso en el Diseño de
Experimentos. Terra Latinoamericana 2008;26(4) 317-324.

[46] Amundson R, Guo Y, Gong P. Soil Diversity and Land Use in the United States. Eco‐
systems 2003;6(5) 470-482.

[47] Guo Y, Gong P, Amundson R. Pedodiversity in the United States of America. Geo‐
derma, 2003;117(1-2) 99-115.

[48] Gervais BR, Shapiro AM. Distribution of Edaphic-Endemic Butterflies in the Sierra
Nevada of California. Global Ecology and Biogeography 1999;8(2) 151-162.

[49] Raven PH. Catastrophic Selection and Edaphic Endemism. Evolution 1964;18(2)
336-338.

[50] Galley C, Linder HP. The Phylogeny of the Pentaschistis Clade (Danthonioideae, Poa‐
ceae) Based on Chloroplast DNA, and the Evolution and Loss of Complex Charac‐
ters. Evolution 2007;61(4) 864-884.

Soil Processes and Current Trends in Quality Assessment396

[51] Cowling RM. Diversity Components in a Species-rich Area of the Cape Floristic Re‐
gion. Journal of Vegetation Science 1990;1(5) 699-710.

[52] Ström L, Olsson T, Tyler G. Differences Between Calcifugue and Acidifugue Plants in
Root Exudation of Low-Molecular Organic Acids. Plant and Soil 1994;167(2) 239-245.

[53] Brady KU, Kruckeberg AR, Bradshaw HD.. Evolutionary Ecology of Plant Adapta‐
tion to Serpentine Soils. Annual Review of Ecology, Evolution and Systematics
2005;36 243-266.

[54] Bárcenas-Argüello ML, Gutiérrez-Castorena MdelC, Terrazas T, López-Mata L. Rock-
Soil Preferences of Three Cephalocereus (Cactaceae) of Tropical Dry Forest. Soil Sci‐
ence Society of American Journal 2010;74(4) 1374-1384.

[55] Stöm L. Root Exudation of Organic Acids: Importance to Nutrient Availability and
the Calcifuge and Calcicole Behaviour of Plants. Oikos 1997;80(3) 459-466.

[56] O’Connell AM, Malajczuk N, Gailitis V. Occurrence of Calcium Oxalate in Karri (Eu‐
calyptus diversicolor F. Muell.) Forest Ecosystems of South Western Australia. Oecolo‐
gia 1983;56(2/3) 239-244.

[57] Bárcenas-Argüello ML. Distribución Ecológica del Subgénero Neodawsonia Backeb.
del Género Cephalocereus Pfeiff. (Cactaceae), en el Istmo de Tehuantepec, México.
PhD thesis. Colegio de Postgraduados México; 2011.

[58] Bárcenas-Argüello ML. Filogenia del género Cephalocereus Pfeiff. (Cactaceae) sensu
Anderson con Base en Caracteres Estructurales. MSc thesis. Colegio de Postgradua‐
dos México; 2006.

[59] Pepper AE, Norwood LE. Evolution of Caulanthus amplexicaulis var. barbarae (Brassi‐
caceae), a Rare Serpentine Endemic Plant: A Molecular Phylogenetic Perspective.
American Journal of Botany 2001;88(8) 1479-1489.

[60] De Kok R. Are Plant Adaptations to Growing on Serpentine Soil Rare or Common? A
Few Case Studies from New Caledonia. Adansonia 2002;24(2) 229-238.

[61] Whittaker RH. The Ecology of Serpentine Soils. Ecology 1954;35(2) 258-288.

[62] Breckle SW. Halophytic and Gypsophytic Vegetation of the Ebro-Basin at Los Mone‐
gros. In Melic A, Blasco-Zumeta J. (eds) Manifiesto Científico por Los Monegros Bo‐
letín de la Sociedad Entomológica Aragonesa 1999;(24) 101-104.

[63] Figueredo CLM, Reyes DOJ, Acosta CF, Fagilde EMC. Estudio Florístico de los Cer‐
ros Calizos Costeros de la Reserva de la Biósfera Baconao, Cuba. Polibotánica 2009;
(28) 69-117.

[64] Hernández HM, Gómez-Hinostrosa C, Hoffman G. Is Geographical Rarity Frequent
among the Cacti of the Chihuahuan Desert. Revista Mexicana de Biodiversidad
2010;81(1) 163-175.

The Role of Soil Properties in Plant Endemism – A Revision of Conservation Strategies
http://dx.doi.org/10.5772/53056

397



[65] Eckert AJ. Influence of Substrate Type and Microsite Availability on the Persistence
of Foxtail Pine (Pinus balfouriana, Pinaceae) in the Klamath Mountains, California.
American Journal of Botany 2006;93(11) 1615-1624.

[66] Wolf A. Conservation of Endemic Plants in Serpentine Landscapes. Biological Con‐
servation. 2001;100(1) 35-44

[67] McCauley RA, Cortés-Palomec AC, Oyama K. Distribution, Genetic Structure, and
Conservation Status of the Rare Microendemic Species, Guaiacum unijugum (Zygo‐
phyllaceae) in the Cape Region of Baja California, Mexico. Revista Mexicana de Bio‐
diversidad 2010;81(3) 745-758.

[68] Aguirre GJ, Duivenvoorden JF. Can we Expect to Protect Threatened Species in Pro‐
tected Areas? A Case Study of the Genus Pinus in Mexico. Revista Mexicana de Bio‐
diversidad. 2010;81(3) 875-882.

[69] Suárez-Mota ME, Villaseñor JL. Las Compuestas Endémicas de Oaxaca, México: Di‐
versidad y Distribución. Boletín de la Sociedad Botánica de México. 2011;88(1) 55-66.

[70] Cedeño-Maldonado JA, Breckon GJ. Serpentine Endemism in the Flora of Puerto
Rico. Caribbean Journal of Science 1996;32(4) 348-356.

[71] Estrada-Castillón E, Villareal-Quintanilla JA, Jurado-Ybarra E, Cantú-Ayala C, Gar‐
cía-Aranda MA, Sánchez-Salas J, Jiménez-Pérez J, Pando-Moreno M. Clasificación,
Estructura y Diversidad del Matorral Sub-Montano Adyacente a la Planicie Costera
del Golfo Norte en el Noreste de México. Botanical Sciences 2012;90(1) 37-52.

[72] Babbel GR, Selander RK. Genetic Variability in Edaphically Restricted and Wide‐
spread Plant Species. Evolution 1974;28(4) 619-630.

[73] Rajakaruna N, Bohm BA. The Edaphic Factor and Patterns of Variation in Lasthenia
californica (Asteraceae). American Journal of Botany. 1999;86(11) 1576-1596.

[74] Rajakaruna N, Baldwin BG, Chan R, Desrochers AM, Bohm BA, Whitton J. Edaphic
Races and Phylogenetic Taxa in the Lasthenia californica Complex (Asteraceae: Helian‐
theae): an Hypothesis of Parallel Evolution. Molecular Ecology 2003;12(6) 1675-1679

[75] Ribeiro KT, Fernandes GW. Patterns of Abundance of a Narrow Endemic Species in a
Tropical and Infertile Montane Habitat. Plant Ecology 2000;147(2) 205-218.

[76] McCarten NF. Rare and Endemic Plants of Lake County Serpentine Soils Habitats.
Sacramento:Report for the Endangered Plant Project; 1988.

[77] Nyssen J, Vermeersch D. Slope Aspects Affects Geomorphic Dynamics of Coal Min‐
ing Soil Heaps in Belgium. Geomorphology 2010;123(1-2) 109-121.

[78] Garvie LAJ. Decay of Cacti and Carbon Cycling. Naturwissenschaften 2006;93(3)
114-118.

Soil Processes and Current Trends in Quality Assessment398

Chapter 15

Leachability and Vegetable Absorption of
Heavy Metals from Sewage Sludge Biochar

Mieko  Yachigo and Shinjiro  Sato

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55123

1. Introduction

Management of industrial wastes has been one of the most challenging problems in most urban
municipalities due to increasing waste volume with limited disposal areas, and energy-consum‐
ing and high-cost treatment processes for disposal. In Japan, although the total volume of the
industrial waste generated has been relatively constant since 1990 being approximately 400
million tons per year, remaining capacity of the final disposal for the industrial waste has decreased
by approximately 20% since 1994, reaching to 172 million m3 in 2007 (Ministry of the Environ‐
ment Government of Japan, 2011). This disposal capacity is predicted to be filled in the average of
8.5 years for Japan, and 3.6 years for Tokyo Metropolitan areas. Due mainly to high cost of treatment
for proper disposal, illegal dumping of the industrial waste has been a new problem despite of
severe regulation and monitoring of affected areas. The number and total volume of unsolved
cases of illegal dumping and improper disposal of the waste were 2,610 and 1.78 million tons,
respectively, in 2010 (Ministry of the Environment Government of Japan, 2011).

Sewage sludge is one of the most produced industrial wastes and comprised approximately
20% (77.2 million tons) of the total volume of industrial wastes generated across Japan in 2010
(Ministry of the Environment Government of Japan, 2011). However, the volume of its final
disposal was insignificant (0.37 million tons) since the majority of sewage sludge were
reclaimed and/or treated by intermediate processing such as thickening, dewatering, anaero‐
bic digestion, composting, incineration, carbonization, and melting. On the dry solid basis,
78% of the total volume of sewage sludge (1.72 million tons) was recycled in beneficial
applications mainly for construction materials (1.39 million tons), energy production (0.02
million tons), and application in agriculture and horticulture as alternative fertilizers and/or
soil conditioner (0.31 million tons). Due to new technology and diversification of sewage
sludge recycling techniques, further recycling avenues are expected particularly for produc‐
tion of energy, agriculture, forestry, livestock, and fisheries in the future.
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1. Introduction

Management of industrial wastes has been one of the most challenging problems in most urban
municipalities due to increasing waste volume with limited disposal areas, and energy-consum‐
ing and high-cost treatment processes for disposal. In Japan, although the total volume of the
industrial waste generated has been relatively constant since 1990 being approximately 400
million tons per year, remaining capacity of the final disposal for the industrial waste has decreased
by approximately 20% since 1994, reaching to 172 million m3 in 2007 (Ministry of the Environ‐
ment Government of Japan, 2011). This disposal capacity is predicted to be filled in the average of
8.5 years for Japan, and 3.6 years for Tokyo Metropolitan areas. Due mainly to high cost of treatment
for proper disposal, illegal dumping of the industrial waste has been a new problem despite of
severe regulation and monitoring of affected areas. The number and total volume of unsolved
cases of illegal dumping and improper disposal of the waste were 2,610 and 1.78 million tons,
respectively, in 2010 (Ministry of the Environment Government of Japan, 2011).

Sewage sludge is one of the most produced industrial wastes and comprised approximately
20% (77.2 million tons) of the total volume of industrial wastes generated across Japan in 2010
(Ministry of the Environment Government of Japan, 2011). However, the volume of its final
disposal was insignificant (0.37 million tons) since the majority of sewage sludge were
reclaimed and/or treated by intermediate processing such as thickening, dewatering, anaero‐
bic digestion, composting, incineration, carbonization, and melting. On the dry solid basis,
78% of the total volume of sewage sludge (1.72 million tons) was recycled in beneficial
applications mainly for construction materials (1.39 million tons), energy production (0.02
million tons), and application in agriculture and horticulture as alternative fertilizers and/or
soil conditioner (0.31 million tons). Due to new technology and diversification of sewage
sludge recycling techniques, further recycling avenues are expected particularly for produc‐
tion of energy, agriculture, forestry, livestock, and fisheries in the future.
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Pyrolysis process of sewage sludge is one of the useful approaches for sewage sludge recycling,
and its product called sewage sludge biochar (SSB) can be used as supplemental or alternative
material to coal for thermal power plants. Some municipalities in Japan have initiated to use
SSB as a part of thermal sources for energy production. In Tokyo, since 2007, 8,700 tons of SSB
have been produced per year from 99,000 tons of sewage sludge and mixed with coal for energy
plant to contribute approximately 1% of the total calorific value by the plant. The SSB produced
is pyrolysed at 500oC for one hour and generates 2,000 kcal kg–1 of heat calorie, which is
equivalent to one third of that of coal. Aichi Prefecture started a similar project as Tokyo in
2012, and uses 2,700 tons of SSB pyrolysed at 500oC from 33,000 tons of sewage sludge every
year to generate 4.6 million kWh of energy, which is capable of providing electricity equivalent
to annual usages of typical 1,270 households in the area.

Sewage sludge biochar can be also used for supplemental or alternative fertilizer material for crop
production. Different feedstock properties and pyrolysis temperatures, however, yield SSB with
different physicochemical properties, thus exhibit different degrees of effect when SSB is applied
to soil as soil amendments or fertilizers for improving crop production or soil properties (Chan &
Xu, 2009). An SSB produced at 800oC in Japan contained moderate amounts of macronutrients for
crop production, among which P was relatively high (78.9 g P kg–1), and relatively high amounts
of heavy metals (1,100 mg Cu kg–1, 1,630 mg Zn kg–1, 4 mg Cd kg–1, 126 mg Ni kg–1) which were
within the limits legislated in Japan (Kawano et al., 2012). Effects of SSB application to soils up to
40% by weight on the growth of Begonia (Begonia semperflorens) differed depending on the soil
type and were more positively pronounced in soils more infertile such as sand-dune and yellow
soils. A wastewater sludge biochar pyrolysed at 550oC in Australia was applied at a rate of 10 t ha–1

and improved the production of cherry tomatoes (Lycopersicon esculentum) by 64% above the
control without SSB application (Hossain et al., 2010). Some heavy metals such as Cd, Cu, and Zn
were taken up more by the plant with SSB application (0.04, 6.2, and 22 mg kg–1, respectively)
compared with the control, however the plant uptake of all 16 metals and trace elements meas‐
ured in the SSB itself were below the Australian maximum permitted concentrations for food
products. As SSB pyrolysis temperature increased from 300oC to 700oC, while biochar yield, fixed
C, volatile matter, total N, and inorganic N contents decreased, pH values, ash, total P, available
(Colwell) P, Ca, Mg, Fe, S, Zn, Cd contents increased (Hossain et al., 2011). The total concentra‐
tion of heavy metals such as Cd, Cr, Ni, and Pb tends to be enriched in the SSB, but the bioavaila‐
bility (e.g., DTPA-extractable) of many of these trace elements appears to be reduced during
pyrolysis process, compared with those in the raw feedstock (Hossain et al., 2011; Méndez et al.,
2012). The variability of the micronutrient concentrations in biochar is due to its volatility and
pyrolysis temperature effects on both composition and chemical structure of the biochar (Chan
and Xu, 2009).

Agronomic effects of SSB application to soils, therefore, widely vary depending on physicochem‐
ical properties of the sewage sludge, pyrolysis temperature, and soil properties, which need to be
further clarified including the heavy metal dynamics in order for the SSB application to be broadly
accepted in agricultural and horticultural practices. Therefore, objectives of this study were to 1)
investigate the leachability of heavy metals, particularly Cu, Zn, and Cd from SSB as applied to
soil with varying rates, and 2) evaluate the effect of SSB application to soil on plants’ growth and
absorption of the heavy metals, using SSB produced at two different pyrolysis temperatures.
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2. Materials and methods

2.1. Soil and biochar

A soil used in this study was a forest Andisol collected from a mulberry plantation forest in
Hachioji, Tokyo, Japan (35.692, 139.316) on Apr. 29, 2011. Surface 15-cm soils were sampled,
dried at 45oC overnight, sieved through 2 mm, and used for physicochemical analyses and a
pot study.

Sewage sludge biochars were produced in commercial plants at high (approximately 800oC;
SSB-H) and low (approximately 300oC; SSB-L) temperatures, crashed by hummer, and sieved
through 2-mm sieve for chemical analyses, and homogenized between 2 and 5 mm in size for
the pot study.

2.2. Pot study

A pot study was performed on campus of Soka University, Tokyo, Japan. Japanese mustard
spinach (Brassica rapa) and common bean (Phaseolus vulgaris) were planted in 1.3 L planting
pots in which the soil and SSB were mixed at different rates. Experimental design was a
completely randomized block design with triplicate, two different plants, and four different
application rates for each SSB: 0%, 25%, 50%, and 75% (v/v) for SSB-H, and 0%, 5%, 15%, and
25% (v/v) for SSB-L. Each pot received respective amounts of ammonium nitrate, superphos‐
phate, and potassium chloride before planting based on fertilizer application rates recom‐
mended for the plants by Tokyo Prefecture: 140-52-100 kg N-P-K ha–1 for spinach and 80-39-66
kg N-P-K ha–1 for bean. Each plant was sowed on Sep. 23, 2011, and thinned to 4 spinach
individuals and 2 bean individuals per pot 2 weeks later. The plants were grown outside and
the pots were covered by plastic sheet only when rainfall events occurred. Water was applied
periodically to keep 50% of water holding capacity of the soil-SSB mix. Spinach and bean were
harvested 46 and 66 days after sowing on Nov. 8 and Nov. 28, 2011, respectively. Throughout
the experiment, the daily mean temperature fluctuated between 16oC and 22oC, and the daily
rainfall more than 20 mm occurred 5 times on Oct. 5, 15, 22, Nov, 11, and 19, 2011.

After harvest, the plants were divided into shoot, root, and bean sheath (only for common
bean), and dried at 70oC overnight. The soil and SSB in the pot were separated using 2-mm
sieve, and separately dried at 45oC overnight.

2.3. Soil, biochar, plant analyses

Dry weight (DW) of each part of the plants was determined after drying at 70oC overnight.

The soil, SSBs, and plant tissues after the pot study were ground to pass through 150 μm in
size and digested for total elemental analyses for heavy metals. Two grams of the soil sample
was heated to 180oC with 30 mL of concentrated nitric acid in a beaker with a glass watch on
a hotplate until it turned like a syrup. Then, 30 mL of a perchloric acid-nitric acid mixture (1:4)
was added and heated for further 10 min. After cooling, 25 mL of hydrochloric acid (1:5) was
added and heated to 130oC for 1 hr. After cooling, the content was quantitatively transferred
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accepted in agricultural and horticultural practices. Therefore, objectives of this study were to 1)
investigate the leachability of heavy metals, particularly Cu, Zn, and Cd from SSB as applied to
soil with varying rates, and 2) evaluate the effect of SSB application to soil on plants’ growth and
absorption of the heavy metals, using SSB produced at two different pyrolysis temperatures.
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2. Materials and methods

2.1. Soil and biochar

A soil used in this study was a forest Andisol collected from a mulberry plantation forest in
Hachioji, Tokyo, Japan (35.692, 139.316) on Apr. 29, 2011. Surface 15-cm soils were sampled,
dried at 45oC overnight, sieved through 2 mm, and used for physicochemical analyses and a
pot study.

Sewage sludge biochars were produced in commercial plants at high (approximately 800oC;
SSB-H) and low (approximately 300oC; SSB-L) temperatures, crashed by hummer, and sieved
through 2-mm sieve for chemical analyses, and homogenized between 2 and 5 mm in size for
the pot study.

2.2. Pot study

A pot study was performed on campus of Soka University, Tokyo, Japan. Japanese mustard
spinach (Brassica rapa) and common bean (Phaseolus vulgaris) were planted in 1.3 L planting
pots in which the soil and SSB were mixed at different rates. Experimental design was a
completely randomized block design with triplicate, two different plants, and four different
application rates for each SSB: 0%, 25%, 50%, and 75% (v/v) for SSB-H, and 0%, 5%, 15%, and
25% (v/v) for SSB-L. Each pot received respective amounts of ammonium nitrate, superphos‐
phate, and potassium chloride before planting based on fertilizer application rates recom‐
mended for the plants by Tokyo Prefecture: 140-52-100 kg N-P-K ha–1 for spinach and 80-39-66
kg N-P-K ha–1 for bean. Each plant was sowed on Sep. 23, 2011, and thinned to 4 spinach
individuals and 2 bean individuals per pot 2 weeks later. The plants were grown outside and
the pots were covered by plastic sheet only when rainfall events occurred. Water was applied
periodically to keep 50% of water holding capacity of the soil-SSB mix. Spinach and bean were
harvested 46 and 66 days after sowing on Nov. 8 and Nov. 28, 2011, respectively. Throughout
the experiment, the daily mean temperature fluctuated between 16oC and 22oC, and the daily
rainfall more than 20 mm occurred 5 times on Oct. 5, 15, 22, Nov, 11, and 19, 2011.

After harvest, the plants were divided into shoot, root, and bean sheath (only for common
bean), and dried at 70oC overnight. The soil and SSB in the pot were separated using 2-mm
sieve, and separately dried at 45oC overnight.

2.3. Soil, biochar, plant analyses

Dry weight (DW) of each part of the plants was determined after drying at 70oC overnight.

The soil, SSBs, and plant tissues after the pot study were ground to pass through 150 μm in
size and digested for total elemental analyses for heavy metals. Two grams of the soil sample
was heated to 180oC with 30 mL of concentrated nitric acid in a beaker with a glass watch on
a hotplate until it turned like a syrup. Then, 30 mL of a perchloric acid-nitric acid mixture (1:4)
was added and heated for further 10 min. After cooling, 25 mL of hydrochloric acid (1:5) was
added and heated to 130oC for 1 hr. After cooling, the content was quantitatively transferred
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to a 100 mL flask and filtered through a Whatman No 1 paper (Committee for Analytical
Methods for Soil Environment, 1997). Two grams of the SSB sample in crucible was ashed in
an electric furnace at 550oC for 8 hr, and the ash was transferred to a beaker with 5 mL of
concentrated nitric acid and heated to 120oC on a hotplate for 3 hr. After cooling, 25 mL of
hydrochloric acid (1:5) was added and heated at 120oC for further 60 min. After cooling, the
content was quantitatively transferred to a 25 mL flask and filtered through a Whatman No 1
paper (Japan Soil Association, 2010). One gram of each of the shoot, root, and sheath plant
samples was heated to 140oC with 10 mL of concentrated nitric acid in a beaker with a glass
watch on a hotplate until the content is reduced to approximately 1 mL. After cooling, the
content was quantitatively transferred to 25 mL flask using 1% nitric acid, and filtered through
a Whatman No 1 paper (Committee for Experimental Methods for Plant Nutrition, 1990).

The heavy metals extractable by 0.1 M HCl are used as an indicator for environmental pollution
in soils. Various chemical extractants are used for single extraction evaluation of heavy metals
and may broadly be divided into 3 main classes: (i) weak replacement of ion salts (MgCl2,
CaCl2, NH4CO3), (ii) dilute solutions of either weak acid (acetic acid) or strong acids (HCl,
HNO3), and (iii) chelating agents (DTPA, EDPA) (Kashem et al. 2007). The unbuffered ion salt
solutions are simple procedure to extract bioavailable metals, while a use of 0.1 M HCl solution
may reflect bioavailability of metals (CSTPA, 1980). Dried 7.0 g of soil samples (< 2 mm) was
weighed to a 50 mL centrifuge tube and 35 mL of 0.1 M HCl was added. The tube was shaken
horizontally for 1 hr at 160 stroke min–1, centrifuged at 5,000 rpm, and the supernatant was
filtered through a Whatman No 1 paper (Committee for Analytical Methods for Soil Environ‐
ment, 1997).

Prior to analytical determination, all filtrates were further filtered through a 0.45 μm mem‐
brane. Total and extractable concentrations of Cu, Zn, and Cd in the soil, SSBs, and plant
samples were determined using ICP (ICPS-7000 ver. 2.1, Shimazu).

2.4. Statistical analyses

Significant differences of the total and extractable concentrations of Cu, Zn, and Cd in the soil,
SSBs, and plant samples among different SSB application rates for each SSB type and each
plant were tested by ANOVA using STATISTICA 6.1 (StatSoft Inc., Tulsa, Okalahoma, USA).
Unless otherwise stated, the differences were significant at p ≤ 0.05 level.

3. Results

3.1. Soil and biochar properties

The Andisol used in this study had an almost neutral pH (H2O) of 7.1 and relatively average
TC and TN concentrations (Table 1). The total heavy metal concentrations in the soil were
25 mg Cu kg–1, 43 mg Zn kg–1, and 4.9 mg Cd kg–1. The SSB used in this study had slightly
acidic pH levels of 6.6 (SSB-H) and 5.6 (SSB-L). The total Cd concentrations were similar for
both SSB types ranging 1.4–1.5 mg kg–1, while the total Cu and Zn concentrations in the
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SSB-H were 5 and 1.7 times greater than those in the SSB-L, respectively. The dilute acid
(0.1 M HCl)-extractable heavy metals varied among elements and SSB types; Cu concentra‐
tion in SSB-H was 34 times greater than that in SSB-L, while Cd in SSB-H was 5 times less
than that in SSB-L.

pH†
Total

C

Total

N

Total

Cu

Total

Zn

Total

Cd

HCl

Cu‡

HCl

Zn‡

HCl

Cd‡

g kg–1 mg kg–1

Andisol 7.1 45.1 2.8 25 43 4.9 0.23 2.06 0.024

SSB-H§ 6.6 532.2 34.1 346 455 1.4 19.2 14.1 0.022

SSB-L§ 5.6 528.4 54.8 69 273 1.5 0.56 27.3 0.12

† 1:2.5 soil:solution with H2O and 1:100 SSB:solution with hot H2O

‡ 0.1 M HCl-extractable

§ SSB pyrolysed at high temperature (800oC; SSB-H) and low temperature (300oC; SSB-L)

Table 1. Basic properties of the soil (Andisol) and sewage sludge biochar (SSB) used in this study.

3.2 Dry weight of the plants

Seeds of both plants with all treatments germinated 100% except for those of the bean with
SSB-L 25% treatment being 66% of the germination rate.

The average DW of individual spinach shoot showed a significant decrease with increasing
application rates of both SSB-H and SSB-L, respectively (Fig. 1a). The highest DW was 1.1 and
1.4 g with SSB-H 0% and SSB-L 5% treatment, respectively. The average DW of the bean shoot
did not show significant differences among the SSB-H treatment, but a significant increase
with SSB-L 5% and 15% compared with that of control.

The average DW of the spinach root showed a significant decrease with increasing application
rate of SSB-H, but not among the SSB-L treatment except for SSB-L 25% showing the lowest
DW among the treatment (Fig. 1b). The average DW of the bean root showed a significant
decrease with the increasing SSB-H application rate, and a significant increase only with SSB-
L 15% among the SSB-L treatment.

The average DW of the bean sheath was not significantly affected by the SSB application,
ranging from 0.04 and 0.18 g among the SSB-H treatment, and 0.04 g for SSB-L 5% rate (the
bean did not bear the sheath with SSB-L 15% and 25% rates; Table 2).
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to a 100 mL flask and filtered through a Whatman No 1 paper (Committee for Analytical
Methods for Soil Environment, 1997). Two grams of the SSB sample in crucible was ashed in
an electric furnace at 550oC for 8 hr, and the ash was transferred to a beaker with 5 mL of
concentrated nitric acid and heated to 120oC on a hotplate for 3 hr. After cooling, 25 mL of
hydrochloric acid (1:5) was added and heated at 120oC for further 60 min. After cooling, the
content was quantitatively transferred to a 25 mL flask and filtered through a Whatman No 1
paper (Japan Soil Association, 2010). One gram of each of the shoot, root, and sheath plant
samples was heated to 140oC with 10 mL of concentrated nitric acid in a beaker with a glass
watch on a hotplate until the content is reduced to approximately 1 mL. After cooling, the
content was quantitatively transferred to 25 mL flask using 1% nitric acid, and filtered through
a Whatman No 1 paper (Committee for Experimental Methods for Plant Nutrition, 1990).

The heavy metals extractable by 0.1 M HCl are used as an indicator for environmental pollution
in soils. Various chemical extractants are used for single extraction evaluation of heavy metals
and may broadly be divided into 3 main classes: (i) weak replacement of ion salts (MgCl2,
CaCl2, NH4CO3), (ii) dilute solutions of either weak acid (acetic acid) or strong acids (HCl,
HNO3), and (iii) chelating agents (DTPA, EDPA) (Kashem et al. 2007). The unbuffered ion salt
solutions are simple procedure to extract bioavailable metals, while a use of 0.1 M HCl solution
may reflect bioavailability of metals (CSTPA, 1980). Dried 7.0 g of soil samples (< 2 mm) was
weighed to a 50 mL centrifuge tube and 35 mL of 0.1 M HCl was added. The tube was shaken
horizontally for 1 hr at 160 stroke min–1, centrifuged at 5,000 rpm, and the supernatant was
filtered through a Whatman No 1 paper (Committee for Analytical Methods for Soil Environ‐
ment, 1997).

Prior to analytical determination, all filtrates were further filtered through a 0.45 μm mem‐
brane. Total and extractable concentrations of Cu, Zn, and Cd in the soil, SSBs, and plant
samples were determined using ICP (ICPS-7000 ver. 2.1, Shimazu).

2.4. Statistical analyses

Significant differences of the total and extractable concentrations of Cu, Zn, and Cd in the soil,
SSBs, and plant samples among different SSB application rates for each SSB type and each
plant were tested by ANOVA using STATISTICA 6.1 (StatSoft Inc., Tulsa, Okalahoma, USA).
Unless otherwise stated, the differences were significant at p ≤ 0.05 level.

3. Results

3.1. Soil and biochar properties

The Andisol used in this study had an almost neutral pH (H2O) of 7.1 and relatively average
TC and TN concentrations (Table 1). The total heavy metal concentrations in the soil were
25 mg Cu kg–1, 43 mg Zn kg–1, and 4.9 mg Cd kg–1. The SSB used in this study had slightly
acidic pH levels of 6.6 (SSB-H) and 5.6 (SSB-L). The total Cd concentrations were similar for
both SSB types ranging 1.4–1.5 mg kg–1, while the total Cu and Zn concentrations in the
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SSB-H were 5 and 1.7 times greater than those in the SSB-L, respectively. The dilute acid
(0.1 M HCl)-extractable heavy metals varied among elements and SSB types; Cu concentra‐
tion in SSB-H was 34 times greater than that in SSB-L, while Cd in SSB-H was 5 times less
than that in SSB-L.

pH†
Total

C

Total

N

Total

Cu

Total

Zn

Total

Cd

HCl

Cu‡

HCl

Zn‡

HCl

Cd‡

g kg–1 mg kg–1

Andisol 7.1 45.1 2.8 25 43 4.9 0.23 2.06 0.024

SSB-H§ 6.6 532.2 34.1 346 455 1.4 19.2 14.1 0.022

SSB-L§ 5.6 528.4 54.8 69 273 1.5 0.56 27.3 0.12

† 1:2.5 soil:solution with H2O and 1:100 SSB:solution with hot H2O

‡ 0.1 M HCl-extractable

§ SSB pyrolysed at high temperature (800oC; SSB-H) and low temperature (300oC; SSB-L)

Table 1. Basic properties of the soil (Andisol) and sewage sludge biochar (SSB) used in this study.

3.2 Dry weight of the plants

Seeds of both plants with all treatments germinated 100% except for those of the bean with
SSB-L 25% treatment being 66% of the germination rate.

The average DW of individual spinach shoot showed a significant decrease with increasing
application rates of both SSB-H and SSB-L, respectively (Fig. 1a). The highest DW was 1.1 and
1.4 g with SSB-H 0% and SSB-L 5% treatment, respectively. The average DW of the bean shoot
did not show significant differences among the SSB-H treatment, but a significant increase
with SSB-L 5% and 15% compared with that of control.

The average DW of the spinach root showed a significant decrease with increasing application
rate of SSB-H, but not among the SSB-L treatment except for SSB-L 25% showing the lowest
DW among the treatment (Fig. 1b). The average DW of the bean root showed a significant
decrease with the increasing SSB-H application rate, and a significant increase only with SSB-
L 15% among the SSB-L treatment.

The average DW of the bean sheath was not significantly affected by the SSB application,
ranging from 0.04 and 0.18 g among the SSB-H treatment, and 0.04 g for SSB-L 5% rate (the
bean did not bear the sheath with SSB-L 15% and 25% rates; Table 2).
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only with SSB-L 15% among the SSB-L treatment. 
The average DW of the bean sheath was not significantly affected by the SSB application, 
ranging from 0.04 and 0.18 g among the SSB-H treatment, and 0.04 g for SSB-L 5% rate (the 
bean did not bear the sheath with SSB-L 15% and 25% rates; Table 2). 
 
 DW Cu Zn Cd  DW Cu Zn Cd 
 g ––––– mg kg-1 –––––  g ––––– mg kg-1 ––––– 
SSB-H 0 0.07ab 5.37a 3.04a 0.58a SSB-L 0 0.07A 5.37A 3.04A 0.58A 
SSB-H 25 0.17ab 1.99a 2.62a 0.28b SSB-L 5 0.04A 10.75A 5.00A 1.46A 
SSB-H 50 0.18a 1.87a 3.36a 0.26b SSB-L 15 na na na na 
SSB-H 75 0.04b 5.77a 3.43a 0.73a SSB-L 25 na na na na 
Table 2. Dry weight (DW), Cu, Zn, and Cd concentrations in the common bean sheath with 
different application rates of sewage sludge biochar at high (SSB-H) and low (SSB-L) 
temperatures. Different letters denote significant differences by Fisher test (p<0.05) among 
different application rates for each SSB and plant, respectively. na denotes non-applicable. 

 
3.3 Total heavy metal concentrations in the plants 
Copper concentrations in the spinach shoot significantly increased with both SSB treatments 
over the control, respectively, while, although not significantly different, those in the bean 
shoot were lower with both SSB treatments compared with the control, respectively (Fig. 
2a). Zinc concentrations in the spinach shoot significantly increased with both SSB 
treatments over the control, respectively, except for SSB-L 5% rate (Fig. 2b). On the other 
hand, Zn in the bean shoot was not significantly affected by both SSB treatments, except for 
SSB-L 5% being significantly lower than the control. The shoot part of each of both plants 
contained significantly greater Cd concentrations with both SSB treatments over the control, 
respectively (Fig. 2c). 
The concentrations in the plant root were generally greater than those in the shoot for all 
heavy metals investigated regardless of the plant, SSB type and application rate. The Cu 
concentration in the spinach root was greatest with SSB-H 25% rate and SSB-L 15% rate 
among SSB-H and SSB-L treatments, respectively, while Cu in the bean root was greatest 

Fig. 1. Dry weight of (a) shoot and (b) root parts of Japanese mustard spinach and common 
bean with different application rates of sewage sludge biochar at high (SSB-H) and low 
(SSB-L) temperatures. Different letters denote significant differences by Fisher test (p<0.05) 
among different application rates for each plant and SSB, respectively. 
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Figure 1. Dry weight of (a) shoot and (b) root parts of Japanese mustard spinach and common bean with different
application rates of sewage sludge biochar pyrolysed at high (SSB-H) and low (SSB-L) temperatures. Different letters
denote significant differences by Fisher test (p<0.05) among different application rates for each plant and SSB, respec‐
tively.

DW Cu Zn Cd DW Cu Zn Cd

g mg kg-1 g mg kg-1

SSB-H 0 0.07ab 5.37a 3.04a 0.58a SSB-L 0 0.07A 5.37A 3.04A 0.58A

SSB-H 25 0.17ab 1.99a 2.62a 0.28b SSB-L 5 0.04A 10.75A 5.00A 1.46A

SSB-H 50 0.18a 1.87a 3.36a 0.26b SSB-L 15 na na na na

SSB-H 75 0.04b 5.77a 3.43a 0.73a SSB-L 25 na na na na

Table 2. Dry weight (DW), Cu, Zn, and Cd concentrations in the common bean sheath with different application rates
of sewage sludge biochar pyrolysed at high (SSB-H) and low (SSB-L) temperatures. Different letters denote significant
differences by Fisher test (p<0.05) among different application rates for each SSB and plant, respectively. na denotes
non-applicable.

3.3. Total heavy metal concentrations in the plants

Copper concentrations in the spinach shoot significantly increased with both SSB treatments over
the control, respectively, while, although not significantly different, those in the bean shoot were
lower with both SSB treatments compared with the control, respectively (Fig. 2a). Zinc concentra‐
tions in the spinach shoot significantly increased with both SSB treatments over the control,
respectively, except for SSB-L 5% rate (Fig. 2b). On the other hand, Zn in the bean shoot was not
significantly affected by both SSB treatments, except for SSB-L 5% being significantly lower than
the control. The shoot part of each of both plants contained significantly greater Cd concentra‐
tions with both SSB treatments over the control, respectively (Fig. 2c).

The concentrations in the plant root were generally greater than those in the shoot for all heavy
metals investigated regardless of the plant, SSB type and application rate. The Cu concentration
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in the spinach root was greatest with SSB-H 25% rate and SSB-L 15% rate among SSB-H and
SSB-L treatments, respectively, while Cu in the bean root was greatest with SSB-H 50% rate
and SSB-L 25%, among each SSB treatment, respectively (Fig. 2d). The Zn concentrations in
the spinach root with SSB-H 25% and 50% rates were significantly greater than that of the
control, and although not significant, those with the SSB-L treatment were greater than that of
the control (Fig. 2e). The bean root absorbed significantly greater Zn with SSB-H 50% and 75%
rates, and not significantly but greater Zn with SSB-L 15% and 25% rates, compared with that
of the control, respectively. Cadmium in the spinach root was significantly higher with SSB-
H 75% rate than those at other rates, but Cd with the SSB-L treatment was lower than that of
the control (Fig. 2f). The Cu in the bean root was significantly lower with SSB-H 75% rate and
higher with SSB-L 0% rate compared to other rates, respectively.

7 

with SSB-H 50% rate and SSB-L 25%, among each SSB treatment, respectively (Fig. 2d). The 
Zn concentrations in the spinach root with SSB-H 25% and 50% rates were significantly 
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Any of Cu, Zn, and Cd in the sheath was not significantly affected by either application of 
SSB-H or SSB-L compared with that of the control, respectively, except for Cd with SSB-H 
25% and 50% rates being significantly higher than that of the control (Table 2). 

 

Fig. 2. Total concentrations of (a) Cu, (b) Zn, and (c) Cd in the shoot and (d) Cu, (e) Zn, and 
(f) Cd in the root of Japanese mustard spinach and common bean with different application 
rates of sewage sludge biochar at high (SSB-H) and low (SSB-L) temperatures. Different 
letters denote significant differences by Fisher test (p<0.05) among different application 
rates for each plant and SSB, respectively. 
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Figure 2. Total concentrations of (a) Cu, (b) Zn, and (c) Cd in the shoot and (d) Cu, (e) Zn, and (f) Cd in the root of
Japanese mustard spinach and common bean with different application rates of sewage sludge biochar pyrolysed at
high (SSB-H) and low (SSB-L) temperatures. Different letters denote significant differences by Fisher test (p<0.05)
among different application rates for each plant and SSB, respectively.

Any of Cu, Zn, and Cd in the sheath was not significantly affected by either application of SSB-
H or SSB-L compared with that of the control, respectively, except for Cd with SSB-H 25% and
50% rates being significantly higher than that of the control (Table 2).
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only with SSB-L 15% among the SSB-L treatment. 
The average DW of the bean sheath was not significantly affected by the SSB application, 
ranging from 0.04 and 0.18 g among the SSB-H treatment, and 0.04 g for SSB-L 5% rate (the 
bean did not bear the sheath with SSB-L 15% and 25% rates; Table 2). 
 
 DW Cu Zn Cd  DW Cu Zn Cd 
 g ––––– mg kg-1 –––––  g ––––– mg kg-1 ––––– 
SSB-H 0 0.07ab 5.37a 3.04a 0.58a SSB-L 0 0.07A 5.37A 3.04A 0.58A 
SSB-H 25 0.17ab 1.99a 2.62a 0.28b SSB-L 5 0.04A 10.75A 5.00A 1.46A 
SSB-H 50 0.18a 1.87a 3.36a 0.26b SSB-L 15 na na na na 
SSB-H 75 0.04b 5.77a 3.43a 0.73a SSB-L 25 na na na na 
Table 2. Dry weight (DW), Cu, Zn, and Cd concentrations in the common bean sheath with 
different application rates of sewage sludge biochar at high (SSB-H) and low (SSB-L) 
temperatures. Different letters denote significant differences by Fisher test (p<0.05) among 
different application rates for each SSB and plant, respectively. na denotes non-applicable. 
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bean with different application rates of sewage sludge biochar at high (SSB-H) and low 
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among different application rates for each plant and SSB, respectively. 
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Figure 1. Dry weight of (a) shoot and (b) root parts of Japanese mustard spinach and common bean with different
application rates of sewage sludge biochar pyrolysed at high (SSB-H) and low (SSB-L) temperatures. Different letters
denote significant differences by Fisher test (p<0.05) among different application rates for each plant and SSB, respec‐
tively.

DW Cu Zn Cd DW Cu Zn Cd

g mg kg-1 g mg kg-1

SSB-H 0 0.07ab 5.37a 3.04a 0.58a SSB-L 0 0.07A 5.37A 3.04A 0.58A

SSB-H 25 0.17ab 1.99a 2.62a 0.28b SSB-L 5 0.04A 10.75A 5.00A 1.46A

SSB-H 50 0.18a 1.87a 3.36a 0.26b SSB-L 15 na na na na

SSB-H 75 0.04b 5.77a 3.43a 0.73a SSB-L 25 na na na na

Table 2. Dry weight (DW), Cu, Zn, and Cd concentrations in the common bean sheath with different application rates
of sewage sludge biochar pyrolysed at high (SSB-H) and low (SSB-L) temperatures. Different letters denote significant
differences by Fisher test (p<0.05) among different application rates for each SSB and plant, respectively. na denotes
non-applicable.

3.3. Total heavy metal concentrations in the plants

Copper concentrations in the spinach shoot significantly increased with both SSB treatments over
the control, respectively, while, although not significantly different, those in the bean shoot were
lower with both SSB treatments compared with the control, respectively (Fig. 2a). Zinc concentra‐
tions in the spinach shoot significantly increased with both SSB treatments over the control,
respectively, except for SSB-L 5% rate (Fig. 2b). On the other hand, Zn in the bean shoot was not
significantly affected by both SSB treatments, except for SSB-L 5% being significantly lower than
the control. The shoot part of each of both plants contained significantly greater Cd concentra‐
tions with both SSB treatments over the control, respectively (Fig. 2c).

The concentrations in the plant root were generally greater than those in the shoot for all heavy
metals investigated regardless of the plant, SSB type and application rate. The Cu concentration
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in the spinach root was greatest with SSB-H 25% rate and SSB-L 15% rate among SSB-H and
SSB-L treatments, respectively, while Cu in the bean root was greatest with SSB-H 50% rate
and SSB-L 25%, among each SSB treatment, respectively (Fig. 2d). The Zn concentrations in
the spinach root with SSB-H 25% and 50% rates were significantly greater than that of the
control, and although not significant, those with the SSB-L treatment were greater than that of
the control (Fig. 2e). The bean root absorbed significantly greater Zn with SSB-H 50% and 75%
rates, and not significantly but greater Zn with SSB-L 15% and 25% rates, compared with that
of the control, respectively. Cadmium in the spinach root was significantly higher with SSB-
H 75% rate than those at other rates, but Cd with the SSB-L treatment was lower than that of
the control (Fig. 2f). The Cu in the bean root was significantly lower with SSB-H 75% rate and
higher with SSB-L 0% rate compared to other rates, respectively.
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with SSB-H 50% rate and SSB-L 25%, among each SSB treatment, respectively (Fig. 2d). The 
Zn concentrations in the spinach root with SSB-H 25% and 50% rates were significantly 
greater than that of the control, and although not significant, those with the SSB-L treatment 
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treatment was lower than that of the control (Fig. 2f). The Cu in the bean root was 
significantly lower with SSB-H 75% rate and higher with SSB-L 0% rate compared to other 
rates, respectively. 
Any of Cu, Zn, and Cd in the sheath was not significantly affected by either application of 
SSB-H or SSB-L compared with that of the control, respectively, except for Cd with SSB-H 
25% and 50% rates being significantly higher than that of the control (Table 2). 
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rates of sewage sludge biochar at high (SSB-H) and low (SSB-L) temperatures. Different 
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rates for each plant and SSB, respectively. 
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Figure 2. Total concentrations of (a) Cu, (b) Zn, and (c) Cd in the shoot and (d) Cu, (e) Zn, and (f) Cd in the root of
Japanese mustard spinach and common bean with different application rates of sewage sludge biochar pyrolysed at
high (SSB-H) and low (SSB-L) temperatures. Different letters denote significant differences by Fisher test (p<0.05)
among different application rates for each plant and SSB, respectively.

Any of Cu, Zn, and Cd in the sheath was not significantly affected by either application of SSB-
H or SSB-L compared with that of the control, respectively, except for Cd with SSB-H 25% and
50% rates being significantly higher than that of the control (Table 2).
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3.4 Total heavy metal concentrations in 
the biochar after the pot study 
The total Cu concentration in the SSB-H 
after the pot study was not significantly 
affected for the spinach but significantly 
increased with SSB-H 75% rate for the 
bean (Fig. 3a). The total Cu concentrations 
in the SSB-L were not significantly 
affected by the application rate for both 
plants. After harvest of the spinach the 
total Zn in the biochar was not affected by 
the application rate for both SSBs, but at 
the bean’s harvest only SSB-H 75% rate 
caused significantly higher total Zn 
among the SSB-H treatment (Fig. 3b). The 
total Cd in the biochar did not 
significantly change among each of the 
SSB rates and plants, respectively, except 
for that with SSB-H 75% rate with the 
spinach being significantly greater than 
other SSB-H rates (Fig. 3c). 
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was significantly increased with SSB-H 25% and 50% rates for the spinach, but not affected 
for the bean (Fig. 4c). The total Cd in the soil with the SSB-L treatment significantly 
increased compared with that of the control for both plants, respectively. 

 
3.6 Acid-extractable heavy metal concentrations in the soil after the pot study 
The dilute acid (0.1 M HCl)-extractable Cu in the soil after the pot study tended to increase 
with increasing SSB-H application rate for both plants, respectively, and those with 75% for 
spinach, and 50% and 75% for bean were significantly greater than those with lower rates, 
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Figure 3. Total concentrations of (a) Cu, (b) Zn, and (c) Cd in the biochar after the pot study with different application
rates of sewage sludge biochar pyrolysed at high (SSB-H) and low (SSB-L) temperatures. Different letters denote signif‐
icant differences by Fisher test (p<0.05) among different application rates for each plant and SSB, respectively.

3.4. Total heavy metal concentrations in the biochar after the pot study

The total Cu concentration in the SSB-H after the pot study was not significantly affected for
the spinach but significantly increased with SSB-H 75% rate for the bean (Fig. 3a). The total Cu
concentrations in the SSB-L were not significantly affected by the application rate for both
plants. After harvest of the spinach the total Zn in the biochar was not affected by the appli‐
cation rate for both SSBs, but at the bean’s harvest only SSB-H 75% rate caused significantly
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higher total Zn among the SSB-H treatment (Fig. 3b). The total Cd in the biochar did not
significantly change among each of the SSB rates and plants, respectively, except for that with
SSB-H 75% rate with the spinach being significantly greater than other SSB-H rates (Fig. 3c).

3.5. Total heavy metal concentrations in the soil after the pot study

The total Cu concentration in the soil after the pot study was significantly increased only with
SSB-H 75% rate among the SSB-H treatment for both plants, respectively, but not affected
among the SSB-L treatment for both plants (Fig. 4a). The total Zn in the soil tended to increase
with the SSB-H application rate and was significantly greater with SSB-H 75% rate compared
with those with other rates (Fig. 4b). The total Zn in the soil was not significantly different
among the SSB-L treatments for both plants. The total Cd in the soil was significantly increased
with SSB-H 25% and 50% rates for the spinach, but not affected for the bean (Fig. 4c). The total
Cd in the soil with the SSB-L treatment significantly increased compared with that of the
control for both plants, respectively.
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HCl-Zn with SSB-H 75% rate for spinach and SSB-H 50% and 75% rates for bean were 
significantly greater than those with other rates, respectively (Fig. 4e). The HCl-Zn with 
SSB-L 15% and 25% were significantly greater than those with other rates for spinach, and 
that with SSB-L 25% rate was significantly greater than those with other rates for bean. The 
HCl-Cd with SSB-H 75% rate was significantly higher than those with other rates for 
spinach, and that with SSB-H 25% rate was significantly lower than those with other rates 
for bean (Fig. 4f). The HCl-Cd with SSB-L 5% was greater compared with those with other 
rates for spinach, but there were no significant differences among the SSB-L treatment for 
bean. 

 
4. Results and Discussion 
 
4.1 Heavy metal concentrations in the soil and biochar 
It appears that the Andisol used in this study contained less but comparable total Cu and Zn, 

Fig. 4. Total concentrations of (a) Cu, (b) Zn, and (c) Cd and dilute acid (0.1M HCl)- 
extractable (d) Cu, (e) Zn, and (f) Cd in the soil after the pot study with different application 
rates of sewage sludge biochar at high (SSB-H) and low (SSB-L) temperatures. Different 
letters denote significant differences by Fisher test (p<0.05) among different application rates 
for each plant and SSB, respectively. 
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Figure 4. Total concentrations of (a) Cu, (b) Zn, and (c) Cd and dilute acid (0.1M HCl)- extractable (d) Cu, (e) Zn, and (f)
Cd in the soil after the pot study with different application rates of sewage sludge biochar pyrolysed at high (SSB-H)
and low (SSB-L) temperatures. Different letters denote significant differences by Fisher test (p<0.05) among different
application rates for each plant and SSB, respectively.

Leachability and Vegetable Absorption of Heavy Metals from Sewage Sludge Biochar
http://dx.doi.org/10.5772/55123

407



8 

3.4 Total heavy metal concentrations in 
the biochar after the pot study 
The total Cu concentration in the SSB-H 
after the pot study was not significantly 
affected for the spinach but significantly 
increased with SSB-H 75% rate for the 
bean (Fig. 3a). The total Cu concentrations 
in the SSB-L were not significantly 
affected by the application rate for both 
plants. After harvest of the spinach the 
total Zn in the biochar was not affected by 
the application rate for both SSBs, but at 
the bean’s harvest only SSB-H 75% rate 
caused significantly higher total Zn 
among the SSB-H treatment (Fig. 3b). The 
total Cd in the biochar did not 
significantly change among each of the 
SSB rates and plants, respectively, except 
for that with SSB-H 75% rate with the 
spinach being significantly greater than 
other SSB-H rates (Fig. 3c). 
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significantly different among the SSB-L treatments for both plants. The total Cd in the soil 
was significantly increased with SSB-H 25% and 50% rates for the spinach, but not affected 
for the bean (Fig. 4c). The total Cd in the soil with the SSB-L treatment significantly 
increased compared with that of the control for both plants, respectively. 
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Figure 3. Total concentrations of (a) Cu, (b) Zn, and (c) Cd in the biochar after the pot study with different application
rates of sewage sludge biochar pyrolysed at high (SSB-H) and low (SSB-L) temperatures. Different letters denote signif‐
icant differences by Fisher test (p<0.05) among different application rates for each plant and SSB, respectively.

3.4. Total heavy metal concentrations in the biochar after the pot study

The total Cu concentration in the SSB-H after the pot study was not significantly affected for
the spinach but significantly increased with SSB-H 75% rate for the bean (Fig. 3a). The total Cu
concentrations in the SSB-L were not significantly affected by the application rate for both
plants. After harvest of the spinach the total Zn in the biochar was not affected by the appli‐
cation rate for both SSBs, but at the bean’s harvest only SSB-H 75% rate caused significantly
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higher total Zn among the SSB-H treatment (Fig. 3b). The total Cd in the biochar did not
significantly change among each of the SSB rates and plants, respectively, except for that with
SSB-H 75% rate with the spinach being significantly greater than other SSB-H rates (Fig. 3c).

3.5. Total heavy metal concentrations in the soil after the pot study

The total Cu concentration in the soil after the pot study was significantly increased only with
SSB-H 75% rate among the SSB-H treatment for both plants, respectively, but not affected
among the SSB-L treatment for both plants (Fig. 4a). The total Zn in the soil tended to increase
with the SSB-H application rate and was significantly greater with SSB-H 75% rate compared
with those with other rates (Fig. 4b). The total Zn in the soil was not significantly different
among the SSB-L treatments for both plants. The total Cd in the soil was significantly increased
with SSB-H 25% and 50% rates for the spinach, but not affected for the bean (Fig. 4c). The total
Cd in the soil with the SSB-L treatment significantly increased compared with that of the
control for both plants, respectively.
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HCl-Zn with SSB-H 75% rate for spinach and SSB-H 50% and 75% rates for bean were 
significantly greater than those with other rates, respectively (Fig. 4e). The HCl-Zn with 
SSB-L 15% and 25% were significantly greater than those with other rates for spinach, and 
that with SSB-L 25% rate was significantly greater than those with other rates for bean. The 
HCl-Cd with SSB-H 75% rate was significantly higher than those with other rates for 
spinach, and that with SSB-H 25% rate was significantly lower than those with other rates 
for bean (Fig. 4f). The HCl-Cd with SSB-L 5% was greater compared with those with other 
rates for spinach, but there were no significant differences among the SSB-L treatment for 
bean. 

 
4. Results and Discussion 
 
4.1 Heavy metal concentrations in the soil and biochar 
It appears that the Andisol used in this study contained less but comparable total Cu and Zn, 
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Figure 4. Total concentrations of (a) Cu, (b) Zn, and (c) Cd and dilute acid (0.1M HCl)- extractable (d) Cu, (e) Zn, and (f)
Cd in the soil after the pot study with different application rates of sewage sludge biochar pyrolysed at high (SSB-H)
and low (SSB-L) temperatures. Different letters denote significant differences by Fisher test (p<0.05) among different
application rates for each plant and SSB, respectively.
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3.6. Acid-extractable heavy metal concentrations in the soil after the pot study

The dilute acid (0.1 M HCl)-extractable Cu in the soil after the pot study tended to increase
with increasing SSB-H application rate for both plants, respectively, and those with 75% for
spinach, and 50% and 75% for bean were significantly greater than those with lower rates,
respectively (Fig. 4d). The HCl-Cu with SSB-L 25% for spinach and SSB-L 15% for bean was
significantly lower and higher, respectively, than those with other rates. Similarly, the HCl-
Zn with SSB-H 75% rate for spinach and SSB-H 50% and 75% rates for bean were significantly
greater than those with other rates, respectively (Fig. 4e). The HCl-Zn with SSB-L 15% and 25%
were significantly greater than those with other rates for spinach, and that with SSB-L 25% rate
was significantly greater than those with other rates for bean. The HCl-Cd with SSB-H 75%
rate was significantly higher than those with other rates for spinach, and that with SSB-H 25%
rate was significantly lower than those with other rates for bean (Fig. 4f). The HCl-Cd with
SSB-L 5% was greater compared with those with other rates for spinach, but there were no
significant differences among the SSB-L treatment for bean.

4. Results and discussion

4.1. Heavy metal concentrations in the soil and biochar

It appears that the Andisol used in this study contained less but comparable total Cu and Zn,
and greater total Cd concentrations compared with the concentration range in similar soils of
Japan. The concentrations of Andisols sampled in surrounded subareas of Tokyo ranged from
97 and 140 with the average of 118 mg Cu kg–1, from 121 and 175 with the average of 143 mg
Zn kg–1, and from 0.37 and 0.55 with the average of 0.44 mg Cd kg–1 (Terashima et al., 2004).
Some heavy metals including Cu, Zn, and Cd have tendency of being retained thus accumu‐
lated in soils given being relatively immobile after weathering in the soil (Terashima et al.,
2004). High concentrations of some heavy metals including Cd, Hg, Pb, and Sb were observed
because of possible artificial interventions especially in suburb areas of Tokyo (Terashima et
al., 2007). In fact, the area where the Andisol used in this study was sampled was a former
forest converted to a plantation area for mulberry (Morus alba L.) tree. The conversion and
maintenance processes of the plantation could have involved some artificial interferences that
might involve Cd deposition to the area.

Many properties including heavy metal concentrations in SSB widely vary primarily depend‐
ing on those contained in the feedstock (Chan & Xu, 2009). An SSB pyrolysed at 800oC from
sewage sludge in Kyoto, Japan contained 1,100 mg Cu kg–1, 1,630 mg Zn kg–1, 4 mg Cd kg–1

(Kawano et al., 2012), while one pyrolysed at 500oC using sewage sludge in Madrid, Spain
contained 222 mg Cu kg–1, 1,250 mg Zn kg–1, 1.79 mg Cd kg–1 (Paz-Ferreiro et al., 2012). It seems
that both SSB used in this study fall in the low end of concentration ranges for Cu, Zn, and Cd
in the SSB found in the literature. Particularly, Zn concentrations in both SSBs were excep‐
tionally lower than those in the literature. The heavy metal concentration in the SSB appears
to accumulate as the pyrolysis temperature increases (Hossain et al., 2011), to which the SSB
used in this study followed a similar pattern.
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4.2. Effect of biochar on plant growth

The DW of spinach shoot and root and bean root significantly decreased with increasing rates
of SSB-H due mainly to a lack of soil volume in the pot. In fact, chlorosis due to N deficiency
was observed with the SSB-H treatment and more pronounced on leaves of both plants with
higher SSB-H rates. Although the plant was fertilized, it appeared that the lack of soil volume
in the pot with high SSB-H rates limited plant root growth thus the plant growth. In addition,
although the concentration was not measured in soil or plants, both plants with the SSB-L
treatment showed a leave curvature due possibly to excess uptake of boron. When SSB-L was
applied, however, the shoot of both plants grew more than that of the control and their DW
peaked at 5% rate for spinach and 15% for bean. A similar trend was observed when a begonia
(Begonia semperflorens) was grown on an Andisol mixed with SSB pyrolysed at 800oC resulting
in the DW peak with 25% rate (v/v) (Kawano et al., 2012). In Kawano’s study, the effect of SSB
application on the plant growth was most pronounced on a most infertile sandy Entisol (Typic
Udipsamments) among tested soils with the highest SSB application. It appears that the
positive effect of SSB application to soil on the plant may be more prominent in soils which
are less favorable for plant growth (Kawano et al., 2012). On the other hand, when an SSB
pyrolysed at 700oC was applied to a volcanic ash soil from Kanto area, Japan with 0% (control),
30%, 50%, and 100% (v/v) application rates to grow common bean, the DW at harvest with
each treatment was in the order of control<100%<30%<50% (2.2, 3.6, 4.0 times of control,
respectively), and rhizobia with all SSB treatments developed more than that with control
(Teranuma & Mori, 2002). It appears that the optimum application rates of SSB for maximum
plant growth widely depend on varying properties of soil, SSB, and plant, on which requires
further investigations.

4.3. Plant absorption of heavy metal

Some heavy metals such as Zn, Cu, and Ni are important for proper functioning of biological
systems and deficiency or excess can lead to a number of disorders (Ward, 1995), while others
such as Cd are dangerous pollutant due to their high toxicity to plants and inhibit growth at
high absorption (Liu et al., 2006). The range of heavy metal concentrations absorbed in both
shoot and root of the plants was in the order of Cd<Cu<Zn, respectively, in this study. The
same order of the concentration range of heavy metals was observed in various vegetable crops
including similar plants used in this study as spinach (Amaranthus caudatus), lettuce (Lactuca
sative), and peas (Pisum sativum L.) (Uwah et al, 2011; Singh et al., 2012). The concentrations of
Cu, Zn, and Cd in healthy plants can range 4–15, 25–125, and 0.2–0.8 mg kg–1, respectively
(National Institute for Agro-Environmental Sciences, 1977). The total Cu and Zn concentrations
in the shoot of both plants in this study may have fallen in safe concentration ranges, respec‐
tively, whereas the total Cd may have been in excess absorption range which may have caused
inhibition of the plant growth. In fact, the DW of the shoot of the plants showed inverse
relationships with the total concentrations of the heavy metals absorbed in the plants’ shoot,
except for the bean DW under the SSB-L treatment with the total Cd (Table 3). The inhibitive
effect of heavy metal absorption on the plant growth, judged by the slope of the correlation
equation, was in the order of Zn<Cu<Cd for both plants and both SSB types, respectively.
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3.6. Acid-extractable heavy metal concentrations in the soil after the pot study
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respectively (Fig. 4d). The HCl-Cu with SSB-L 25% for spinach and SSB-L 15% for bean was
significantly lower and higher, respectively, than those with other rates. Similarly, the HCl-
Zn with SSB-H 75% rate for spinach and SSB-H 50% and 75% rates for bean were significantly
greater than those with other rates, respectively (Fig. 4e). The HCl-Zn with SSB-L 15% and 25%
were significantly greater than those with other rates for spinach, and that with SSB-L 25% rate
was significantly greater than those with other rates for bean. The HCl-Cd with SSB-H 75%
rate was significantly higher than those with other rates for spinach, and that with SSB-H 25%
rate was significantly lower than those with other rates for bean (Fig. 4f). The HCl-Cd with
SSB-L 5% was greater compared with those with other rates for spinach, but there were no
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Some heavy metals including Cu, Zn, and Cd have tendency of being retained thus accumu‐
lated in soils given being relatively immobile after weathering in the soil (Terashima et al.,
2004). High concentrations of some heavy metals including Cd, Hg, Pb, and Sb were observed
because of possible artificial interventions especially in suburb areas of Tokyo (Terashima et
al., 2007). In fact, the area where the Andisol used in this study was sampled was a former
forest converted to a plantation area for mulberry (Morus alba L.) tree. The conversion and
maintenance processes of the plantation could have involved some artificial interferences that
might involve Cd deposition to the area.

Many properties including heavy metal concentrations in SSB widely vary primarily depend‐
ing on those contained in the feedstock (Chan & Xu, 2009). An SSB pyrolysed at 800oC from
sewage sludge in Kyoto, Japan contained 1,100 mg Cu kg–1, 1,630 mg Zn kg–1, 4 mg Cd kg–1

(Kawano et al., 2012), while one pyrolysed at 500oC using sewage sludge in Madrid, Spain
contained 222 mg Cu kg–1, 1,250 mg Zn kg–1, 1.79 mg Cd kg–1 (Paz-Ferreiro et al., 2012). It seems
that both SSB used in this study fall in the low end of concentration ranges for Cu, Zn, and Cd
in the SSB found in the literature. Particularly, Zn concentrations in both SSBs were excep‐
tionally lower than those in the literature. The heavy metal concentration in the SSB appears
to accumulate as the pyrolysis temperature increases (Hossain et al., 2011), to which the SSB
used in this study followed a similar pattern.
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The DW of spinach shoot and root and bean root significantly decreased with increasing rates
of SSB-H due mainly to a lack of soil volume in the pot. In fact, chlorosis due to N deficiency
was observed with the SSB-H treatment and more pronounced on leaves of both plants with
higher SSB-H rates. Although the plant was fertilized, it appeared that the lack of soil volume
in the pot with high SSB-H rates limited plant root growth thus the plant growth. In addition,
although the concentration was not measured in soil or plants, both plants with the SSB-L
treatment showed a leave curvature due possibly to excess uptake of boron. When SSB-L was
applied, however, the shoot of both plants grew more than that of the control and their DW
peaked at 5% rate for spinach and 15% for bean. A similar trend was observed when a begonia
(Begonia semperflorens) was grown on an Andisol mixed with SSB pyrolysed at 800oC resulting
in the DW peak with 25% rate (v/v) (Kawano et al., 2012). In Kawano’s study, the effect of SSB
application on the plant growth was most pronounced on a most infertile sandy Entisol (Typic
Udipsamments) among tested soils with the highest SSB application. It appears that the
positive effect of SSB application to soil on the plant may be more prominent in soils which
are less favorable for plant growth (Kawano et al., 2012). On the other hand, when an SSB
pyrolysed at 700oC was applied to a volcanic ash soil from Kanto area, Japan with 0% (control),
30%, 50%, and 100% (v/v) application rates to grow common bean, the DW at harvest with
each treatment was in the order of control<100%<30%<50% (2.2, 3.6, 4.0 times of control,
respectively), and rhizobia with all SSB treatments developed more than that with control
(Teranuma & Mori, 2002). It appears that the optimum application rates of SSB for maximum
plant growth widely depend on varying properties of soil, SSB, and plant, on which requires
further investigations.

4.3. Plant absorption of heavy metal

Some heavy metals such as Zn, Cu, and Ni are important for proper functioning of biological
systems and deficiency or excess can lead to a number of disorders (Ward, 1995), while others
such as Cd are dangerous pollutant due to their high toxicity to plants and inhibit growth at
high absorption (Liu et al., 2006). The range of heavy metal concentrations absorbed in both
shoot and root of the plants was in the order of Cd<Cu<Zn, respectively, in this study. The
same order of the concentration range of heavy metals was observed in various vegetable crops
including similar plants used in this study as spinach (Amaranthus caudatus), lettuce (Lactuca
sative), and peas (Pisum sativum L.) (Uwah et al, 2011; Singh et al., 2012). The concentrations of
Cu, Zn, and Cd in healthy plants can range 4–15, 25–125, and 0.2–0.8 mg kg–1, respectively
(National Institute for Agro-Environmental Sciences, 1977). The total Cu and Zn concentrations
in the shoot of both plants in this study may have fallen in safe concentration ranges, respec‐
tively, whereas the total Cd may have been in excess absorption range which may have caused
inhibition of the plant growth. In fact, the DW of the shoot of the plants showed inverse
relationships with the total concentrations of the heavy metals absorbed in the plants’ shoot,
except for the bean DW under the SSB-L treatment with the total Cd (Table 3). The inhibitive
effect of heavy metal absorption on the plant growth, judged by the slope of the correlation
equation, was in the order of Zn<Cu<Cd for both plants and both SSB types, respectively.
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Particularly, the correlation coefficient was highest for Cd among the heavy metals with the
SSB-H treatment for the spinach (0.719). A similar trend was observed when heavy metals’
effectiveness in producing oxidative damage on spinach, assessed by the manifestation of
external visual toxicity effects, was in the order of Zn<Cu<Cd (Pandey et al., 2009). Interest‐
ingly, however, the bean shoot showed Cd tolerance to some degree with the SSB-L treatment
in this study (its correlation coefficient was positive).

Plant/SSB Equations Coefficients

Spinach/SSB-H (DW) = –0.00097*(Cu) + 0.0048 0.651

(DW) = –0.00015*(Zn) + 0.0074 0.345

(DW) = –0.00443*(Cd) + 0.0066 0.719

Spinach/SSB-L (DW) = –0.00076*(Cu) + 0.0052 0.281

(DW) = –0.00008*(Zn) + 0.0070 0.422

(DW) = –0.00129*(Cd) + 0.0051 0.121

Bean/SSB-H (DW) = –0.00008*(Cu) + 0.0019 0.007

(DW) = –0.00001*(Zn) + 0.0021 0.038

(DW) = –0.00022*(Cd) + 0.0020 0.044

Bean/SSB-L (DW) = –0.00053*(Cu) + 0.0041 0.082

(DW) = –0.00006*(Zn) + 0.0054 0.219

(DW) = 0.00151*(Cd) + 0.0010 0.537

Table 3. Correlation equations and coefficients between the dry weight (DW) and total concentrations of Cu, Zn, and
Cd absorbed in the shoot of the plants.

Overall concentrations of Cu, Zn, and Cd in the root were greater than those in the shoot of
the plants probably because of root’s chelating exudates to solubilize heavy metals in the
rhizosphere (Inaba & Takenaka, 2000) and rapid absorption by the root and slow translocation
to shoot (Nada et al., 2007). Accumulation of heavy metals (Cu, Zn, and Cd) in spinach after
exposure to 500 μM supply of the metals was greater in the root than in the leaf and stem at
the end of experiment (Pandey et al., 2009). The rate of heavy metal absorption by the plant
can be affected by many factors of both soil and plant such as soil pH, plant age, plant species,
and nature of soil and climate (Alloway & Ayres, 1997; Uwah, 2009). Although not verified,
the application of acidic SSBs used in this study may have decreased the neutral pH of the soil
during the pot study, which may have enhanced plant absorption of especially Zn and Cd, as
commonly observed irrespective of the vegetable crops and soil types (Kuo et al., 1985; Xue &
Harrison, 1991). The effects of SSB application on soil properties, heavy metal bioavailability,
and plant growth, therefore, need to be further evaluated for the range of different soils and
plants, and over time because heavy metal bioavailability may increase over time in soil
(Schauer et al., 1980).
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4.4. Heavy metal leachability from biochar

The total concentrations of Cu, Zn, and Cd in SSB after the pot study did not greatly vary
among the application rates within the same SSB type and plant, respectively, and 89–91%,
90–92%, and 98–99% of the original concentrations of Cu, Zn, and Cd were lost from the SSB
during the pot study, respectively, regardless of the SSB type, application rate, and plant. While
there are numerous studies that deal with sorption capacity of biochars for heavy metals when
applied to soil in light of phytoremediation perspective (Cao et al., 2009; Namgay et al., 2010;
Uchimiya et al., 2011), studies regarding on leachability (through desorption or dissolution)
of heavy metals from biochar and their bioavailability are virtually nonexistent. The heavy
metals, however, are known to be desorbed by naturally occurring organic acids such as citric,
oxalic, acetic, and lactic acids (Nascimento, 2006; Marchi, 2009) and dissolved organic carbon
(Antoniadis & Alloway, 2002) from soils amended with sewage sludge. Regardless of equili‐
brium amounts of Cd adsorbed in an Andisol, more than 80% of Cd was desorbed with one
time extraction with citric acid if its concentration was more than 0.1 M, and more than 90%
was recovered if five soil pore volumes of 0.1 M citric acid were continuously run through the
Cd-contaminated soil (Abe et al., 2004). An increase of dissolved organic matter in soil by the
application of digested dewatered sludge significantly reduced the sorption of Cu on both
acidic sandy loam and calcareous clay loam (Zhou & Wong, 2001). The application of SSBs in
this study may have increased dissolved organic carbon given the SSBs being acidic, which
may have increased Cu desorption (extractability) thus also bioavailability. The heavy metals
in the SSB used in this study may have leached due to functions of various interactions between
soil and plant roots. Further studies are needed to clarify leachability and bioavailability of
heavy metals from biochars whose feedstock contain significant amounts of heavy metals in
order to elucidate heavy metal dynamics in soil upon the application of such biochars.

4.5. Heavy metal accumulation and availability in soil

The total concentrations of Cu and Zn in the soil after the pot study, regardless of the treatment,
were greater and almost equal compared with those of the original soil (25 and 43 mg kg–1,
respectively), while both concentrations significantly increased when SSB-H was applied at
75% rate for both plants. On the other hand, the overall concentrations of the total Cd were
smaller after the pot study compared with that at pre-plant condition (4.9 mg kg–1); however
those with the SSB-L treatment increased with increasing application rate for both plants.
Transfer factors (TF) of heavy metal, as calculated as the ratio of the concentration of heavy
metal absorbed in a plant to the concentration of heavy metal in soil, can quantify the relative
differences in bioavailability of heavy metals to vegetables or to identify the efficiency of a
vegetable species to accumulate a heavy metal (Uwah et al., 2011). The TF values in this study,
calculated based on the sum of heavy metal concentrations of the shoot and root as the plant
concentration and the sum of heavy metal concentrations in the soil and SSB as the soil
concentration, were 0.77, 0.83, and 1.37 for spinach, and 0.69, 0.91, and 1.19 for bean for Cu,
Zn, and Cd, respectively, regardless of the SSB application rate. These TF values may explain
why Cu appeared to have been accumulated in the soil (TF less than 1 and lowest among the
3 metals for both plants), Zn seemed to have had no changes before and after the pot study
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Particularly, the correlation coefficient was highest for Cd among the heavy metals with the
SSB-H treatment for the spinach (0.719). A similar trend was observed when heavy metals’
effectiveness in producing oxidative damage on spinach, assessed by the manifestation of
external visual toxicity effects, was in the order of Zn<Cu<Cd (Pandey et al., 2009). Interest‐
ingly, however, the bean shoot showed Cd tolerance to some degree with the SSB-L treatment
in this study (its correlation coefficient was positive).

Plant/SSB Equations Coefficients

Spinach/SSB-H (DW) = –0.00097*(Cu) + 0.0048 0.651

(DW) = –0.00015*(Zn) + 0.0074 0.345

(DW) = –0.00443*(Cd) + 0.0066 0.719

Spinach/SSB-L (DW) = –0.00076*(Cu) + 0.0052 0.281

(DW) = –0.00008*(Zn) + 0.0070 0.422

(DW) = –0.00129*(Cd) + 0.0051 0.121
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Bean/SSB-L (DW) = –0.00053*(Cu) + 0.0041 0.082

(DW) = –0.00006*(Zn) + 0.0054 0.219

(DW) = 0.00151*(Cd) + 0.0010 0.537

Table 3. Correlation equations and coefficients between the dry weight (DW) and total concentrations of Cu, Zn, and
Cd absorbed in the shoot of the plants.

Overall concentrations of Cu, Zn, and Cd in the root were greater than those in the shoot of
the plants probably because of root’s chelating exudates to solubilize heavy metals in the
rhizosphere (Inaba & Takenaka, 2000) and rapid absorption by the root and slow translocation
to shoot (Nada et al., 2007). Accumulation of heavy metals (Cu, Zn, and Cd) in spinach after
exposure to 500 μM supply of the metals was greater in the root than in the leaf and stem at
the end of experiment (Pandey et al., 2009). The rate of heavy metal absorption by the plant
can be affected by many factors of both soil and plant such as soil pH, plant age, plant species,
and nature of soil and climate (Alloway & Ayres, 1997; Uwah, 2009). Although not verified,
the application of acidic SSBs used in this study may have decreased the neutral pH of the soil
during the pot study, which may have enhanced plant absorption of especially Zn and Cd, as
commonly observed irrespective of the vegetable crops and soil types (Kuo et al., 1985; Xue &
Harrison, 1991). The effects of SSB application on soil properties, heavy metal bioavailability,
and plant growth, therefore, need to be further evaluated for the range of different soils and
plants, and over time because heavy metal bioavailability may increase over time in soil
(Schauer et al., 1980).
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The total concentrations of Cu, Zn, and Cd in SSB after the pot study did not greatly vary
among the application rates within the same SSB type and plant, respectively, and 89–91%,
90–92%, and 98–99% of the original concentrations of Cu, Zn, and Cd were lost from the SSB
during the pot study, respectively, regardless of the SSB type, application rate, and plant. While
there are numerous studies that deal with sorption capacity of biochars for heavy metals when
applied to soil in light of phytoremediation perspective (Cao et al., 2009; Namgay et al., 2010;
Uchimiya et al., 2011), studies regarding on leachability (through desorption or dissolution)
of heavy metals from biochar and their bioavailability are virtually nonexistent. The heavy
metals, however, are known to be desorbed by naturally occurring organic acids such as citric,
oxalic, acetic, and lactic acids (Nascimento, 2006; Marchi, 2009) and dissolved organic carbon
(Antoniadis & Alloway, 2002) from soils amended with sewage sludge. Regardless of equili‐
brium amounts of Cd adsorbed in an Andisol, more than 80% of Cd was desorbed with one
time extraction with citric acid if its concentration was more than 0.1 M, and more than 90%
was recovered if five soil pore volumes of 0.1 M citric acid were continuously run through the
Cd-contaminated soil (Abe et al., 2004). An increase of dissolved organic matter in soil by the
application of digested dewatered sludge significantly reduced the sorption of Cu on both
acidic sandy loam and calcareous clay loam (Zhou & Wong, 2001). The application of SSBs in
this study may have increased dissolved organic carbon given the SSBs being acidic, which
may have increased Cu desorption (extractability) thus also bioavailability. The heavy metals
in the SSB used in this study may have leached due to functions of various interactions between
soil and plant roots. Further studies are needed to clarify leachability and bioavailability of
heavy metals from biochars whose feedstock contain significant amounts of heavy metals in
order to elucidate heavy metal dynamics in soil upon the application of such biochars.

4.5. Heavy metal accumulation and availability in soil

The total concentrations of Cu and Zn in the soil after the pot study, regardless of the treatment,
were greater and almost equal compared with those of the original soil (25 and 43 mg kg–1,
respectively), while both concentrations significantly increased when SSB-H was applied at
75% rate for both plants. On the other hand, the overall concentrations of the total Cd were
smaller after the pot study compared with that at pre-plant condition (4.9 mg kg–1); however
those with the SSB-L treatment increased with increasing application rate for both plants.
Transfer factors (TF) of heavy metal, as calculated as the ratio of the concentration of heavy
metal absorbed in a plant to the concentration of heavy metal in soil, can quantify the relative
differences in bioavailability of heavy metals to vegetables or to identify the efficiency of a
vegetable species to accumulate a heavy metal (Uwah et al., 2011). The TF values in this study,
calculated based on the sum of heavy metal concentrations of the shoot and root as the plant
concentration and the sum of heavy metal concentrations in the soil and SSB as the soil
concentration, were 0.77, 0.83, and 1.37 for spinach, and 0.69, 0.91, and 1.19 for bean for Cu,
Zn, and Cd, respectively, regardless of the SSB application rate. These TF values may explain
why Cu appeared to have been accumulated in the soil (TF less than 1 and lowest among the
3 metals for both plants), Zn seemed to have had no changes before and after the pot study
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(TF close to 1), and Cd appeared to have been accumulated more in the plant than in the soil
(TF more than 1). The TF values widely vary depending on properties of soils and plants,
however, those calculated in this study may be comparable with those found by Uwah et al.
(2011), which were 0.25–0.95, 0.38–0.55, and 0.42–2.75 for Cu, Zn, and Cd, respectively, for
spinach and lettuce grown on tropical soils in Nigeria. Further studies are needed to elucidate
heavy metal accumulation in soil and selective absorption by plants with the SSB application.

The heavy metal concentrations extractable by 0.1 M HCl acid solution in the soil after the pot
study followed similar patterns as the total concentrations in the soil. The Cu and Zn concen‐
trations significantly increased only when SSB-H was applied at 75% rate for both plants, while
the Cd concentrations did not show noteworthy differences among the treatment. However,
the percentage of the concentration of the acid-extractable Cu, Zn, and Cd to the total concen‐
tration (acid solution extractability) was 0.3–0.8%, 9.4–11.8%, and 1.8–2.6%, respectively. When
4 contaminated and 4 non-contaminated soils from a northern part of Japan were extracted for
heavy metals using 0.1 M HCl, the extractability ranged 12% and 27–33% for Cu, 9% and 12–
31% for Zn, and 33% and 73–92% for Cd in the contaminated and non-contaminated soils,
respectively (Kashem et al., 2007). Although the extractability of heavy metals from soil by the
dilute acid may vary depending on soil type, heavy metal, contamination degrees, and so on,
0.1 M HCl extractant may be the best choice for assessment of mobility or bioavailability of
heavy metals (Kashem et al., 2007).

The environmental threshold concentrations in soils are 125 mg Cu kg–1, 125 mg Zn kg–1, and
0.01 mg Cd L–1 as 0.1 M HCl extractable heavy metals, set by the Japanese Environmental
Ministry. It seems that neither of SSB types within the application rates and study duration
used in this study have caused environmental threads to soils. Based on life cycle assessment
analysis on different treatment processes of sewage sludge including anaerobic digestion,
pyrolysis, and incineration, it was concluded that the most effective utilization of sewage
sludge implied both energy and material reuse, and that the land application of digested sludge
was an acceptable and good choice as long as heavy metal contents in the final cake could be
minimized (Hospido et al., 2005). Therefore, long-term effects of SSB application on heavy
metal dynamics among SSBs, soils, and plants are needed to be evaluated for further accept‐
ance of SSB application in agronomic benefits.

5. Conclusions

Biochars derived from feedstock including heavy metals such as SSB need to be thoroughly
evaluated for heavy metal dynamics among SSBs, soils, and plants for environmentally safe
and sound application of SSB. Both SSBs used in this study contained a low end of concentra‐
tion ranges of Cu, Zn, and Cd, respectively, found in the literature, and the heavy metal
concentrations accumulated in the SSB as the pyrolysis temperature increased as found in the
literature. Both spinach and bean plants suffered from N deficiency due mainly to a lack of
soil volume with excessively high application of SSB-H, and possibly from B toxicity especially
from SSB-L application. However, when SSB-L was applied, the shoot DW of plants peaked
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with 5% application rate for spinach and 15% rate for bean. Therefore, it was concluded that
the optimum application rates of SSB-H and SSB-L were indeterminate (lower application rates
of SSB-H need to be evaluated) and 5–15%, respectively, for the best growth of the plants in
this study. The concentration ranges of the heavy metals absorbed in both plants were in the
order of Cd<Cu<Zn for both shoot and root. The total Cu and Zn in the shoot may have been
in safe concentration ranges, and the total Cd may have been in excess range which may have
caused inhibition of the growth. In fact, the plant DW showed inverse relationships with the
total concentrations of the heavy metals absorbed in the plants, and the inhibitive effect of
heavy metals on the plant growth was in the order of Zn<Cu<Cd. Overall concentrations of
the heavy metals in the root were greater than those in the shoot for both plants. The leacha‐
bility of Cu, Zn, and Cd from SSBs was 89–91%, 90–92%, and 98–99% of the original total
concentrations, respectively, during the pot study regardless of the SSB type, application rate,
and plant. However, the total concentrations of Cu, Zn, and Cd in the soil after the pot study
were accumulated, unaffected, and reduced, respectively, compared with those before the pot
study, which could be explained by the TF of each heavy metal which were less than 1, close
to 1, and more than 1, respectively. Nevertheless, the percentage of the dilute acid-extractable
Cu, Zn, and Cd to the total concentrations in the soil after the pot study was 0.3–0.8%, 9.4–
11.8%, and 1.8–2.6%, respectively, which were lower than the environmental threshold
concentrations in Japan. However, long-term effects of SSB application on heavy metal
dynamics among SSBs, soils, and plants are needed to be evaluated for further acceptance of
SSB application in agronomic benefits.
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Chapter 16

Response of Soil Microbial Biomass and Enzyme
Activities Under Three Temperate Tree Species to
Elevated CO2 in Changbai Mountain, Northeastern
China

Jun Qiang Zheng, Ying Wang and Shi Jie Han

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52837

1. Introduction

Owing to fossil fuel combustion, deforestation, and intense agriculture, the concentrations of
atmospheric CO2 [CO2] has risen by 100ppm since the mid 1800s [1], and it has been predict‐
ed to double until the end of this century compared to the pre-industrial value [2]. Numer‐
ous studies have shown a greater biomass gain of plants, higher fine root and leaf litter C/N
in some species under elevated CO2 condition [3−7]. Moreover, the rising CO2 also could alter
litter chemistry (e.g., total N, lignin and starch content) and fine root turnover. Because microbial
growth is limited by the type and amount of organic substrates entering the soil [8, 9], the
changes in above- and below-ground plant input under elevated CO2 could potentially alter
both the substrate availability and microbial activity. Although the effect of elevated CO2 via
plants on soil microorganisms has been few studies investigated [10−12], the detailed plant-
mediated effects still are unclear because of the complexity of microbial processes.

Soil microorganisms play an important role in nutrient cycling, CO2 emission and in forma‐
tion of soil total organic carbon (TOC) pool. Therefore, any effect of the rising [CO2] on soil
microorganisms might in turn feedback on the response of terrestrial ecosystem to atmos‐
pheric CO2 and the sequestration of extra carbon [9]. Soil enzymes drive soil organic matter
decomposition and nutrient transformations. Soil enzyme also was considered as a sensitive
indicator, which could be significantly affected by temporal variability [13]. It is evident that
the seasonal patterns of temperature and moisture of north temperate ecosystems can affect
the activity of soil enzymes [14]. Although several studies have investigated the effects of
increased CO2 on the soil microbial biomass and activity, to our knowledge, only relative

© 2013 Zheng et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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few studies have measured the seasonal fluctuations of microbial biomass and soil enzyme
activity under higher CO2 levels [10,11]. At the Oak Ridge FACE site, Sinsabaugh et al. (2003)
found that soil extracellular enzyme activities, substrate utilization, gross N mineralization
and denitrification were all not responsive to CO2 enrichment [10]. In contrast in an agrofor‐
estry ecosystem with typical Mediterranean climate, Moscatelli et al. (2005) observed that all
soil biochemical properties were significantly affected by the temporal variability, and the
interaction between time and CO2 level significantly influenced β-glucosidase activity and
microbial respiration [11]. These studies have produced many conflicting results, with few
common themes. Furthermore, the specific seasonal patterns of soil enzyme activities vary
with soil properties and types of aboveground vegetations.

Temperate forest ecosystems, which occupy much of the earth’s terrestrial surface area, have
been considered as the most important C sink for sequestering the increasing atmospheric
CO2 [15]. To understand elevated CO2 effects on temperate forest ecosystems, a growing
number of free air CO2 enrichment (FACE) and open-top chamber (OTC) research project
have been initiated throughout the world. In 1998, we began a long term CO2-enrichment
experiment using open top chamber (OTC) growing three species of trees, Korean pine (Pi‐
nus koraiensis Sieb. et Zucc), Changbai pine (Pinus sylvestriformis (Takenouchi) T. Wang ex
Cheng) and oak (Quercus mongolicus Fisch) in Changbai mountain, China [16]. This moun‐
tain ecosystem belongs to the temperate continental climate influenced by monsoon and has
the prominent characteristics of mid-latitudinal upland climate. The soil type of this area is
upland dark-brown forest volcanic soil [17]. The area has four obvious different seasons as
windy spring, hot and rainy summer, cool autumn and cold winter. Our previous studies in
this OTC site demonstrated that elevated CO2 increase aboveground biomass and photosyn‐
thesis of the trees (Zhou and Han, unpublished data) and decrease total soil respiration [18].
These results were consistent with other reports from temperate forest ecosystems, e.g.,
Duke temperate forest FACE site [19]. To date, however, there is still a poor understanding
of effects of elevated CO2 on microbial activity of soil under different tree species.

The objectives of this study were (a) to investigate effects of elevated CO2 on microbial bio‐
mass C/N and the variations in activities of various enzymes throughout the growing sea‐
son, and (b) to compare the CO2 response of activities of C, N and P cycling related enzymes
in the soils under three different tree species.

2. Materials and methods

Experimental site, design and sampling

The experimental  fields were located at  Changbai Mountain in Jilin province,  northeast‐
ern China (42º24´N, 128º06´E, and 738 m elevation). The soil is a dark-brown soil devel‐
oped from volcanic  ash.  The  topography is  basaltic  mesa,  and the  parent  rock  is  loose
volcanic ash sand. The mechanical composition of the soil is approximately 29% sand (20
μm − 2 mm), 40% silt (2 − 20 μm) and 31% clay (< 2 μm). Soil organic carbon in 0-10 cm
layer is approximately 8.5%, and pH is 5.7 (1:2.5, soil: water). The ecosystem is temperate
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with a mean annual temperature of 5°C and annual average precipitation of 967.3-1400 mm.
A randomized complete block design of ambient and elevated CO2 was established in an
open-top chamber facility at the research station of Changbai mountain forest ecosystems,
Chinese Academy of Sciences, in the spring of 1999. Eighteen open-top chambers (each 4.2m
in diameter with hexagon and 4 m in height enclosed with a clear glass open-top cham‐
ber) were utilized to control CO2 levels. Korean pine (P. koraiensis Sieb. et Zucc) and Chang‐
bai pine (P. sylvestriformis) seeds were prepared and sowed in May, 1999. CO2 fumigation
treatments began after seeds germination in May 1999. For oak (Q. mongolica) experiment,
five-year old seedlings were transplanted into open top chambers in autumn 2004, and CO2

enrichment started at the end of April, 2005. In each year, the exposure started at the end
of April and stopped at the end of October (the whole growing season). Half of the cham‐
bers were maintained at ambient atmospheric CO2 concentrations (ca. 350 ppm), others were
maintained at elevated levels (ca. 500 ppm) by dispensing 100% CO2 into the blower fans
only in the daytime. Elevated CO2 concentrations were maintained by continuously moni‐
toring CO2  concentrations  in  elevated and ambient-level  chambers  with  an infrared gas
analyzer (A-SENSE-D, SenseAir, Sweden) by a computer control system that recorded 10-
second averages of CO2 concentration every 3 minutes and then periodically adjusting the
flow of 100% CO2 into the chambers.

Soil samples were collected seven times: May, June, August and September in 2006, and
May, July and September in 2007. At each sampling date, five soil cores (3 cm in diameter
and 0–10 cm at deep) were collected within each chamber. The pooled samples were homo‐
genized and roots removed by passing the soil through a 2-mm sieve. The samples used for
measurements of soil enzyme activity were kept frozen (-70°C) and microbial biomass were
kept cool (4°C) until analysis within 1 week after sampling.

Soil microbial biomass analysis

Subsamples of soil were dried at 105°C for 12 h to determine gravimetric water content. Soil
pH was measured in solutions of 50 ml water and 10 g air-dry soil. Microbial biomasses C
(Cmin) and N (Nmic) were measured by fumigation-extraction method [20]. Subsamples of
sieved soil were fumigated with alcohol-free CHCl3 for 24 h, and then extracted with 0.5 M
K2SO4 solution. The K2SO4 soil extract was analysed for total dissolved organic C (DOC) and
total dissolved N (TDN) using a Total Organic Carbon Analyzer (multi N/C 3000, Jena, Ger‐
many). Microbial biomass C and N were calculated as differences in extractable DOC and
TDN between fumigated and unfumigated soils using a correction factor (Kc) of 0.38 for Cmin

and 0.54 for Nmic [20, 21].

Soil enzyme activity analysis

Enzyme activities were determined following Freeman et al. (1995) and Kang & Freeman
(1999) [22, 23]. We used fluorogenic substrates, 4-methylumbelliferyl-linked (MUB) com‐
pounds as substrate analogues (Table 1). Briefly, approximately 0.1 g fresh mass, were ho‐
mogenized in 1.8 ml of 50 mM tris-maleate buffer (pH 5.0) and 0.2 ml of substrate solution
were combined in a 5 ml polypropylene tube. For each sample, there were four analytical
replicates plus negative controls (sample plus 4-MUB and buffer, separately) for both sam‐
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bers were maintained at ambient atmospheric CO2 concentrations (ca. 350 ppm), others were
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analyzer (A-SENSE-D, SenseAir, Sweden) by a computer control system that recorded 10-
second averages of CO2 concentration every 3 minutes and then periodically adjusting the
flow of 100% CO2 into the chambers.

Soil samples were collected seven times: May, June, August and September in 2006, and
May, July and September in 2007. At each sampling date, five soil cores (3 cm in diameter
and 0–10 cm at deep) were collected within each chamber. The pooled samples were homo‐
genized and roots removed by passing the soil through a 2-mm sieve. The samples used for
measurements of soil enzyme activity were kept frozen (-70°C) and microbial biomass were
kept cool (4°C) until analysis within 1 week after sampling.

Soil microbial biomass analysis

Subsamples of soil were dried at 105°C for 12 h to determine gravimetric water content. Soil
pH was measured in solutions of 50 ml water and 10 g air-dry soil. Microbial biomasses C
(Cmin) and N (Nmic) were measured by fumigation-extraction method [20]. Subsamples of
sieved soil were fumigated with alcohol-free CHCl3 for 24 h, and then extracted with 0.5 M
K2SO4 solution. The K2SO4 soil extract was analysed for total dissolved organic C (DOC) and
total dissolved N (TDN) using a Total Organic Carbon Analyzer (multi N/C 3000, Jena, Ger‐
many). Microbial biomass C and N were calculated as differences in extractable DOC and
TDN between fumigated and unfumigated soils using a correction factor (Kc) of 0.38 for Cmin

and 0.54 for Nmic [20, 21].

Soil enzyme activity analysis

Enzyme activities were determined following Freeman et al. (1995) and Kang & Freeman
(1999) [22, 23]. We used fluorogenic substrates, 4-methylumbelliferyl-linked (MUB) com‐
pounds as substrate analogues (Table 1). Briefly, approximately 0.1 g fresh mass, were ho‐
mogenized in 1.8 ml of 50 mM tris-maleate buffer (pH 5.0) and 0.2 ml of substrate solution
were combined in a 5 ml polypropylene tube. For each sample, there were four analytical
replicates plus negative controls (sample plus 4-MUB and buffer, separately) for both sam‐
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ple and substrate color. The tubes were tumbled for 1 h at 30°C, except for phosphatase,
which was incubated for 30min. The assay was terminated by adding 2 ml ice cold 96%
ethanol. The tubes were centrifuged for 5 min at 4°C (6000 r.p.m.). Fluorescence was deter‐
mined with a HITACHI 650-60 Fluorescence spectrophotometer at 446 nm emission and 377
nm excitation wavelength. The increase of fluorescence was converted to enzymatic activity
with a standard curve was drawn using a series of known concentrations of 4-methylumbel‐
life. Enzyme activities are expressed in units of nmol or μmol of substrate converted per
hour per g soil dry mass (nmol h−1 g−1 or μmol h−1 g−1).

Enzyme Abbreviation EC Substrate

1,4-β-glucosidase bG 3.2.1.21 4-MUB-β-D-glucoside

1,4-α-glucosidase aG 3.2.1.20 4-MUB-α-D-glucoside

1,4-β-Acetylglucosaminidase NAG (1,4-β-NAG) 3.1.6.1 4-MUB-N-acetyl-β-D-glucosaminide

Cellobiohydrolase CBH 3.2.1.91 4-MUB-β-D-cellobioside

1,4-β-xylosidase bX 3.2.1.37 4-MUB-β-D-xyloside

Phosphatase PA 3.1.3.2 4-MUB-phosphate

Phenol oxidase PPO 1.10.3.2 L-3,4-Dihydroxyphenylalanine

Peroxidase PO 1.11.17 L-3,4-Dihydroxyphenylalanine

EC: enzyme commission number; MUB: 4-methylumbelliferyl; Abbreviation: used in this article

Table 1. Enzyme assays conducted on soil samples collected from the open top chamber in this study.

For the phenol oxidase and peroxidase activities assay, l-3,4-dihydroxyphenylalanine (L-
DOPA) was used as substrate [24]. We prepared soil slurry solutions of 5.0 g soil in 100 ml
of 50 mmol l-1 acetate buffer (pH 5.0.) The reaction mixture for the phenol oxidase assay,
containing 2 ml, 5 mM l-3,4-dihydroxyphenylalanine (L-DOPA) solution and 2 ml of soil
slurry in 5 ml tube, was vortexed for exactly 60 min at 20°C in a shaking incubator and was
centrifuged for 5 min at 4°C (6000 r.p.m.). The absorbance of the filtrate was read at 460 nm.
For peroxidase activities assay, at the beginning of the incubation, were processed in the
same way as phenol oxidase, with L-DOPA substrate and the addition of 200 μl of 0.3 %
H2O2 [25]. Phenol oxidase activity was subtracted from peroxidase activity to calculate the
net peroxidase activities.

Statistical analysis

Data were analyzed using repeated measures analysis of variance (RM-ANOVA) with CO2

treatment, plant species and their interaction as explaining variables. Prior to analysis, the
data was checked for heterogeneity of variance, and when necessary, the variable was trans‐
formed to improve normality. RM-ANOVA analyses were performed with SPSS 13.0 statis‐
tical software package (SPSS Inc.). Correlation analysis was used to test for correlations
between microbial biomass C, N and soil enzyme evaluated as significant at P<0.05. Correla‐
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tions among enzyme activities and microbial biomass as well as dissolve organic C and N
were explored using a principal components analysis on the correlation matrix. Principal
component analyses (PCA) and canonical discriminate analysis were performed with the
STATISTICA 6.0 software package (StatSoft Inc.).

3. Results

Elevated CO2 significantly decreased the activities of 1,4-β-NAG, 1,4-β-xylosidase, phospha‐
tase, 1,4-β-glucosedase, and phenol oxidase in soil under Changbai pine in 2007 (Fig. 1). On
all sampling dates, there was no CO2 main effect on soil enzyme activity across three tree
species (Table 2). Time was a significant factor affecting the activities of hydrolotic enzymes
and the two oxidase enzymes in soil (Fig. 1, Table 2). The activity of 1,4-β-NAG and phenol
oxidase over the two years for all sample dates showed an interaction between tree species
and CO2 (P< 0.01), suggesting the responses of these two enzymes to CO2 enrichment were
dependent on aboveground vegetation. Interactions between CO2 treatment and sampling
time were significant for CBH, peroxidase and phenol oxidase activities.

βG αG βNAG CBH βX PA PPO PO

Tests of Between-

Subjects Effects

CO2 2.69NS 0.70 NS 4.06 NS 0.63 NS 0.06 NS 2.59 NS 1.75 NS <0.01 NS

Species 10.97** 4.03 NS 35.05*** 2.45 NS 120.13*** 32.09*** 88.93*** 410.14***

Species ×CO2 1.90NS 1.04 NS 5.28* 2.10 NS 0.39 NS 2.94 NS 6.69* 3.72 NS

Tests of Within-

Subjects Effects

Time 8.89*** 2.92* 1.90 NS 4.11** 15.19*** 5.85*** 12.65*** 37.86***

Time × Species 7.43*** 2.97* 5.84*** 2.97** 7.33*** 5.06*** 10.88*** 33.40***

Time × CO2 1.99 NS 0.85 NS 2.02 NS 2.53* 0.82 NS 1.52 NS 6.72*** 6.02***

Time ×species ×

CO2

5.69*** 1.16 NS 2.66* 3.21** 0.60 NS 2.19* 1.91* 5.03***

Note: F values are displayed and *, ** and *** represent significane at P< 0.05, 0.01 and 0.001 level,

respectively. NS represents no significant effect.

Table 2. F-values from RM-ANOVA showing effects of elevated CO2 and time on soil enzyme activity.
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For peroxidase activities assay, at the beginning of the incubation, were processed in the
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net peroxidase activities.
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formed to improve normality. RM-ANOVA analyses were performed with SPSS 13.0 statis‐
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tions among enzyme activities and microbial biomass as well as dissolve organic C and N
were explored using a principal components analysis on the correlation matrix. Principal
component analyses (PCA) and canonical discriminate analysis were performed with the
STATISTICA 6.0 software package (StatSoft Inc.).

3. Results

Elevated CO2 significantly decreased the activities of 1,4-β-NAG, 1,4-β-xylosidase, phospha‐
tase, 1,4-β-glucosedase, and phenol oxidase in soil under Changbai pine in 2007 (Fig. 1). On
all sampling dates, there was no CO2 main effect on soil enzyme activity across three tree
species (Table 2). Time was a significant factor affecting the activities of hydrolotic enzymes
and the two oxidase enzymes in soil (Fig. 1, Table 2). The activity of 1,4-β-NAG and phenol
oxidase over the two years for all sample dates showed an interaction between tree species
and CO2 (P< 0.01), suggesting the responses of these two enzymes to CO2 enrichment were
dependent on aboveground vegetation. Interactions between CO2 treatment and sampling
time were significant for CBH, peroxidase and phenol oxidase activities.
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Figure 1. Variations in activities of soil enzymes under Korean pine, Changpai Scotch pine and oak after exposure to
ambient (open symbols) and elevated (solid symbols) CO2 concentration. Error bars represent standard errors of the
means; asterisks represent significant differences, e.g. * p< 0.05, ** p< 0.01.
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Correlation analysis indicated that soil moisture was positively correlated with 1,4-α-gluco‐
sidase. The TDN content under Korean pine was negatively correlated with DOC (r =
-0.6166, P< 0.01) and positively correlated with phosphatase (r = 0.5300, P< 0.01) and peroxi‐
dase (r = 0.6559, P< 0.01). TDN from Changbai pine was negatively correlated with DOC (r =
-0.7242, P< 0.01), peroxidase (r = -0.7274, P< 0.01) and phenol oxidase (r = -0.5289, P< 0.01),
positively correlated with xylosidase (r = 0.6849, P< 0.01).

Mean enzyme activity decreased from highest to lowest in the following order: PPO > AP >
βG > βX > CBH > NAG > PO > αG in the Korean pine soil. Mean enzyme activity in the
Changbai pine soil decreased from highest to lowest in a very similar order with Korean
pine: PPO > AP > βG > βX > NAG > CBH > PO > αG, therefore, tree species is a important
factor influencing soil enzyme activities, there were significant interactive effects between
species and sampling time.

Figure 2. Factor plot from a principal components analysis of soil enzyme activity data for Korean red pine, Changpai
Scotch pine and oak exposed to two levels of atmospheric CO2. PO: peroxidase, PPO: phenol oxidase, AP: acid phospha‐
tase, αG: 1,4-α-glucosidase, CBH: cellobiohydrolase, bX: 1,4-β-xylosidase, NAG: 1,4-β-acetylglucosaminidase, bG: 1,4-β-
glucosidase, MBC: microbial biomass C, MBN: microbial biomass N, DOC: dissolve organic C, TDN: total dissolve N.

Soil pH was slightly acidic (5.4–6.1) and did not vary significantly between treatment or
sampling dates, and varied among species. Multivariate statistics were used to assess the
functional diversity and temporal vary of the soil microbial enzyme. In the principal compo‐
nent analysis of the data of all eight enzyme activities, PC1 and PC2 explained 20.25% and
34.73% of the total variance, respectively (Fig. 2). The first factor (PC1) appears to be associat‐
ed with labile nutrient acquisition, the second factor (PC2) appears to be associated with
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pine: PPO > AP > βG > βX > NAG > CBH > PO > αG, therefore, tree species is a important
factor influencing soil enzyme activities, there were significant interactive effects between
species and sampling time.

Figure 2. Factor plot from a principal components analysis of soil enzyme activity data for Korean red pine, Changpai
Scotch pine and oak exposed to two levels of atmospheric CO2. PO: peroxidase, PPO: phenol oxidase, AP: acid phospha‐
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sampling dates, and varied among species. Multivariate statistics were used to assess the
functional diversity and temporal vary of the soil microbial enzyme. In the principal compo‐
nent analysis of the data of all eight enzyme activities, PC1 and PC2 explained 20.25% and
34.73% of the total variance, respectively (Fig. 2). The first factor (PC1) appears to be associat‐
ed with labile nutrient acquisition, the second factor (PC2) appears to be associated with
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lignocelluloses degradation. For the canonical discriminant analysis of the soils under three
trees sampled in 2006 and 2007, the following variables were determined: 1,4-β-xylosidase,
1,4-α-glucosidase, 1,4-β-NAG, cellobiohydrolase, 1,4-β-xylosidase, phosphatase, phenol oxi‐
dase, peroxidase. Canonical discriminant analysis also showed that the effect of the tree species
on soil enzymes during the two experimental years (Fig. 3). Root 1 seems to discriminate mostly
between pines and oak (means of the canonical variables: -2.005 and 4.010, respectively). In
the vertical direction (Root 2), seems to discriminate the two pines (means of the canonical
variables: Korean pine -1.005, Changbai pine 1.264). Correlation analysis indicated that soil
moisture was positively correlated strongly with 1,4-α-glucosidase, microbial biomass C and
N across three species of tree (Table 3). Peroxidase activity showed strong correlations with
Nmic (r = 0.54, P< 0.01) and Cmic (r = 0.81, P< 0.01), phenol oxidase activity showed a high
correlation with Nmic (r = 0.48, P< 0.01) and Cmic (r = 0.63, P< 0.01).

Figure 3. Canonical variates of the microbial properties in the soils under Korean pine, Changpai Scotch pine and oak.
KE, Korean pine under elevated CO2; KA, Korean pine under ambient CO2; CE, Changpai Scotch pine under elevated
CO2; CA, Changpai Scotch pine under ambient CO2 ;OE, oak under elevated CO2; OA, oak under ambient CO2.

4. Discussioin

Effect of CO2 concentrations on soil enzyme activities

Elevated atmospheric CO2 can lead to an increase in the size of the substrate pool utilized by
soil microbes and to stimulate the activities of soil enzyme [26]. For example, Larson et al.
(2002) and Lipson et al. (2005) found a significant stimulation of soil extracellular enzyme ac‐
tivities under elevated CO2 [27, 28]. However, our results, along with other studies [29, 10]
have not detected significant increase in C-cycling enzymes across the course of experiment,
and only significant at specific time was observed with a higher mean value under elevated
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CO2. Furthermore, the significantly different sampling time point was independent among
three types of trees. These results suggest that response of soil enzymes to long-term CO2

fumigation may be dependent on soil environment and aboveground vegetation type.

1,4-β-NAG is one of the enzymes regulating nitrogen availability in soil, the activity is often
used as an indicator of N demand by microbes. Its enhancement under elevated CO2 (av.
+18%) in our study of Korean pine reflected a microbial demand for N nutrient. It is interest‐
ing to note that the activities of cellobiohydrolase, 1,4-β-NAG, 1,4-β-xylosidase, phenol oxi‐
dase and microbial biomass were decreased significantly in soil of Changbai pine under
elevated CO2 in summer 2007, which can be observed also from mean activity of the en‐
zymes and microbial biomass in 2007. Ebersberger et al. (2004) also found a significant re‐
duce in proportion of fungi indicator of PLFA at elevated CO2 in comparison to ambient
CO2 [30]. Finzi et al. (2006) proposed that there is increasing evidence that microbial function
is progressively N limited under elevated CO2 as duration elongation of CO2 enrichment
[31]. The lower microbial activity in the Changbai pine exposed to elevated CO2 may be at‐
tributed to the greater competition for N nutrient by rapidly growth of the tree [32].

Tree species effects on soil enzyme under elevated CO2

The ecophysiological responses of the three species to elevated CO2 were significant differ‐
ent  (Zhou and Han,  unpublished data).  The fast-growing Changbai  pine tends to  show
larger growth increases under elevated CO2 than the slow-growing Korean pine, but the
biomass was stored in stem and branch. Many studies showed that above-ground cover
plant could determine the composition of the soil microbial community structure and func‐
tion [33 −35].  In our study,  discrimination between the pines and the oak was observed
(Fig.  3),  but these results  must be careful  explained,  because of  variation in duration of
elevated CO2  between the pines and oak. Changbai pine tends to possess characteristics
promoting rapid growth generally associated with high competitive ability.  This can ex‐
plain  why  elevated  CO2  caused  a  decrease  in  microbial  biomass  and  extracellular  en‐
zyme activity under Changbai pine (Fig. 1), due to the increase in competition for mineral
nutrients with microorganisms. We speculate that fast-growing plant may be strongly af‐
fect soil N and P cycling compared to the slow-growing plant under elevated CO2 condi‐
tion, contributing disadvantage to soil microbial community as well as significant declining
the activities  of  microbial  enzyme.  These results  also imply that  tree species  might  also
differ  in their  influence on soil  microbial  activity that  in turn affects  soil  properties  un‐
der elevated atmospheric CO2 concentration.

Due to Korean pine has a slower growth rate and related physiological characteristics, the
tree shows a narrower response to resource levels; whereas Changbai pine has a faster
growth rate related to Korean pine shows a broad response to N and P nutrient. Hungate et
al. (1997) observed a species-specific growth response of species to elevated atmospheric
CO2, that could either increase or decrease soil-N availability [36]. Schimel and Bennett
(2004) reported fast-growing species grew significantly better and took up more of the avail‐
able N and P in the elevated CO2 condition [32]. Fast-growing Changbai pine required more
canopy space and more soil volume than the Korean pine and showed a relative higher de‐
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have not detected significant increase in C-cycling enzymes across the course of experiment,
and only significant at specific time was observed with a higher mean value under elevated
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used as an indicator of N demand by microbes. Its enhancement under elevated CO2 (av.
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larger growth increases under elevated CO2 than the slow-growing Korean pine, but the
biomass was stored in stem and branch. Many studies showed that above-ground cover
plant could determine the composition of the soil microbial community structure and func‐
tion [33 −35].  In our study,  discrimination between the pines and the oak was observed
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the activities  of  microbial  enzyme.  These results  also imply that  tree species  might  also
differ  in their  influence on soil  microbial  activity that  in turn affects  soil  properties  un‐
der elevated atmospheric CO2 concentration.

Due to Korean pine has a slower growth rate and related physiological characteristics, the
tree shows a narrower response to resource levels; whereas Changbai pine has a faster
growth rate related to Korean pine shows a broad response to N and P nutrient. Hungate et
al. (1997) observed a species-specific growth response of species to elevated atmospheric
CO2, that could either increase or decrease soil-N availability [36]. Schimel and Bennett
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mand for soil N, as the high-to-low order of 1,4-β-NAG and CBH shown, compared with
CBH-to-1,4-β-NAG order in Korean pine.

Seasonal and temporal dynamic of the activities of soil enzymes under elevated CO2

Temporal fluctuation of soil moisture, soil temperature, and C input from tree roots, rhizo‐
sphere products (e.g., root exudates), and tree residues can have large effects on soil micro‐
bial biomass and activity [38]. Most of the enzymes measured in our study (table 2), were
significantly affected by the temporal variability, and the interaction between time and CO2

level significantly influenced CHB, phenol oxidase and peroxidase activities across the three
species. Our data also revealed a strong positive correlation between soil moisture and mi‐
crobial biomass or soil enzyme activity (Table 3), especially the activity of 1,4-α-glucosidase
that correlated with soil moisture independent on tree species. These results are consistent
with Devi and Yadava (2006), who reported that microbial biomass showed a positive sig‐
nificant correlation with soil moisture [39]. Soil moisture may be a master variable control‐
ling microbial biomass and mineralization of starch (catalyzed by 1,4-α-glucosidase) in this
temperate volcanic soil (Table 3).

Korean pine Changbai pine Oak

1,4-β-glucosidase 0.0993 0.6063* 0.3779

1,4-α-glucosidase 0.5620* 0.6385* 0.6419*

1,4-β-NAGase 0.0551 0.3233 0.5305

Cellobiohydrolase 0.4239 0.3061 0.5417*

1,4-β-xylosidase 0.2733 0.2320 0.5856*

Phosphatase 0.6050* 0.1812 0.3672

Phenol oxidase 0.4411 0.2139 0.2976

Peroxidase 0.2568 -0.2690 -0.1960

Microbial biomass C 0.5843 0.7042* 0.5018

Microbial biomass N 0.4207 0.9528** 0.6033

Levels of significance of the coefficients are indicated for P < 0.05* or P < 0.01**.

Table 3. Correlation analysis of extracellular enzyme and moisture of the soil under Korean pine, Changbai pine and
oak after fumigation with elevated CO2 concentration in 2006 and 2007.

Tree growth often stimulates an increase in the size of microbial biomass during the grow‐
ing season [40, 41]. The seasonal variations in 1,4-β-glucosidase of Changbai pine we ob‐
served were consistent with the seasonal variations in 1,4-α-glucosidase, 1,4-β-NAG, and
cellobiohydrodase activity (e.g., greatest activity in spring), which were in agreement with a
report of study in a oak forest in USA [42]. Seasonal fluctuations of these enzymes might be
strongly influenced by life cycle of Changbai pine. Because spring and early summer is the
fast-growing period of the pine, the developing root system could provide enough of easily
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mineralizable substrate to microorganisms and exhibited a positive effect on their activities.
So for Changbai pine, the peak activity of soil microbial community was detected in spring.
Seasonal patterns of soil enzyme were controlled by growth also observed from oak, which
growth began from mid of May to end of October. This indicates that the activity of soil en‐
zyme may be concomitantly controlled by plant seasonal growth.

In addition, differently seasonal pattern of identical enzyme from elevated and ambient CO2

was also found, e.g., cellobiohydrolase from Korean pine, 1,4-β-NAG from Changbai pine,
1,4-β-glucosidase and 1,4-β-NAG from oak. This may be due to soil extracellular enzymes
can be either induced by the substrate [43], which are often altered by elevated CO2 [44], and
influenced by soil moisture, or controlled by combine effect of there factors and/or other en‐
vironmental factors [13], e.g., tree species, duration of CO2 enrichment. Differences between
the two coniferous pine and the broadleaf oak results from OTC may be best accounted for
by the different seasonal patterns of soil microbial biomass and enzyme in respond to tree
species and elevated CO2. So our results confirm the importance of taking into account the
seasonal variation of biochemical parameters when these are used as indicators of soil eco‐
system in response to elevated CO2.

In conclusion, seasonal variations are the factor mostly affecting soil biological properties
and nutrients availability in Changbai mountain forest ecosystem. Long-term exposure of
elevated CO2 can alter microbial biomass and the production of enzymes, but the effects are
always detectable at specific times and are closely linked to plant processes, soil moisture
and aboveground vegetations. Hence, a single sampling of the soil may not fully reveal its
response to prolonged elevated atmospheric CO2. We proposed that it is imperative to as‐
sess microbial function for soil ecosystem with one or two year-round sampling regime.
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