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Chapter 1

Delineation of Soil Moisture
Potentials and Moisture Balance
Components
Rajan Bhatt and Ram Swaroop Meena

Abstract

Root architecture in soils is directly affecting crop yield potential, through
influencing the moisture potential of soil and its balance components, as only
transpiration share is useful for them. Soil moisture potential responsible for the soil
moisture curves on the basis of differential energy states is quite important. Gener-
ally, a soil moisture flow rate is considered for its kinetic energy. Consequently, soil
moisture energy state is defined by its equivalent potential energy, which is by
virtue of its place in a force field which could assist to improve the water-use
efficiency. Irrigation water losses significantly occur under the flood irrigation
through evaporation, seepage, and drainage. While the soil moisture potential
declines with help of the tensiometer, and significantly save the irrigation water.
For evaluating the performance of any resource conservation technologies (RCT) in
the region, estimation of the evapotranspiration (ET) is very important to analyze
the effect of the RCT. It is also helpful in balancing the nutrient inflows in the plants
through roots, which results to the improvement of land and water productivity.
Hence, delineation of the soil moisture potentials and moisture balance components
is important to improve the land as well as water productivity; it makes the liveli-
hood security better in the water-stressed regions on the globe. This chapter deals
with the methodological part of soil moisture potentials and moisture balance com-
ponents, which is useful for the policymakers, modelers, scientists, students, and
teachers engaged in the irrigation experiments under texturally divergent soils.

Keywords: moisture potential, tensiometer, seepage, drainage, unsaturated
hydraulic conductivity, irrigation

1. Introduction

The complex nature of the soil pore space and the water held therein makes it
difficult to delineate the soil-water interface and moisture advancements in the soil,
which is further influenced by soil matrix geometry. Soil moisture is the amount of
moisture present in soil pores, which is a must for all important ecological processes
and plays a critical and significant role in all the physiological processes. Through-
out the globe, water scarcity is an emerging problem that must be worked out for
sustaining agricultural growth [1–3]. Different RCTs are recommended for having
improved water productivities across the globe [4–6]. The scientists at NASA’s
Goddard Space Flight Center generate groundwater and soil moisture drought
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indicators each week. They are based on terrestrial water storage observations
derived from GRACE-FO satellite data and integrated with other observations,
using a sophisticated numerical model of land surface water and energy processes.
The drought indicators describe current wet or dry conditions, expressed as a
percentile showing the probability of occurrence for that particular location and
time of year, with lower values (warm colors) meaning dryer than normal, and
higher values (blues) meaning wetter than normal (Figure 1).

Global analysis based on intermediate population growth rate revealed that
water scarcity is a global issue and therefore needs to be addressed for mitigating its
adverse effects onto the overall land and water productivities of agricultural crops
(Figure 2).

Further, in India, the net irrigated area increased from the 1960s and is further
projected to increase by 2030 (Figure 3), which further increased the installed tube
wells and further declined the underground water table of the country, which might
be beyond the reach of the poor farmers.

Soil water potential must be understood, and its applications must be applied in
field conditions. For measuring the soil water potential, the instrument highlighted
as tensiometer is used for irrigating the crops, namely, rice, without affecting the
overall land as well as water productivity [7]. Tensiometer measured the soil suction,
and when soil dries, then the inner water in the tensiometer via porous cup moves
out in the soil. Hence, as a result, the potential reading in tensiometer increased, and
at predefined levels of potential, irrigation is applied to crops [1, 7]. After irrigation,
water moved back into the tensiometer from the irrigated soil, and water level of
inner tube moved back to normal, namely, green level. Soil water potential (as
controls moisture movements) is the ultimate technique, under unsaturated condi-
tions when only micropores are water filled, while macropores are air filled for
improving the declined water-use efficiency without affecting the grain yields more
particularly in global water-stressed regions [7, 8]. However, both macro- and
micropores are water filled, and conducting it under saturated soil condition seldom

Figure 1.
GRACE based global shallow groundwater drought indicators (https://nasagrace.unl.edu/).
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exists in nature. Gravity and soil water potential are the main driving forces under
saturated and unsaturated conditions, responsible for soil moisture movement.
Micropores of fine-textured clayey soils are capable of holding water for a longer
period of time even at higher value of suction, while macropores of sandy soil drain
out the water quickly at a smaller suction. Therefore, generally frequent irrigations
resulting in lower water productivity are reported in the sandy soils as compared to
the clayey fine-textured soil. In nature, soil moisture has different quantities and
forms of energy by virtue of which it moves from one to another point in soil.
The potential concept to the soil water in relation to its movement was first given by

Figure 2.
Water availability Per capita (m3) in chief paddy-growing Asian countries viz-a-viz upcoming years
(1950–2050) a Estimate based on the population growth trends Source: Modified from [1]).

Figure 3.
Net irrigated area in India (Source: Food and Agriculture Organization, 2008).
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Buckingham [9] in his classical paper on the capillary potential, while Gardner [10]
showed the dependency of water potential on the water content, and Richards [11]
prepared a tensiometer for measuring it. Hence, the concept of soil moisture move-
ment is not new but is still difficult to understand by the new budding students and
agricultural scientists dealing with agricultural water management. Moreover, quite
often research papers published in reputed journals discussed the water balance
components without discussing much on their estimation/calculative part, which
further confuses the students. Therefore, estimation of the different soil moisture
components is a must so as to perform new water management experiments with
clear objectives of having higher water productivity under texturally divergent
soils. These RCTs are site and situation specific, and a single RCT is not effective
equally in all places for improving the water-use efficiency [12]. Therefore, consid-
ering above discussions, this chapter focused on the estimation of components of
soil moisture potentials and balance components for the proper understanding of
the concept by the end users, namely, agricultural students and even budding
scientists, for conduction of more region-specific water management experiments
under texturally divergent soils for ultimately improving water productivity with-
out affecting the grain yields in water-stressed regions of the globe.

2. Soil moisture potential (ψW)

Soil moisture potential in the common language is the potential of moisture to do
work by its position in soil. ψW is the difference between the activity of the water
molecule in pure distilled water and soil solution at normal atmospheric tempera-
ture and pressure which might be greater or lesser. In the definition of International
Soil Science Society [13], ψW may be defined as “the amount of work that must be
done per unit quantity of pure water in order to transport reversibly and isother-
mally an infinitesimal quantity of water from a pool of pure water at a specified
elevation at atmospheric pressure to the soil water (at the point under consider-
ation).” Hence, a reference state is a must.

ψW could also be delineated by knowing in a solution of nonelectrolytes, the
chemical potential of water which further depends upon mean free energy per
molecule and water molecule concentration. The chemical potential of pure water
reduces with the addition of salts, which could be expressed as

ψW ¼ μW� μW ∗ ¼ RT Ln Nw (1)

where R is the universal gas constant, T is the absolute temperature, and Nw is
the mole fraction of water, respectively.

For the simple ionic solution,

ψW ¼ μW� μW ∗ ¼ RT Ln aW (2)

where aw is the activity of the water molecules, which measured how easy the
water content may be utilized. Further, the water vapor pressure of the solution
expressed as a fraction of the vapor pressure of pure water at the same temperature
(or the equilibrium humidity expressed as a fraction) is numerically equal to the
activity of the water (aw) in the solution. Eq. (2) is more useful as water always has
ions.

When water contains a number of ions, then

ψW ¼ μW� μW ∗ ¼ RT Ln e=eo (3)
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where ψW is the water potential, μW is the solution’s water chemical potential,
μW* is the pure state’s water chemical potential, R is the universal gas constant (82
bars cm-2), T is the absolute temperature, and e/eo is the relative vapor pressure,
respectively.

ψW could be expressed depending upon the units used for the expression of
quantity of water.

Expressed units Units of ψW

Mass erg g�1

Volume Dynes cm2

Weight cm, m, mm

Among all the units, weight units are more convenient to use.
However, when all pores are water filled, conducting it under saturated condi-

tions, then the actual and potential vapor pressure is the same, and thus e/eo comes
out to be 1 (log 1 = 0). Thus, under saturated soil conditions, ψW comes out to be
zero, which is the highest potential of the water, and under unsaturated conditions,
it is always expressed as –ve value. Under natural soil environment, soil moisture
movement is mainly controlled by the hydraulic potential (ψh), which is the total
moisture potential. There is a brief explanation regarding all the components of the
soil moisture potential one by one.

2.1 Hydraulic potential

ψh is the total moisture potential, that is, ψt, which is the sum of other potentials
by virtue of its pressure (ψp), attractive forces (ψm), and gravity (ψg) [14]. The
ψh/ψt provides direction of the movement of soil moisture; however, if ψh is the
same throughout the soil profile (under pounded conditions or under prolonged
rainfall), then the water will not move at all in the soils as energy state is the same
throughout and moisture only moves under the deviation in the moisture levels/
energy levels. Normally under the unsaturated soils, the water moves from the
lesser to higher negative potential. Moisture potential of soil delineation is quite
important, as it directs us irrigation timings [9, 14]. Further, hydraulic conductivity
of a particular soil having a particular textural class is very important, which is
further important for nutrient movements within the plants. The slope of the curve
between flux (discharge area�1 time�1) and hydraulic gradient decides the hydrau-
lic conductivity itself varied with texturally divergent soils (Figure 4). This figure
explains why movement of water differs in texturally divergent soils and we could
manage our cultivation and management practices so as to increase the water-use
efficiency.

2.2 Matric potential (ψm)

Different adsorption forces prevailing in the soil matrix are responsible for the
ψm—the force of attraction of free water with soil particles [14]. The greater the
adsorption forces, the more is the matric potential, and thus the water is less free. In
other words, water is tightly attached to the soil particles. However, ψm is depen-
dent on many factors, out of which soil texture is important, for example, sandy
coarse-textured soils drained out moisture quickly at a smaller suction than clayey
fine-textured soils because clayey soils have greater matric adsorption forces which
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hold the water tightly and not allowed the water to drain out quickly. In other
words, clayey soil has more –ve values of ψm than that of sandy soils, depicting the
higher capacity of former soil water holding capacity of clayey soils. Similarly, the
soils with higher organic matter (OM) content have higher water content and thus
greater –ve value. It is very important to understand that the greater is –ve ψm value,
the higher is the water content as water always moves from the higher potential to lower
potential or from lesser –ve to more –ve as more negative values of ψm depict the lower
water content. ψm has been considered as capillary potential. If we consider weight
as the unit for expressing the unit quantity of water, then ψm with respect to a
particular height in the soil is the distance in the vertical direction between that
selected height and level of water in a manometer. Generally, the ψm resulted from
the two processes, namely, capillary “wedges” and “films,” which cannot be
changed without upsetting the others. K under saturated conditions varied in tex-
turally divergent soils, due to attractive forces in soil separates and soil moisture
(Figure 5). As shown in the picture, saturated hydraulic conductivity of sandy soil
is more than of the clayey soil; however, the unsaturated conductivity of sandy soil
decreases more steeply with increased suction and decreased from the clayey soils.

Ψm reported to be zero under saturated conditions; hence a –ve sign is always
there under the unsaturated conditions which is the most prevalent situation in
natural field conditions. Matric potential is always zero at the water level, positive
below the water table, and negative above the water table. For measuring the
suction or ψm in soils, we used tensiometer in soils (Figure 6) and set a particular
reading for irrigating the fields.

However, tensiometer could measure the suction <0.85 bar (most prevalent in
natural conditions), and pressure plate apparatus and tension plate assembly are
used for measuring suctions >0.85 [7]. The graphical behavior of tension of soil
moisture with absolute water content is developed through a soil moisture charac-
teristic curve, which delineates the moisture levels that the soils could hold and thus
helps in scheduling the irrigation to crops accordingly.

Under this scenario, the available soil moisture of Indo-Gangetic Plains is
described by ψm [15]. Locally fabricated, low-cost tensiometers [16] that could
delineate soil matric potential are generally preferred by the farmers for scheduling
irrigation more particularly to rice [17, 18]. According to Kukal et al. [19],

Figure 4.
Relationship between flux and hydraulic gradient in three texturally divergent soils.
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increasing suction values to 2000 and 2400 � 200 mm reduced the land produc-
tivity of the rice than earlier recommendation (2-day interval), which mean drying
of soils to certain extent saves significant irrigation water without significantly
affecting grain yields. Further, an average of 5-year study delineated (Table 1) a
saving of up to 30% of irrigation water without adversely affecting the land
productivity [21].

For measuring ψm, tensiometers are installed at 15–20 cm depth, because sig-
nificant rhizosphere’s portion of the rice crops retained to upper 15 cm [15], and
therefore, tensiometers are placed at this depth, so that farmers could get the exact
idea regarding the exact time to irrigate.

Figure 5.
Association between saturated hydraulic conductivity and ψm in two soils.

Figure 6.
Soil spec in action measuring soil matric potential [20].
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2.3 Pressure potential

ψp is a vital constituent of soil moisture potential but under the saturated
conditions which seldom exist in nature [22]. Generally, saturated conditions come
only when rains up to a considerable duration or continuous irrigation. When
saturated flow becomes high enough to be turbulent and lesser enough for not to
generate any flux for a prolonged time is there to meet the constant drainage and
evaporation and flow in these conditions is basically governed by the force of
gravity but these conditions seldom exist in a field or under natural conditions as
here all the soil pores are water filled and conducting it [8, 22]. Under this condi-
tion, the discharge is governed by Darcy’s law, which further has some limitations
as shown in Figure 7.

Negative pressure potential of unsaturated soil becomes positive in the saturated
conditions and is delineated as submergence or pressure potential which is generally
measured with a piezometer. A piezometer is a hallow tube open from both ends,
passing from the reference point. If we consider weight as the unit of expression of

Year % water saving Yield differences

2006 29.6–30.7 +0.5–1.5%

2007 25–27.2 At par

2008 18–27.8 At par

2009 16.6–20.8 +0.5–1.0%

2010 11.1–21.4 At par

Source: Ref. [12].

Table 1.
Soil matric potential based irrigation water saving viz.-a-viz. yield differences.

Figure 7.
Deviation in Darcy law.
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the quantity of water, then certainly ψp is delineated by vertical space from the
considered point and piezometer level of water, connected to that point in question.
Pressure potential is always positive and zero below the water level and at and
above the water level, respectively. ψp and ψm are mutually exclusive to each other as
if ψp is positive, then ψm is zero, while if ψm is negative, then ψp is zero.

2.4 Gravitational potential

ψg constitutes an important soil moisture potential component which is not
affected by the soil properties [14]. On considering weight as the unit of quantity of
water, ψg comes out to be the vertical distance of elevation from a point under
consideration to the point in question and is thus considered as the elevation dis-
tance from a point under consideration to the level of reference [14]. To raise an
object against the gravitational force of attraction, some work must be done which
is stored in the form of energy with respect to its gravity. Gravitational potential is
zero at, positive above, and negative below the reference level. It does not depend
upon soil properties; this is the reason why ψg is not considered while calculating
the water potential. However, ψg played an important role and is considered while
calculating the total water potential as

ψt ¼ ψwþ ψg (4)

Further, ψg is independent on the conditions of soil, water, weather, chemical,
and pressure, while elevation levels are affecting it. Hence, height is the only criteria
affecting the gravitational water in one and all [14].

2.5 Osmotic potential (ψs)

ψs is an important potential which is there in soil because of the salts in soil
water and also due to the presence of the semipermeable layer, which only allowed
water entry but not of the salts through it [14]. In soil-water interface, there are
mainly two important semipermeable membranes, namely, air-water interface and
cell wall in the roots. Air-water interface behaves near to the perfect semipermeable
membrane, while cell wall of roots is not a perfect semipermeable membrane as it
allows passage of salts as well as water through it. However, while studying liquid
water flow in soils, ψs is an unimportant potential due to lack of semipermeable
membrane in it, while in plants it is of much importance as plant ease to absorb
water is greatly affected by ψs as the more the value of ψs, the higher the energy
exerted by plant to pull deep underground water. Consider sodic/saline soil,
through which the plants have to exert the water, and then it can exert a ψs equal to
the permanent wilting point of soils. Thus determining the value of ψs = -RTCs,
where R, T, and Cs represent universal gas constant (82 bars cm

�2), absolute
temperature, and solute/salt concentration in soils, respectively, is the most difficult
as it also includes those species which dissociate into the ions [9].

There are many terminological terms, namely, water-use efficiency at global and
local levels and allocation efficiency pertaining to water used in the literature
[20, 23] for sustainable use of the irrigation water throughout the globe. Further,
Allan coined the term “virtual water” for human consumption. Further, published
literature also delineate some terms pertaining to crop water, namely, green, blue,
gray, and black water [20]. The most important term that pertains to human water
use is referred to as “blue water” as it is rain water, which directly enters the lakes
and is used by humans. For plants, the most important water term is “green water”
as it is there in soil pores and meets the transpiration demands of plants to produce
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biomass [24]. Domestic activities such as bathing and dishwashing constitute the “gray
water,” while “black water” is the produce of laundry which consists of toilet water.
Among all the different categories of water, only gray water has the huge potential of
being reused, which further cut off the freshwater demand by 30% in cities [9].

3. Soil moisture balance computation

Computation of the soil water balance is an important aspect which needs to be
focused, and their detailed methodological understanding is a must more particu-
larly for the budding scientists. Nowadays, many research papers are published in
the journals of repute, publishing effect of RCTs, namely, laser leveler, DSR, zero
tillage, etc., on improving the water as well as land productivity without discussing
much on the estimation part. Thus, there is confusion in between the scientists
especially budding ones as to how to estimate the performance of a particular RCT
under different conditions of soil texture and climate. Moreover, there is an interest
in the evaluation of these RCTs in improving the production potentials by diverting
maximum ET water to the T components, thereby providing higher nutrients to the
plants [15, 25, 26] and recommending them as per the soil textural class as these
technologies are location specific and not a single technology is capable of
performing equally under all the conditions. Hence, there is a need to delineate the
estimation/calculative part of the different moisture balance components of the soil.

Nowadays, agricultural scientists are focusing on techniques to reduce the soil
evaporation [27–30] for partitioning higher part of the soil moisture from
evaporation (unproductive component) to the transpiration (productive compo-
nent) for improving the grain yields of the farmers of the water-stressed regions
throughout the globe. Countries, namely, Switzerland, the USA, Germany, the
Netherlands, Sweden, etc., recognized the significance of the aquifer management
[29, 31]. Proper water allotment, as per demand and availability, is a decisive issue
[29, 32]. Further, to feed 9.5 billion population up to 2050 [33], around 60% more
food [34] is required to produce from the shrinking natural resources, namely, land
and water [29, 35–37]. One other claimed way is to use waste or industrial water,
but it needs efforts to clean it first which sometimes is not an easy step. Climate
change further complicated the conditions as it has a significant effect on the
agriculture by altering the rainfall patterns, CO2 concentration, air temperature, etc.
[29, 36, 38]. Improved standards of living [39] and altered eating habits [8], which
need more consumption of water, make the scenario more complex. Therefore, a
challenge in front of the agricultural scientist to come out from this situation seems
to be a bit difficult. The only way is to partition greater fraction of evapotranspira-
tion (ET) component share to the transpiration side for improving the land pro-
ductivity even in the water-stressed region, but without knowing the proper
procedure for calculating the evaporation component, the budding scientists will
not able to assess the impact of different RCTs for this partition. Therefore, estima-
tion of the different soil moistures/water balance components is a must and of
course very important for having an idea to what are the added water amounts
(through rainfall or irrigation) and what are the lost amounts (either through
evaporation, transpiration, seepage, drainage, change in profile moisture storage,
etc.). Among all the water lost components on the left side, evapotranspiration
generally denoted by ET is most important whose share remained almost the same
[29, 38]. Further among ET, E pertains to unproductive water from open surfaces
which must be partitioned to T for having higher yields [8, 20]. However, water loss
through D and S is always away from the rhizosphere and thus is not used by the
crop plants for meeting their ET requirements.
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Before sowing and after harvesting the crop, namely, during the intervening
periods, profile moisture storage change could be measured, which further played
an important role in the cultivation of fodder crops. A soil water balance component
provides a way out to identify technologies which improve water productivity. Up
to now, this period is the least attended as results of applied treatments evaluated
are analyzed during this period [20, 27, 40, 41]. However, the intervening period
delineation of soil moisture dynamics helped to assess the residual effects of these
RCTs applied during the main crop [40, 41]. Therefore, for sustainable and judi-
cious use of irrigation water, the analysis of the soil water balance component is
very important. The following are the important parameters of the soil water bal-
ance which needs to be calculated for evaluating the performance of any RCT in any
region of the globe:

Eþ Tþ Dþ Sþ ΔG ¼ Rþ I (5)

where E is the evaporation, T is the transpiration, D is the drainage, S is the
seepage, ΔG is the profile moisture change, R is the rainfall, and I is the irrigation.

Details along with their calculative/instrumental part are discussed below.

3.1 Rainfall (R)

Rainfall is an important soil water balance component which decides the fate of
the rainfed crops grown particularly in the submountainous tracts where there is no
irrigation facilities, which might be because of the hard subsurface and very deep
underground water table [17, 23]. Therefore, its timely quantification is very
important for recognizing stressed areas which further helps in rescheduling irriga-
tion plans for improving land and water productivity over here. Received rainfall is
estimated using a rain gauge, which is installed permanently at the location/period
of experimentation, which is further used in calculating the rainfall water produc-
tivity (WPI) [15]. However, one should be very careful that the spot selected for
rain gauge installation should be away from huge buildings or any obstacles or any
hindrance. Necessary correction factor must be applied, which is the case of the
heavy rainfall if rain gauge’s cylinder overflowed [39]. Many times, it is observed
that rain gauge base is not fixed, which may result in tilting of the gauge while
recording the rainfall; thus while installing it, it should be made sure that it should
be fixed by using cement and sand mixture, so that no error in calculations will be
there [15, 23, 39].

3.2 Irrigation water amount (I)

Irrigation is the most important for having potential agricultural yields in any
area. But generally irrigation water-use efficiency is quite low in spite of the fact
that water already is a limiting factor. Further, irrigation is an important input
component for soil water solution; however, its exact measurement is generally not
there, even in water management experiments. Nowadays we are well equipped
with the water measuring meters which accurately measured the water amount
which is being applied to a particular plot under any treatment, namely, area
velocity flow meter (AVFM 5) which provides a digital reading of water supplied in
any plot [15]. Generally, irrigation water depth of 50 and 75 mm in wheat and rice
plots supplied which could be measured through the sensor (fitted in the pipe
through which water enters a particular plot) of AVFM [27]. GREYLINE is the
company manufacturing the Digital flow meter (Figure 8) the irrigation water
measuring irrigation water device on a quantitative basis. Their sensor has to be fit
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in the plastic pipe. When water applied to a particular plot equipped by a particular
treatment, sensor placed in the pipe starts recording and displaying the quantity of
water entered in the plot in liters which could be further be used in calculating the
irrigation water productivity of differently treated plots. As there is no electric
supply in the remote agricultural fields, hence a battery is required for its power.
Further, calibrations are required before using it by filling the water in a Known
volume of drum and in case of any discrepancy, a correction factor must be applied
for further calculations for applied irrigation amounts in the agricultural water
management experiments so that correct irrigation water productivities will be
delineated under different treatments.

3.3 Evaporation (E)

Evaporation generally is known as the unproductive loss of the water from any
surface, namely, soil or water or leaf, when liquid water changed to vapor form in
the presence of the certain energy, and is affected by establishment methods [8, 12,
20, 29, 42] as mulched plots experienced lesser evaporation losses. However,
through the stomata of the leaf, loss of liquid water to atmosphere in gaseous form
coined as productive loss, delineated as “transpiration (T)” as under transpiration
pull along with water nutrient also enters into the plants through the roots which
further results in higher grain yields. Therefore, for having higher production of the
plants, higher transpiration is required; thus, every effort is made to divert a greater
fraction of the ET share of the soil moisture to the T component [15, 39]. Generally,
lysimeters are used for delineating the evaporation, while transpiration is delineated
after subtracting other water loss factors from rainfall + irrigation. Lysimeters [41,
42] comprised of two pipes of PVC, the outer (0.16 m) being wider than the inner
(0.102 m) in diameter while both of the same length (0.20 m). Porous end cap is
used to seal the inner one from downward side, while the outer one was opened
from both sides for making soil environment homogeneous in mini-lysimeter and
the outer field. Cylindrical auger is used for making space in the field for fitting
wider outer pipe (0.20 m long), in which inner soil-filled pipe (duly closed from
downside with an end caps) is placed.

Figure 8.
Area Velocity Flow Meter for calculating the irrigation water applied.
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The inner PVC tube weight was measured daily at 0.900 hours (Figure 9d)
using a digital weighing balance. Mini-lysimeters are used (Figure 9a–d) in the
treatment plots, where daily evaporation needs to be worked in mm below the
crop canopy [20, 42, 43]. Providing permanent location in the field plots receiving
differential treatments throughout the season is the main objective of providing
outer PVC pipe, where evaporation could be regularly measured. Hammer is used
for inserting the narrower inner PVC pipe in the field during each sampling
(Figure 9a), which removed from the plot with the help of chain-pulley arrange-
ment (Figure 9b). Weeds growing on the mini-lysimeters must be cut and
removed, so that it may not affect evaporation readings. Without any soil
disturbance, inner pipes should be placed in the outer pipes, and daily in the
morning, about 9:00 am, lysimeters were weighed (Figure 9d) and placed back in
the outer PVC pipe.

3.3.1 Delineation of calculations of evaporation

Mostly, very little discussion is there in different research papers regarding the
calculative part of the evaporation. Hence, the repetition of the carried-out work
under differentially textured soils/agroclimatic conditions is quite difficult. As far as
the calculative part, different lysimeters were installed in different plots receiving
differently established methods/techniques.

Figure 9.
Step-wise technique of evaporation delineation with mini-lysimeters (a) Fitting of lysimeter in experimental
plot, (b) use of chain-pulley for removing it from plots, (c) removed lysimeter, (d) weighing of lysimeters within
the plots receiving differential treatments [23].
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Let us suppose.
Day 1 (Mass of the Lysimeter + Soil) = A g.
Day 2 (Mass of the Lysimeter + Soil) = B g.
Evaporated moisture mass after 1 day = A-B = X g (suppose it is 15 g).
1 g = 1 cm3 (15 g = 15 cm3).
For calculating evaporated water in 24 hours under differential treatments, the

differential lysimeter weight in cm3 needs to be divided by the lysimeter area (п r2)
cm2 where r is the radius. Let us suppose radius was 7.5 cm.

Hence, evaporated water = 15 cm3/3.14 � 7.5 cm � 7.5 cm = 0.085 cm.
Delineation of moisture evaporated from a particular treatmental plot during the

last 24 hours is quite important. The “cm” units are converted into “mm” by
multiplying it by 10. Therefore, in the above case, 0.85 mm (0.085 � 10 = 0.85 mm)
of evaporation is there. With this way, the performance of different RCTs in
reducing evaporation and thereby promoting the transpiration could be delineated
in a particular region (Figure 10).

3.4 Drainage (D)

Drainage is the loss of irrigation or rain water in the downward direction beyond
the rhizosphere. Therefore, drained away water could never be used up by the
plants. Hence it needs to be checked for providing more moisture to the rhizo-
sphere. In wheat, generally, drainage losses are assumed to be negligible or near to
100 mm, while in the rice season, drainage losses are of significance (>2000 mm).
For calculating the drainage losses in the rice season, electronic tensiometers
are installed at 450 and 600 mm assuming rhizosphere up to 500 mm [15].
For a drainage calculation, unsaturated hydraulic conductivity needs to be
delineated by using the disk permeameter, which is used throughout the soil profile
(Figure 11).

Now, for calculating the flux using Darcy’s law (Eq. (6)), delineation of the
unsaturated K of the transitional layer on a daily basis is very important, which is
further expressed as deep drainage.

q ¼ K:ΔH=L (6)

where Q is the flux, K is the unsaturated hydraulic conductivity, and ΔH/L is the
hydraulic gradient.

Hydraulic gradient (ΔH/L) changed to the suction gradient (ΔΨt/L), for
tensiometers

q ¼ K:ΔΨt=L (7)

where Ψt is the total potential which is the sum of matric and gravitational
potentials, namely,Ψm+Ψg, which are delineated as in cm and kPa, respectively. kPa
is easily converted into cm by multiplying it with 10. Disk permeameter (Figure 11)
is generally used for estimating unsaturated hydraulic conductivity values up to
0–150 cm. For estimating water drained deep through the soil profile, Eq. (4) is used.

q ¼ K:ΔΨt=L (8)

q ¼ K:ΔΨA� ΔΨB=L (9)

q ¼ K:f Tensiometer readings at 45cm� 45ð Þ
� Tensiometer readings at 60cm� 60ð Þ=15 (10)
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Sometimes under field conditions, different length tensiometers had to be used
depending upon their availability; hence, a correction factor is applied to nullify this
effect.

Correction Factor ¼ Tensiometer reading–9:8 ∗ Tensiometer length row number=100ð Þ
(11)

Generally, the tensiometer reading is in kPa, but for the soil water balance
studies, readings in “cm” are necessary, which are converted by multiplying kPa
reading with 10. After filling reading in Eq. (5), flux (q)/drainage loss in different
plots could be easily delineated.

Figure 10.
Working of electronic tensiometers (a) Fitting of tensiometers in the field, (b) filling of water in tensiometers,
(c–e) installed tensiometers,( f) measuring of matric potential using digital soil spec [24].
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3.5 Seepage (S)

S is the sideway water travels from side to side of the bunds, which could alter
the water amounts used. For delineating the seepage loss in the rice season, water
level variation in whole plots and infiltration rings is recorded during every irriga-
tion [15, 43]. After each irrigation/heavy rainfall, seepage was calculated. After
2–3 hours depending upon the soil textural class, water from plot disappears, and
then, the ring water level provides us with a scheme of the seepage losses from a
particular experimental plot.

3.6 Change in profile moisture (ΔG)

Profile moisture change is also an important part of the soil water balance
equation. For measuring soil profile moisture change, the thermogravimetrical
method is used for measuring moisture before sowing and after harvesting
throughout the profile up to a depth of 1.5 m.

Moisture of soil ðg g�1Þ ¼ Fresh soil mass ðgÞ–oven‐dried soil mass ðgÞ=
Oven‐dried soil mass ðgÞ: (12)

From the above conversion, above weight basis (g g�1) values of soil moisture to
volumetric basis (cm3 cm�3), these values must be multiplied with a respective bulk
density.

Øi ¼ W�Db (13)

Figure 11.
Disk permeameter for delineation of un-saturated hydraulic conductivity [23].
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where Øi is the volumetric soil moisture (cm3 cm�3); W is the mass basis soil
moisture; and Db is the bulk density.

For Db determination, generally, core method [22] was used. Under this method,
undisturbed metallic soil cores are used for calculating the Db, and fresh core weight
was measured. Then, fresh soil + cores weight was recorded, and then, both fresh
soil and cores are dried for 1 day in an oven at 105°C. For Db, the dried weight of soil
is divided with the internal volume of the metallic cores [15]. Further for a specific
depth under consideration, moisture (cm) is determined by

In a specific depth of soil, soil moisture cmð Þ ¼ Øi� soil profile depth (14)

Further, for delineating soil profile moisture up to 150 cm, each depth value of
soil moisture is added up to have soil profile moisture (cm), which is further
multiplied by 10 to get soil moisture of the whole profile in mm, the required units
for the soil moisture balance.

By adopting above methodology for calculating different soil moisture compo-
nents, namely, rainfall, irrigation, evaporation, transpiration, seepage, drainage,
and change in profile soil moisture, one could easily delineate the soil moisture
components or validate the performance of a particular resource conservation
technology, namely, happy seeder, laser leveler, tensiometers, direct-seeded rice,
etc., in improving the yield potentials by partitioning the maximum share of the
evapotranspiration water from evaporation to transpiration.

4. Conclusion

Underground water is globally declining down which in itself is a matter of great
concern. Further, population pressure is rising day by day whose requirements
whether of food, fiber, etc. should be met out from the ever-diminishing resources,
namely, water and land. Climate change further complicated the whole scenario by
one or other way. Thus, under this whole current scenario, it is very much impor-
tant to first have knowledge regarding soil moisture movement under the impacts
of different soil moisture potentials, namely, matric potential, solute potential, and
gravitational potential, so that irrigation water is applied as required for having
higher water-use efficiency for which tensiometers may serve the purpose under
the field conditions. Further, many RCTs are being proposed in the water-stressed
regions for establishing the wheat-rice cropping sequence with claim to have higher
water-use efficiency and, thus, higher land and water productivity. But a careful
observation delineates that all of these RCTs are not universally applicable; rather
their performance varied as per differential sand, silt, and clay ratios, soil slope, and
agroclimatic conditions. Therefore, the first idea regarding different soil water
potentials and then, secondly, rechecking of different recommended RCTs in a
diversion of maximum share of green water from E to T are required. For this,
estimating different soil moisture balance components and therefore their instru-
mental/calculative part needs more attention in the budding scientists more partic-
ularly dealing with the agricultural water management experiments in the water-
stressed regions of the globe.
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Abbreviations

Db bulk density
RCT resource conservation technologies
Es evaporation from soil surface
D drainage
Ψm potential by virtue of attraction due to soil matrix
Ψg potential by virtue of gravity
W mass basis moisture
ΔH/L hydraulic gradient
Øi moisture content on volumetric basis
SMP soil matric potential
q flux
K unsaturated hydraulic conductivity
I irrigation
T transpiration
AVFM area velocity flow meter
PVC polyvinyl chloride
DSR dry-seeded rice
ET evapotranspiration
R rainfall
WPI irrigation water productivity
E evaporation
S seepage
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Soil and Water Conservation 
Measures for Agricultural 
Sustainability
Anita Kumawat, Devideen Yadav, Kala Samadharmam  
and Ittyamkandath Rashmi

Abstract

Limited natural resources are available on the planet under immense pressure 
due to the ever-increasing population and changing climate. Soil and water are fun-
damental natural resources for the agricultural production system. Anthropogenic 
and adverse natural activities are the major factors for the deterioration of natural 
resources. Among the various degradation processes, soil erosion is one of the seri-
ous threats for the deterioration of soil and water resources. In India, about 68.4% 
of the total land area has been degraded by the water erosion process. Intensive 
agricultural practices accelerate the soil erosion process. Similarly, increased 
exploitation of groundwater resulted in depletion of groundwater level. Hence, the 
holistic management of soil and water resources is indispensable for agricultural 
sustainability as well as for the protection of the natural ecosystem. Development 
and adoption of improved technologies, judicious use of natural resources, and 
effective management practices are the need of the hour for protection of soil and 
water from degradation. This chapter highlights the status of natural resource 
degradation, erosion processes and, soil and water conservation strategies for 
agricultural sustainability and soil health in the long run.

Keywords: agricultural sustainability, conservation measures, erosion,  
natural resources, soil, water

1. Introduction

Soil and water are indispensable for the existence and survival of all ter-
restrial life. These are the basic resources to the requirement for food, feed, fuel, 
and fiber of human beings. Soil supports plant life by providing a medium for 
their growth and development [1, 2]. It is a non-renewable natural resource and 
susceptible to rapid degradation through various forms of erosion processes. 
Worldwide, around 52% of total productive land has been degraded by vari-
ous kinds of degradation processes and almost 80% of the terrestrial land is 
affected by water erosion [3, 4]. Further, annually ~10 million hectares (mha) of 
cropland becomes an unproductive at the global level due to soil erosion with an 
average rate of 30 t ha−1 year−1 soil erosion [5]. It has been estimated that water 
erosion results in a global flux of sediments of 28 Pg year−1 [6]. This, extensive 
degradation of finite soil resources can severely jeopardize global food security 
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while deteriorating environmental quality. On the other hand, the future of 
living beings and agricultural production systems is at stake due to continuously 
depleting aquifers and increasing pressure on underground water under pro-
jected climate change scenarios [7]. Moreover, climate change will increase water 
demand globally by about 40% of the water needed for irrigation [8]. Hence, 
under the emerging scenario of acute water shortages and land degradation, we 
must focus our effort on the development and adoption of efficient approaches 
for soil and water conservation as well as for agricultural sustainability. Even the 
theme for “World soil day,” 2019 was “stop soil erosion, save our future” to raise 
awareness on the importance of sustaining healthy ecosystems and human well-
being. Judicious use and management soil and water resources are more vital 
now than ever before to satisfy the needs of the ever-growing world population 
[9]. Conservation of soil and water has several agronomic, environmental, and 
economical benefits. Worldwide, around US$ 400 billion annual cost of on- and 
-off-site erosion has been estimated for replenishing lost nutrients, cleaning of 
water reservoirs and conveyances, and preventing erosion [10, 11].

2. The extent of land degradation

Globally, changes in land use and management practices accelerated soil erosion 
and have led to irrevocable land degradation, which is affecting 23.5% of the earth’s 
land area [12, 13]. Soil erosion is one of the serious problems which not only impair 
the quality of land and water resources but also harm agricultural production and 
the socio-economic condition of farmers. Soil erosion has degraded about 32% of 
total land area in the USA, 30.7% in China, 16% in Africa, 17% in Europe, and 45% 
in India through a wide range of degradation processes [14]. Among various land 
degradation processes, water erosion is a major problem affecting 68.4% of the total 
land area in India [15, 16]. In India, various organizations have estimated the extent 
of land degradation (Table 1). NBSS and LUP has been reported about 146.8 mha 
degraded land area in India [17].

A harmonization exercise was done involving various organizations, to work out 
the water erosion, wind erosion, physical, and chemical degradation in India [18]. 

Agency Estimation 
year

Degraded area 
(mha)

National Commission on Agriculture 1976 148

Ministry of Agriculture-Soil and Water Conservation Division 1978 175

Department of Environment 1980 95

National Wasteland Development Board 1985 123

Society for Promotion of Wastelands Development 1984 130

National Remote Sensing Agency 1985 53

Ministry of Agriculture 1985 174

Ministry of Agriculture 1994 107

National Bureau of Soil Survey and Land Use Planning 
(NBSS&LUP)

1994 188

NBSS&LUP (Revised) 2004 147

Table 1. 
Extent of land degradation estimated by different agencies in India.
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The harmonized data on degraded and wastelands with all possible combination 
classes is given in Table 2.

3. Soil Erosion and erosion causing agents

Soil erosion is the removal of topsoil by the physical forces of erosion causing 
agents at a greater rate than the rate of its formation. Initially, erosion removes the 
nutrient-rich fertile top layer of soil which leads to the reduced production potential 
of soil. Soil erosion is classified into two categories, i.e., accelerated and geological 
erosion. Geological erosion is the natural phenomenon, occurs through the constant 
process of weathering and disintegration of rocks in which the rate of erosion remains 
lower than the soil formation rate. In contrast, in accelerated erosion, the rate of soil 
erosion exceeds a certain threshold level and becomes rapid. Anthropogenic activities 
such as slash-and-burn agriculture, overgrazing, deforestation, mining, and intensive 
and faulty agriculture practices are accountable for accelerated soil erosion [9]. This 
higher rate of soil erosion leads to the removal of organic matter and plant nutrients 
from the fertile topsoil and eventually lowering crop productivity. Hence, the conser-
vation and management of natural resources are essential. Although the soil erosion 
cannot be eliminated, however it must be reduced to the level that can minimize its 
adverse impact on productivity and agricultural sustainability.

Degradation type Arable land 
(mha)

Open forest* 
(mha)

Data source

Water erosion (>10 t/ha/
year)

73.27 9.30 ICAR-IISWC

Wind erosion (Eolian) 12.40 — ICAR-CAZRI

Sub-total 85.67 9.30

Chemical degradation

Exclusively salt-affected 
soils

5.44 — ICAR-CSSRI, NBSS&LUP and 
NRSA, 2004

Salt-affected and water 
eroded soils

1.20 0.10

Exclusively acidic soils# 5.09 — NBSS&LUP, 2005

Acidic and water eroded 
soils#

5.72 7.13

Sub-total 17.45 7.23

Physical degradation

Mining and industrial 
waste

0.19 Visual interpretation of satellite data, 
NRSA, 2003

Permanent Water logging$ 0.88

Subtotal 1.07

Total 104.19 16.53

Grand total (Arable + open 
land)

120.72

*Area with <40% tree canopy cover.
#pH < 5.5 and areas under paddy and plantation crops were also included in the total acid soils.
$Sub-surface water logging is not considered.

Table 2. 
Harmonized data of degraded and wastelands in India.
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erosion. Geological erosion is the natural phenomenon, occurs through the constant 
process of weathering and disintegration of rocks in which the rate of erosion remains 
lower than the soil formation rate. In contrast, in accelerated erosion, the rate of soil 
erosion exceeds a certain threshold level and becomes rapid. Anthropogenic activities 
such as slash-and-burn agriculture, overgrazing, deforestation, mining, and intensive 
and faulty agriculture practices are accountable for accelerated soil erosion [9]. This 
higher rate of soil erosion leads to the removal of organic matter and plant nutrients 
from the fertile topsoil and eventually lowering crop productivity. Hence, the conser-
vation and management of natural resources are essential. Although the soil erosion 
cannot be eliminated, however it must be reduced to the level that can minimize its 
adverse impact on productivity and agricultural sustainability.

Degradation type Arable land 
(mha)

Open forest* 
(mha)

Data source

Water erosion (>10 t/ha/
year)

73.27 9.30 ICAR-IISWC

Wind erosion (Eolian) 12.40 — ICAR-CAZRI

Sub-total 85.67 9.30

Chemical degradation

Exclusively salt-affected 
soils

5.44 — ICAR-CSSRI, NBSS&LUP and 
NRSA, 2004

Salt-affected and water 
eroded soils

1.20 0.10

Exclusively acidic soils# 5.09 — NBSS&LUP, 2005

Acidic and water eroded 
soils#

5.72 7.13

Sub-total 17.45 7.23

Physical degradation

Mining and industrial 
waste

0.19 Visual interpretation of satellite data, 
NRSA, 2003

Permanent Water logging$ 0.88

Subtotal 1.07

Total 104.19 16.53

Grand total (Arable + open 
land)

120.72

*Area with <40% tree canopy cover.
#pH < 5.5 and areas under paddy and plantation crops were also included in the total acid soils.
$Sub-surface water logging is not considered.

Table 2. 
Harmonized data of degraded and wastelands in India.
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Water and wind are two key agents that degrade soils through various kinds of 
erosion processes. Globally, around 1100 mha is affected by water erosion (56% of 
the total degraded land) and around 28% of the total degraded land area is affected 
by wind erosion [19]. Runoff removes the soil particles from sloping and bare lands 
while the wind blows away loose and detached soil particles from unprotected 
lands. Other processes of land degradation are soil compaction, waterlogging, 
acidification, alkalinization, and salinization depends on parent material, climatic 
conditions, and crop management practices. In this chapter, we will discuss about 
the soil erosion by water, different types, processes, factors, and management.

4. Water erosion

Worldwide, water erosion is the most severe type of soil erosion. In this form of 
erosion, detachment, and transportation of soil particles from their parental source 
take place by water through the action of rainfall, runoff, hailstorm, and irrigation. 
Water erosion is a prevailing form of erosion in humid and sub-humid agro-eco-
systems. It also creates the problem in arid and semiarid regions, characterized by 
an intensive rainstorm and scanty vegetation cover. Water erosion comprises three 
basic phases, i.e., detachment, transportation, and deposition. Rainfall is one of 
the major factors which causes the movement and detachment of soil particles. The 
detached soil particles seal the open-ended and water-conducting soil pores, reduce 
water infiltration, and cause runoff. The first two phases determine the quantity 
of soil to be eroded and the third phase determines the distribution of the eroded 
material along the landscape. If there is no dispersion and transport of soil particles, 
there will be no deposition. Hence, detachment and transport of soil particles are 
the primary processes of soil erosion. Understanding the mechanisms and extent 
of water erosion is crucial to manage and develop erosion control practices. Splash, 
sheet, rill and gully erosion are main forms of soil erosion by water (Figure 1). The 
other forms of water erosion are ravine formation, slip, tunnel, stream bank, and 
coastal erosion [20, 21]. The different forms of water erosion are described below:

4.1 Splash erosion

Splash erosion is the first form of soil erosion by water. Falling raindrops on the 
soil surface break the soil aggregates and disperse and splash soil particles from their 
source, known as splash erosion. The process of splash erosion involves raindrop 
impact on soil particles, a splash of soil particles, and the formation of craters [22]. The 
raindrops falling on soil surface act like a small bomb which disintegrates soil particles 
and forms cavities of contrasting shapes and sizes. The depth of craters is equal to the 
depth of raindrop penetration which is a function of raindrop velocity, size, and shape. 
In this form, soil particles can move only a few centimeters away from their source.

4.2 Sheet erosion

This is the next phase to splash erosion, which promptly initiates sheet erosion. 
The fertile topsoil surface is removed uniformly as a thin layer from the entire slop-
ing surface area of the field by runoff water. Sheet erosion is a function of particle 
detachment, rainfall intensity, and land slope. The shallow flow of runoff water 
causes this type of soil erosion in which small rills are formed. This is the most com-
mon and severe form of soil erosion from an agricultural point of view as it removes 
the nutrient-rich top layer of soil. Out of total soil erosion, nearly 70% is caused by 
splash and sheet erosion only.
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4.3 Rill erosion

It describes the flow of runoff water loaded with soil particles and organic matter 
in finger-like small channels, known as rill erosion. This is the advanced form of 
sheet erosion for soil loss. Water flow in small channels erodes soil at a faster rate 
than sheet erosion. Rill erosion is the second most common form of water erosion. 
These rills can be easily managed by tillage operations but can cause higher soil loss 
during intensive rainfall. The key factors that cause rill erosion are soil erodibility, 
land slope, runoff transport capacity, and hydraulic shear of water flow.

4.4 Gully erosion

Gully erosion is the advanced form of rill erosion. When the volume and velocity 
of concentrated runoff water increase, the rills become deep and broad and forms 
gullies. The gullies are linear incision channels with 0.3 m width and 0.3 m depth. 
Concentrated runoff flow is a primary factor for gully formation. Continuous gully 
erosion results in the removal of the entire soil profile. The extreme form of gully 
erosion may results in failure of crops, expose plant roots, reduce the groundwa-
ter level, and adversely affects landscape stability. It can cut apart the fields and 
aggravate the non-point source pollution (e.g., sediment, chemicals) to nearby 
water bodies. Gullies cannot be corrected by usual tillage operations. The dominant 

Figure 1. 
Four basic forms of soil erosion by water.
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by wind erosion [19]. Runoff removes the soil particles from sloping and bare lands 
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4.1 Splash erosion
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soil surface break the soil aggregates and disperse and splash soil particles from their 
source, known as splash erosion. The process of splash erosion involves raindrop 
impact on soil particles, a splash of soil particles, and the formation of craters [22]. The 
raindrops falling on soil surface act like a small bomb which disintegrates soil particles 
and forms cavities of contrasting shapes and sizes. The depth of craters is equal to the 
depth of raindrop penetration which is a function of raindrop velocity, size, and shape. 
In this form, soil particles can move only a few centimeters away from their source.

4.2 Sheet erosion

This is the next phase to splash erosion, which promptly initiates sheet erosion. 
The fertile topsoil surface is removed uniformly as a thin layer from the entire slop-
ing surface area of the field by runoff water. Sheet erosion is a function of particle 
detachment, rainfall intensity, and land slope. The shallow flow of runoff water 
causes this type of soil erosion in which small rills are formed. This is the most com-
mon and severe form of soil erosion from an agricultural point of view as it removes 
the nutrient-rich top layer of soil. Out of total soil erosion, nearly 70% is caused by 
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Concentrated runoff flow is a primary factor for gully formation. Continuous gully 
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factors affecting gully erosion are shear stress of flowing water and critical shear 
stress of the soil. The further erosion of gullies results in ravines formation. Based 
on the size, depth, and drainage area, gullies can be classified as:

a. U-shaped gullies: These types of gullies are usually formed in alluvial soils 
where the characteristics of both the surface and subsurface soils are similar.

b. V-shaped gullies: This is the most common shape of gully erosion which 
occurs in the areas where the subsurface of soil is more resistant than the 
topsoil surface.

4.5 Ravine formation

It is referred to as a network of deep and narrow gullies that flows parallel to 
each other while linking with the river system. Mismanagement and non-judicious 
use of land result in enlargement of rills and gullies and eventually lead to ravine 
formation. Abrupt changes in elevation of the river bed and the adjoining land sur-
face, deep and permeable soil with high erodibility, sparse vegetation, and backflow 
of river water during the recession period causes severe bank erosion which conse-
quently results in ravine formation.

4.6 Tunnel erosion

It is the sub-soil erosion through runoff flow in channels while surface soil 
remains intact. Tunnel erosion is also known as pipe erosion and commonly occurs 
in arid and semiarid regions where the soil permeability for water varied with the 
soil profile. The further widening and deepening of tunnels form large gullies which 
degrade the productive agricultural lands. Soil with erodible characteristics, having 
sodic B horizon and stable A horizon are highly prone to tunnel erosion. Runoff flow 
through natural cracks and animal burrows initiates tunnel formation by infiltrat-
ing thorough dispersible subsoil layers. Seepage, lateral flow, and interflow are key 
indicators of tunnel erosion. It alters the geomorphic and hydrologic characteristics 
of the affected areas. Management practices for tunnel erosion are ripping, contour 
farming, vegetation including trees and deep-rooted grasses with proper fertilization 
and liming, consolidation of surface soil, and diversion of concentrated runoff.

4.7 Slip erosion or landslip erosion

It is the downward and outward movement of slope forming materials com-
posed of natural rocks and debris from sloppy lands. It is also known as mudslide 
or mass erosion. This type of erosion mostly occurs in hilly regions having water-
saturated soils slips down the hillside or mountain slope. Banks along highways, 
streams, and ocean fronts are often subject to landslides. The large masses of land 
slip down which destroy the vegetation and degrade the productivity of lands. The 
slope can be stabilized through developments of diversion drains, contour trenches, 
crib structures, geotextiles, kutta—crate structures, and retaining walls.

4.8 Stream bank erosion

The scouring of soil material from the stream bed and cutting of stream bank 
by the action of flowing water is known as stream bank erosion. Streams and rivers 
change their direction of flow by cutting the bed from one side and depositing the 
sediment to the other side of the stream. Flash floods enhanced the stream bank 
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erosion which is more destructive. Stream and gully erosion are relatively compa-
rable. Primarily, stream bank erosion predominantly occurs at the lower end water 
tributaries which have a relatively flat slope and continuous flow of water.

4.9 Coastal erosion

Sea level is incessantly rising due which can increase the frequency of occurrence 
of natural disasters like the tsunami in the coastal areas in the future. Such natural 
hazards produce strong water waves which can severely erode the seaside areas. 
It is projected that the erosion rate will be higher in coastal regions in the coming 
years. The anthropogenic activities leading to coastal erosion are port construction, 
destruction of mangroves, and beach and river bed mining [23].

4.10 Universal soil loss equation for water erosion

The universal soil loss equation (USLE) was given by Wischmeier and Smith 
(1978) based on the soil erosion causing factors [24].

  A = RKL SCP  (1)

where A, mean annual soil loss (metric tons hectare−1 year−1);
R, rainfall erosivity factor;
K, soil erodibility factor
L, slope-length factor
S, slope-steepness factor;
C, cover and management factor;
P, support practice factor.
Among the above-listed factors, vegetation and to some extent soil can be man-

aged to reduce the rate of the soil erosion but the climatic and topographic factors, 
except slope length, are not manageable. Primarily, soil loss through erosion is a 
function of erosivity of raindrops and erodibility of the soil which can be math-
ematically expressed as follows:

  Erosion = f  (Erosivity, Erodibility)   (2)

where Erosivity is the potential of rainfall to cause erosion under given soil type 
and climatic condition; Erodibility is the vulnerability or susceptibility of the soil to 
erosion which depends on soil bio-physico-chemical properties, and land use and 
crop management practice. Sandy soils can be easily detached while well aggregated 
clayey soils are more resistant to erosion than sandy soils. When clay particles 
detached they can be easily removed by runoff due to their smaller size. Silt soils are 
the most erodible type of soil [9].

5. Impact of soil erosion on agriculture

The accelerated soil erosion significantly influences the soil quality, agricultural 
production and nutritional quality [25]. Higher soil erosion results in the removal 
of fertile topsoil along with nutrients which leads to reduced agronomic yield, land 
degradation, and terrain deformation [25–27]. The main causal factors affecting 
the rate of soil erosion are parent material, soil texture, slope steepness, plant cover, 
tillage, and climate [13]. According to an estimate of existing soil loss data, the 
mean annual rate of soil erosion in our country is approximately 16.4 ton ha−1 which 
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factors affecting gully erosion are shear stress of flowing water and critical shear 
stress of the soil. The further erosion of gullies results in ravines formation. Based 
on the size, depth, and drainage area, gullies can be classified as:
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where the characteristics of both the surface and subsurface soils are similar.
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use of land result in enlargement of rills and gullies and eventually lead to ravine 
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quently results in ravine formation.
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streams, and ocean fronts are often subject to landslides. The large masses of land 
slip down which destroy the vegetation and degrade the productivity of lands. The 
slope can be stabilized through developments of diversion drains, contour trenches, 
crib structures, geotextiles, kutta—crate structures, and retaining walls.

4.8 Stream bank erosion

The scouring of soil material from the stream bed and cutting of stream bank 
by the action of flowing water is known as stream bank erosion. Streams and rivers 
change their direction of flow by cutting the bed from one side and depositing the 
sediment to the other side of the stream. Flash floods enhanced the stream bank 
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erosion which is more destructive. Stream and gully erosion are relatively compa-
rable. Primarily, stream bank erosion predominantly occurs at the lower end water 
tributaries which have a relatively flat slope and continuous flow of water.

4.9 Coastal erosion

Sea level is incessantly rising due which can increase the frequency of occurrence 
of natural disasters like the tsunami in the coastal areas in the future. Such natural 
hazards produce strong water waves which can severely erode the seaside areas. 
It is projected that the erosion rate will be higher in coastal regions in the coming 
years. The anthropogenic activities leading to coastal erosion are port construction, 
destruction of mangroves, and beach and river bed mining [23].

4.10 Universal soil loss equation for water erosion

The universal soil loss equation (USLE) was given by Wischmeier and Smith 
(1978) based on the soil erosion causing factors [24].

  A = RKL SCP  (1)

where A, mean annual soil loss (metric tons hectare−1 year−1);
R, rainfall erosivity factor;
K, soil erodibility factor
L, slope-length factor
S, slope-steepness factor;
C, cover and management factor;
P, support practice factor.
Among the above-listed factors, vegetation and to some extent soil can be man-

aged to reduce the rate of the soil erosion but the climatic and topographic factors, 
except slope length, are not manageable. Primarily, soil loss through erosion is a 
function of erosivity of raindrops and erodibility of the soil which can be math-
ematically expressed as follows:

  Erosion = f  (Erosivity, Erodibility)   (2)

where Erosivity is the potential of rainfall to cause erosion under given soil type 
and climatic condition; Erodibility is the vulnerability or susceptibility of the soil to 
erosion which depends on soil bio-physico-chemical properties, and land use and 
crop management practice. Sandy soils can be easily detached while well aggregated 
clayey soils are more resistant to erosion than sandy soils. When clay particles 
detached they can be easily removed by runoff due to their smaller size. Silt soils are 
the most erodible type of soil [9].

5. Impact of soil erosion on agriculture

The accelerated soil erosion significantly influences the soil quality, agricultural 
production and nutritional quality [25]. Higher soil erosion results in the removal 
of fertile topsoil along with nutrients which leads to reduced agronomic yield, land 
degradation, and terrain deformation [25–27]. The main causal factors affecting 
the rate of soil erosion are parent material, soil texture, slope steepness, plant cover, 
tillage, and climate [13]. According to an estimate of existing soil loss data, the 
mean annual rate of soil erosion in our country is approximately 16.4 ton ha−1 which 



Soil Moisture Importance

30

results in annual total soil loss of 5334 million tons (m t) and nutrient loss of 8.4 m t 
throughout the country [17]. However, the mean annual permissible limit of soil 
loss is 12.0 tons ha−1. Out of total eroded soil around 29% is permanently lost to the 
sea, while 61% is transported by runoff from one place to another and the remaining 
10% is directly deposited in reservoirs [21]. Higher nutrient concentration has been 
recorded in soil samples collected from runoff loads over the soil of agricultural 
fields [28]. Further, around 45.9 kg C ha−1 and 4.3 kg N ha−1 were recorded in 
eroded soil during the month of July [29].

The soil organic matter (SOM) is vital for improving soil bio-physico-chem-
ical properties and contains nearly 95% of N and 25–50% of phosphorus [30]. 
Higher rate of erosion results in loss of soil and fine organic particles. The soil 
removed by erosion has 1.5–5 times higher SOM than the soil left behind [31]. The 
availability of SOM also affects the biological activities and soil biodiversity in a 
particular agro-ecosystem. Moreover, the intensive and erratic rainfall results in 
higher soil erosion which leads to reduced infiltration and eventually less water 
availability to the vegetation. Sharda et al. studied the impact of the harshness 
of water erosion on agricultural productivity and advocated that water erosion 
reduced the annual crop production by 13.4 Mt in 2008–2009 at the national 
level [32]. Thus, the soil loss by water and wind severely affects the productive 
efficiency of all ecosystems [17, 33, 34]. The comprehensive impacts of erosion on 
soil and water resources which are liable to reduce agricultural productivity are 
given in Figure 2 [21].

The vegetation cover is imperative for moderating surface runoff and water 
erosion from agricultural lands [35]. The rate of runoff, soil, and nutrient loss is 
predominantly determined by the type of vegetation, canopy cover, slope gradi-
ent, and rainfall characteristics [36]. The higher canopy cover and crop residues 
mulching on soil surface results in the reduced rate of surface runoff and also 
reduces the impact of rainfall erosivity and soil erodibility [13, 35, 37].  
Vegetation cover reduces the detachment of soil particles along with the pro-
tection of soil surface from intensive rainfall. Moreover, it also conserves soil 
moisture and retains sediment and organic materials [38]. To sustain agricultural 
productivity, it is imperative to reduce runoff, soil loss, and nutrient loss through 
water erosion [13].

Figure 2. 
Impact of erosion on soil and water resources.
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6. Soil and water conservation measures

There are two types of measures for soil and water conservation, that is, 
mechanical/engineering/structural measures and biological measures. Mechanical 
measures are permanent and semi-permanent structures that involve terracing, 
bunding, trenching, check dams, gabion structures, loose/stone boulders, crib 
wall, etc., while biological measures are vegetative measures which involve forestry, 
agroforestry, horticulture and agricultural/agronomic practices [21].

6.1 Biological measures (agronomic/agricultural and agroforestry)

Agronomic measures are applicable in the landscape of ≤2% slope. Agronomic 
measures reduce the impact of raindrops through the covering of soil surface and 
increasing infiltration rate and water absorption capacity of the soil which results 
in reduced runoff and soil loss through erosion [39]. These measures are cheaper, 
sustainable, and may be more effective than structural measures, sometimes [4]. 
Important agronomic measures are described below.

6.1.1 Contour farming

Contour farming is one of the most commonly used agronomic measures for 
soil and water conservation in hilly agro-ecosystems and sloppy lands. All the 
agricultural operations viz. plowing, sowing, inter-culture, etc., are practiced along 
the contour line. The ridges and furrows formed across the slope build a continual 
series of small barriers to the flowing water which reduces the velocity of runoff 
and thus reduces soil erosion and nutrient loss [40, 41]. It conserves soil moisture in 
low rainfall areas due to increased infiltration rate and time of concentration, while 
in high rainfall areas, it reduces the soil loss. In both situations, it reduces soil ero-
sion, conserves soil fertility and moisture, and thus improves overall crop produc-
tivity. However, the effectiveness of this practice depends upon rainfall intensity, 
soil type, and topography of a particular locality.

6.1.2 Choice of crops

The selection of the right crop is crucial for soil and water conservation. The 
crop should be selected according to the intensity and critical period of rainfall, 
market demand, climate, and resources of the farmer. The crop with good biomass, 
canopy cover, and extensive root system protects the soil from the erosive impact 
of rainfall and create an obstruction to runoff, and thereby reduce soil and nutri-
ent loss. Row or tall-growing crops such as sorghum, maize, pearl millet, etc. are 
erosion permitting crops which expose the soil and induce the erosion process. 
Whereas close growing or erosion resisting crops with dense canopy cover and 
vigorous root system viz. cowpea, green gram, black gram, groundnut, etc. are 
the most suitable crops for reducing soil erosion [42]. To increase the crop canopy 
density, the seed rate should be always on the higher side.

6.1.3 Crop rotation

Crop rotation is the practice of growing different types of crops in succes-
sion on the same field to get maximum profit from the least investment without 
impairing the soil fertility. Monocropping results in exhaustion of soil nutrients 
and deplete soil fertility. The inclusion of legume crops in crop rotation reduces 
soil erosion, restores soil fertility, and conserves soil and water [43]. Further, the 
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level [32]. Thus, the soil loss by water and wind severely affects the productive 
efficiency of all ecosystems [17, 33, 34]. The comprehensive impacts of erosion on 
soil and water resources which are liable to reduce agricultural productivity are 
given in Figure 2 [21].

The vegetation cover is imperative for moderating surface runoff and water 
erosion from agricultural lands [35]. The rate of runoff, soil, and nutrient loss is 
predominantly determined by the type of vegetation, canopy cover, slope gradi-
ent, and rainfall characteristics [36]. The higher canopy cover and crop residues 
mulching on soil surface results in the reduced rate of surface runoff and also 
reduces the impact of rainfall erosivity and soil erodibility [13, 35, 37].  
Vegetation cover reduces the detachment of soil particles along with the pro-
tection of soil surface from intensive rainfall. Moreover, it also conserves soil 
moisture and retains sediment and organic materials [38]. To sustain agricultural 
productivity, it is imperative to reduce runoff, soil loss, and nutrient loss through 
water erosion [13].

Figure 2. 
Impact of erosion on soil and water resources.
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6. Soil and water conservation measures

There are two types of measures for soil and water conservation, that is, 
mechanical/engineering/structural measures and biological measures. Mechanical 
measures are permanent and semi-permanent structures that involve terracing, 
bunding, trenching, check dams, gabion structures, loose/stone boulders, crib 
wall, etc., while biological measures are vegetative measures which involve forestry, 
agroforestry, horticulture and agricultural/agronomic practices [21].

6.1 Biological measures (agronomic/agricultural and agroforestry)

Agronomic measures are applicable in the landscape of ≤2% slope. Agronomic 
measures reduce the impact of raindrops through the covering of soil surface and 
increasing infiltration rate and water absorption capacity of the soil which results 
in reduced runoff and soil loss through erosion [39]. These measures are cheaper, 
sustainable, and may be more effective than structural measures, sometimes [4]. 
Important agronomic measures are described below.

6.1.1 Contour farming

Contour farming is one of the most commonly used agronomic measures for 
soil and water conservation in hilly agro-ecosystems and sloppy lands. All the 
agricultural operations viz. plowing, sowing, inter-culture, etc., are practiced along 
the contour line. The ridges and furrows formed across the slope build a continual 
series of small barriers to the flowing water which reduces the velocity of runoff 
and thus reduces soil erosion and nutrient loss [40, 41]. It conserves soil moisture in 
low rainfall areas due to increased infiltration rate and time of concentration, while 
in high rainfall areas, it reduces the soil loss. In both situations, it reduces soil ero-
sion, conserves soil fertility and moisture, and thus improves overall crop produc-
tivity. However, the effectiveness of this practice depends upon rainfall intensity, 
soil type, and topography of a particular locality.

6.1.2 Choice of crops

The selection of the right crop is crucial for soil and water conservation. The 
crop should be selected according to the intensity and critical period of rainfall, 
market demand, climate, and resources of the farmer. The crop with good biomass, 
canopy cover, and extensive root system protects the soil from the erosive impact 
of rainfall and create an obstruction to runoff, and thereby reduce soil and nutri-
ent loss. Row or tall-growing crops such as sorghum, maize, pearl millet, etc. are 
erosion permitting crops which expose the soil and induce the erosion process. 
Whereas close growing or erosion resisting crops with dense canopy cover and 
vigorous root system viz. cowpea, green gram, black gram, groundnut, etc. are 
the most suitable crops for reducing soil erosion [42]. To increase the crop canopy 
density, the seed rate should be always on the higher side.

6.1.3 Crop rotation

Crop rotation is the practice of growing different types of crops in succes-
sion on the same field to get maximum profit from the least investment without 
impairing the soil fertility. Monocropping results in exhaustion of soil nutrients 
and deplete soil fertility. The inclusion of legume crops in crop rotation reduces 
soil erosion, restores soil fertility, and conserves soil and water [43]. Further, the 
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incorporation of crop residue improves organic matter content, soil health, and 
reduces water pollution. A suitable rotation with high canopy cover crops helps 
in sustaining soil fertility; suppresses weed growth, decreases pests and disease 
infestation, increases input use efficiency, and system productivity while reduc-
ing the soil erosion [42].

6.1.4 Cover crops

The close-growing crops having high canopy density are grown for protection 
of soil against erosion, known as cover crops. Legume crops have good biomass to 
protect soil than the row crops. The effectiveness of cover crops depends on crop 
geometry and development of canopy for interception of raindrops which helps in 
reducing the exposure of soil surface for erosion. It has been reported that legumes 
provide better cover and better protection to land against runoff and soil loss as 
compared to cultivated fallow and sorghum. The most effective cover crops are 
cowpea, green gram, black gram, groundnut, etc.

Advantages

• Protection of soil from the erosive impact of raindrops, runoff, and wind.

• Act as an obstacle in water flow, reduce flow velocity, and thereby reduce 
runoff and soil loss.

• Increase soil organic matter by residue incorporation and deep root system.

• Improve nutrients availability to the component crop and succeeding crops 
through biological nitrogen fixation.

• Improve water quality and water holding capacity of the soil.

• Improve soil properties, suppress weed growth, and increase crop 
productivity.

6.1.5 Intercropping

Cultivation of two or more crops simultaneously in the same field with definite 
or alternate row pattern is known as intercropping. It may be classified as row, 
strip, and relay intercropping as per the crops, soil type, topography, and climatic 
conditions. Intercropping involves both time-based and spatial dimensions. Erosion 
permitting and resisting crops should be intercropped with each other. The crops 
should have different rooting patterns. Intercropping provides better coverage 
on the soil surface, reduces the direct impact of raindrops, and protects soil from 
erosion [36, 43].

Advantages

• High total biomass production.

• Efficient utilization of soil and water resources.

• Reduction of marketing risks due to the production of a variety of products at 
different periods.

• Drought conditions can be mitigated through intercropping.
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• Reduce the weed population and epidemic attack of insect pests or diseases.

• It improves soil fertility.

6.1.6 Strip cropping

Growing alternate strips of erosion permitting and erosion resistant crops with 
a deep root system and high canopy density in the same field is known as strip crop-
ping. This practice reduces the runoff velocity and checks erosion processes and 
nutrients loss from the field [36, 44]. The erosion resisting crops protects soil from 
beating action of raindrops, reduces runoff velocity, and thereby increased time of 
concentration which results in a higher volume of soil moisture and increased crop 
production [4]. Strip cropping is practiced for controlling the run-off and erosion 
and thereby maintaining soil fertility.

Types of strip cropping

i. Contour strip cropping: The growing of alternate strips of erosion permit-
ting and erosion resisting crops across the slopes on the contour is known 
as contour strip cropping. It reduces the direct beating action of raindrops 
on the soil surface, length of the slope, runoff flow and increases rainwater 
absorption into the soil profile.

ii. Field strip cropping: In this practice the field crops are grown in more or 
less parallel strips across fairly uniform slopes, but not on exact contours. It is 
useful on regular slopes and with soils of high infiltration rates, where contour 
strip cropping may not be practical.

iii. Wind strip cropping: It consists of the planting of tall-growing row crops 
(such as maize, pearl millet, and sorghum) and close or short growing crops in 
alternately arranged straight and long, but relatively narrow, parallel strips laid 
out right across the direction of the prevailing wind, regardless of the contour.

iv. Permanent or temporary buffer strip cropping: It is the growing of 
permanent strips of grasses or legume or a mixture of grass and legume in 
highly eroded areas or in areas that do not fit into regular rotation, i.e. steep 
or highly eroded, slopes in fields under contour strip cropping. These strips 
are not practiced in normal strip cropping and generally planted permanent 
or temporary basis.

6.1.7 Mulching

Mulch is any organic or non-organic material that is used to cover the soil surface 
to protect the soil from being eroded away, reduce evaporation, increase infiltration, 
regulate soil temperature, improve soil structure, and thereby conserve soil mois-
ture [45–47]. Mulching prevents the formation of hard crust after each rain. The use 
of blade harrows between rows or inter-culture operations creates “dust mulch” on 
the soil surface by breaking the continuity of capillary tubes of soil moisture and 
reduces evaporation losses. Mulching also reduces the weed infestation along with 
the benefits of moisture conservation and soil fertility improvement. Hence, it can 
be used in high rainfall regions for decreasing soil and water loss, and in low rainfall 
regions for soil moisture conservation. Organic mulches improve organic matter 
and consecutively improving the water holding capacity, macro and micro fauna 
biodiversity, their activity, and fertility of the soil [48, 49].
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incorporation of crop residue improves organic matter content, soil health, and 
reduces water pollution. A suitable rotation with high canopy cover crops helps 
in sustaining soil fertility; suppresses weed growth, decreases pests and disease 
infestation, increases input use efficiency, and system productivity while reduc-
ing the soil erosion [42].

6.1.4 Cover crops

The close-growing crops having high canopy density are grown for protection 
of soil against erosion, known as cover crops. Legume crops have good biomass to 
protect soil than the row crops. The effectiveness of cover crops depends on crop 
geometry and development of canopy for interception of raindrops which helps in 
reducing the exposure of soil surface for erosion. It has been reported that legumes 
provide better cover and better protection to land against runoff and soil loss as 
compared to cultivated fallow and sorghum. The most effective cover crops are 
cowpea, green gram, black gram, groundnut, etc.

Advantages

• Protection of soil from the erosive impact of raindrops, runoff, and wind.

• Act as an obstacle in water flow, reduce flow velocity, and thereby reduce 
runoff and soil loss.

• Increase soil organic matter by residue incorporation and deep root system.

• Improve nutrients availability to the component crop and succeeding crops 
through biological nitrogen fixation.

• Improve water quality and water holding capacity of the soil.

• Improve soil properties, suppress weed growth, and increase crop 
productivity.

6.1.5 Intercropping

Cultivation of two or more crops simultaneously in the same field with definite 
or alternate row pattern is known as intercropping. It may be classified as row, 
strip, and relay intercropping as per the crops, soil type, topography, and climatic 
conditions. Intercropping involves both time-based and spatial dimensions. Erosion 
permitting and resisting crops should be intercropped with each other. The crops 
should have different rooting patterns. Intercropping provides better coverage 
on the soil surface, reduces the direct impact of raindrops, and protects soil from 
erosion [36, 43].

Advantages

• High total biomass production.

• Efficient utilization of soil and water resources.

• Reduction of marketing risks due to the production of a variety of products at 
different periods.

• Drought conditions can be mitigated through intercropping.
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• Reduce the weed population and epidemic attack of insect pests or diseases.

• It improves soil fertility.

6.1.6 Strip cropping

Growing alternate strips of erosion permitting and erosion resistant crops with 
a deep root system and high canopy density in the same field is known as strip crop-
ping. This practice reduces the runoff velocity and checks erosion processes and 
nutrients loss from the field [36, 44]. The erosion resisting crops protects soil from 
beating action of raindrops, reduces runoff velocity, and thereby increased time of 
concentration which results in a higher volume of soil moisture and increased crop 
production [4]. Strip cropping is practiced for controlling the run-off and erosion 
and thereby maintaining soil fertility.

Types of strip cropping

i. Contour strip cropping: The growing of alternate strips of erosion permit-
ting and erosion resisting crops across the slopes on the contour is known 
as contour strip cropping. It reduces the direct beating action of raindrops 
on the soil surface, length of the slope, runoff flow and increases rainwater 
absorption into the soil profile.

ii. Field strip cropping: In this practice the field crops are grown in more or 
less parallel strips across fairly uniform slopes, but not on exact contours. It is 
useful on regular slopes and with soils of high infiltration rates, where contour 
strip cropping may not be practical.

iii. Wind strip cropping: It consists of the planting of tall-growing row crops 
(such as maize, pearl millet, and sorghum) and close or short growing crops in 
alternately arranged straight and long, but relatively narrow, parallel strips laid 
out right across the direction of the prevailing wind, regardless of the contour.

iv. Permanent or temporary buffer strip cropping: It is the growing of 
permanent strips of grasses or legume or a mixture of grass and legume in 
highly eroded areas or in areas that do not fit into regular rotation, i.e. steep 
or highly eroded, slopes in fields under contour strip cropping. These strips 
are not practiced in normal strip cropping and generally planted permanent 
or temporary basis.

6.1.7 Mulching

Mulch is any organic or non-organic material that is used to cover the soil surface 
to protect the soil from being eroded away, reduce evaporation, increase infiltration, 
regulate soil temperature, improve soil structure, and thereby conserve soil mois-
ture [45–47]. Mulching prevents the formation of hard crust after each rain. The use 
of blade harrows between rows or inter-culture operations creates “dust mulch” on 
the soil surface by breaking the continuity of capillary tubes of soil moisture and 
reduces evaporation losses. Mulching also reduces the weed infestation along with 
the benefits of moisture conservation and soil fertility improvement. Hence, it can 
be used in high rainfall regions for decreasing soil and water loss, and in low rainfall 
regions for soil moisture conservation. Organic mulches improve organic matter 
and consecutively improving the water holding capacity, macro and micro fauna 
biodiversity, their activity, and fertility of the soil [48, 49].
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Inorganic mulches have a longer life span than organic mulches and can reduce 
soil erosion, water evaporation losses, suppress weeds but cannot improve soil 
health. This practice is costly and labor intensive therefore, suitable for cash crops 
such as fruits and vegetables. Polyethylene mulch is commonly used for the conser-
vation of soil and water resources to increase crop productivity [21].

6.1.8 Conservation tillage

In this practice at least 30% of soil surface should remain covered with crop 
residue before and after planting the next crop to reduce soil erosion and runoff, as 
well as other benefits such as C sequestration. This term includes reduced tillage, 
minimum tillage, no-till, direct drill, mulch tillage, stubble-mulch farming, trash 
farming, strip tillage, etc. The concept of conservation tillage is widely accepted 
in large scale mechanized crop production systems to reduce the erosive impact of 
raindrops and to conserve the soil moisture with the maintenance of soil organic 
carbon. Conservation tillage improves the infiltration rate and reduces runoff and 
evaporation losses [4]. It also improves soil health, organic matter, soil structure, 
productivity, soil fertility, and nutrient cycling and reduces soil compaction [50].

6.1.9 Organic farming

Organic farming is an agricultural production system that devoid the use of 
synthetic fertilizers or pesticides and includes organic sources for plant nutrient 
supply viz. FYM, compost, vermicompost, green manure, residue mulching, crop 
rotation, etc. to maintain a healthy and diverse ecosystem for improving soil prop-
erties and ensuring a sustained crop production. It is an environmentally friendly 
agricultural crop production system.

The maintenance of high organic matter content and continuous soil surface 
cover with cover crops, green manure, and residue mulch reduce the soil erosion 
in organic farming. It leads to the addition of a large quantity of organic manures 
which enhances water infiltration through improved bio-physico-chemical 
properties of soil, and eventually reduces soil erodibility [51]. Organic materi-
als improve soil structure through the development of soil binding agents (e.g., 
polysaccharides) and stabilizing and strengthening aggregates which reduce the 
disintegration of soil particles and thus reduced soil erosion. Soil erosion rates 
from soils under organic farming can be 30–140% lower than those from conven-
tional farming [9].

6.1.10 Land configuration techniques

Adoption of appropriate land configuration and planting techniques accord-
ing to crops, cropping systems, soil type, topography, rainfall, etc. help in better 
crop establishment, intercultural operations, reduce runoff, soil and nutrient loss, 
conserve water, efficient utilization of resources and result in higher productivity 
and profitability. Ridge and furrow, raised bed and furrow, broad bed and furrow, 
and ridging the land between the rows are important land configuration techniques.

i. Ridge and furrow system: Raising rainy season crops on ridges and rabi 
season crops in furrows reduces the soil crusting and ensures good crop 
stand over sowing on flat beds. Moreover, inter-row rainwater can be drain 
out properly during the monsoon period and collected in farm ponds, for 
life-saving irrigations and profile recharging for the establishment of rabi 
crops. It leads to the increased moisture content in soil profile which reduces 
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moisture stress on plants during the drought period. This method is most 
suitable for wide-spaced crops viz. cotton, maize, vegetables, etc.

ii. Broad bed and furrow system: This system has been developed by 
the ICRISAT in India. It is primarily advocated for high rainfall areas 
(>750 mm) having black cotton soils (Vertisols). Beds of 90–120 cm width 
are formed, separated by sunken furrows of about 50–60 cm wide and 
15 cm depth. The preferred slope along the furrow is between 0.4 and 
0.8% on Vertisols. Two to four rows of the crop can be grown on the bed, 
and the width and crop geometry can be adjusted to suit the cultivation 
and planting equipment.

Advantages

• Increase in-situ soil moisture conservation

• Safely dispose of excess runoff without causing erosion

• Improved soil aeration for plant growth and development

• Easier for weeding and mechanical harvesting

• It can accommodate a wide range of crop geometry.

6.1.11 Agroforestry measures

Agroforestry is a sustainable land management system which includes the 
cultivation of trees or shrubs with agricultural crops and livestock production 
simultaneously on the same piece of land [52, 53]. It is an emerging technology for 
effective soil and water conservation and comprises a wide range of practices for 
controlling soil erosion, developing sustainable agricultural production systems, 
mitigating environmental pollution, and increasing farm economy. The leaf litter 
addition act as a protective layer against soil erosion improves soil health and 
moisture retention capacity of the soil and increases crop productivity [54–56]. It 
has been reported that different agroforestry practices can reduce up to 10% of soil 
erosion [57]. Agroforestry not only controls soil erosion but also produce tree-based 
several marketable products.

Types of agroforestry systems

Agri-Silviculture: It is the growing of agricultural crops as a primary compo-
nent with the secondary component of multipurpose trees (MPTs) on the same 
managed land unit. The tree species bind soil particles in the root zone and increase 
water infiltration, and reduce runoff.

Agri-Horticulture: Growing of agricultural crops and fruit trees on the same 
managed land unit is known as agri-horticulture. Fruit tree species like lemon 
(Citrus limon), mango (Mangifera indica), ber (Ziziphus mauritiana), and aonla 
(Phyllanthus emblica) can be successfully planted in agricultural fields and on 
degraded and low fertile lands with some restoration measures.

Alley Cropping: Growing of agricultural crops in the alley formed between the 
hedge rows of leguminous nitrogen-fixing tree species. This system is one of the 
effective measures for soil and water conservation in hilly areas.

Silvi-pasture System: Raising grasses or livestock with MPTs on the same 
managed land unit is known as silvi-pasture system. This system has the potential 
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Inorganic mulches have a longer life span than organic mulches and can reduce 
soil erosion, water evaporation losses, suppress weeds but cannot improve soil 
health. This practice is costly and labor intensive therefore, suitable for cash crops 
such as fruits and vegetables. Polyethylene mulch is commonly used for the conser-
vation of soil and water resources to increase crop productivity [21].

6.1.8 Conservation tillage

In this practice at least 30% of soil surface should remain covered with crop 
residue before and after planting the next crop to reduce soil erosion and runoff, as 
well as other benefits such as C sequestration. This term includes reduced tillage, 
minimum tillage, no-till, direct drill, mulch tillage, stubble-mulch farming, trash 
farming, strip tillage, etc. The concept of conservation tillage is widely accepted 
in large scale mechanized crop production systems to reduce the erosive impact of 
raindrops and to conserve the soil moisture with the maintenance of soil organic 
carbon. Conservation tillage improves the infiltration rate and reduces runoff and 
evaporation losses [4]. It also improves soil health, organic matter, soil structure, 
productivity, soil fertility, and nutrient cycling and reduces soil compaction [50].

6.1.9 Organic farming

Organic farming is an agricultural production system that devoid the use of 
synthetic fertilizers or pesticides and includes organic sources for plant nutrient 
supply viz. FYM, compost, vermicompost, green manure, residue mulching, crop 
rotation, etc. to maintain a healthy and diverse ecosystem for improving soil prop-
erties and ensuring a sustained crop production. It is an environmentally friendly 
agricultural crop production system.

The maintenance of high organic matter content and continuous soil surface 
cover with cover crops, green manure, and residue mulch reduce the soil erosion 
in organic farming. It leads to the addition of a large quantity of organic manures 
which enhances water infiltration through improved bio-physico-chemical 
properties of soil, and eventually reduces soil erodibility [51]. Organic materi-
als improve soil structure through the development of soil binding agents (e.g., 
polysaccharides) and stabilizing and strengthening aggregates which reduce the 
disintegration of soil particles and thus reduced soil erosion. Soil erosion rates 
from soils under organic farming can be 30–140% lower than those from conven-
tional farming [9].

6.1.10 Land configuration techniques

Adoption of appropriate land configuration and planting techniques accord-
ing to crops, cropping systems, soil type, topography, rainfall, etc. help in better 
crop establishment, intercultural operations, reduce runoff, soil and nutrient loss, 
conserve water, efficient utilization of resources and result in higher productivity 
and profitability. Ridge and furrow, raised bed and furrow, broad bed and furrow, 
and ridging the land between the rows are important land configuration techniques.

i. Ridge and furrow system: Raising rainy season crops on ridges and rabi 
season crops in furrows reduces the soil crusting and ensures good crop 
stand over sowing on flat beds. Moreover, inter-row rainwater can be drain 
out properly during the monsoon period and collected in farm ponds, for 
life-saving irrigations and profile recharging for the establishment of rabi 
crops. It leads to the increased moisture content in soil profile which reduces 
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moisture stress on plants during the drought period. This method is most 
suitable for wide-spaced crops viz. cotton, maize, vegetables, etc.

ii. Broad bed and furrow system: This system has been developed by 
the ICRISAT in India. It is primarily advocated for high rainfall areas 
(>750 mm) having black cotton soils (Vertisols). Beds of 90–120 cm width 
are formed, separated by sunken furrows of about 50–60 cm wide and 
15 cm depth. The preferred slope along the furrow is between 0.4 and 
0.8% on Vertisols. Two to four rows of the crop can be grown on the bed, 
and the width and crop geometry can be adjusted to suit the cultivation 
and planting equipment.

Advantages

• Increase in-situ soil moisture conservation

• Safely dispose of excess runoff without causing erosion

• Improved soil aeration for plant growth and development

• Easier for weeding and mechanical harvesting

• It can accommodate a wide range of crop geometry.

6.1.11 Agroforestry measures

Agroforestry is a sustainable land management system which includes the 
cultivation of trees or shrubs with agricultural crops and livestock production 
simultaneously on the same piece of land [52, 53]. It is an emerging technology for 
effective soil and water conservation and comprises a wide range of practices for 
controlling soil erosion, developing sustainable agricultural production systems, 
mitigating environmental pollution, and increasing farm economy. The leaf litter 
addition act as a protective layer against soil erosion improves soil health and 
moisture retention capacity of the soil and increases crop productivity [54–56]. It 
has been reported that different agroforestry practices can reduce up to 10% of soil 
erosion [57]. Agroforestry not only controls soil erosion but also produce tree-based 
several marketable products.

Types of agroforestry systems

Agri-Silviculture: It is the growing of agricultural crops as a primary compo-
nent with the secondary component of multipurpose trees (MPTs) on the same 
managed land unit. The tree species bind soil particles in the root zone and increase 
water infiltration, and reduce runoff.

Agri-Horticulture: Growing of agricultural crops and fruit trees on the same 
managed land unit is known as agri-horticulture. Fruit tree species like lemon 
(Citrus limon), mango (Mangifera indica), ber (Ziziphus mauritiana), and aonla 
(Phyllanthus emblica) can be successfully planted in agricultural fields and on 
degraded and low fertile lands with some restoration measures.

Alley Cropping: Growing of agricultural crops in the alley formed between the 
hedge rows of leguminous nitrogen-fixing tree species. This system is one of the 
effective measures for soil and water conservation in hilly areas.

Silvi-pasture System: Raising grasses or livestock with MPTs on the same 
managed land unit is known as silvi-pasture system. This system has the potential 
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to reclaim eroded and degraded lands. Mechanical measures combined with grass 
species cultivation are more effective for controlling soil erosion processes [58]. 
The grass species such as Cenchrus ciliaris (buffel grass), Cenchrus setigerus (bird-
wood grass), Dichanthium annulatum (marvel grass), Panicum antidotale (blue 
panicgrass), Panicum maximum (Guinea grass), Brachiaria mutica (para grass) and 
Pennisetum purpureum (elephant grass) are important in ravine restoration [59].

6.2 Mechanical measures

Mechanical measures or engineering structures are designed to modify the 
land slope, to convey runoff water safely to the waterways, to reduce sedimenta-
tion and runoff velocity, and to improve water quality. These measures are either 
used alone or integrated with biological measures to improve the performance 
and sustainability of the control measures. In highly eroded and sloppy landscape 
biological measures should be supplemented by mechanical structures. A number 
of permanent and temporary mechanical measures are available such as terraces, 
contour bunding, check dams, gabions, diversion drains, geo-textiles, etc. [43]. 
The mechanical measures are preferred based on the severity of erosion, soil type, 
topography, and climate [4].

6.2.1 Bunding

i. Contour bunding: Contour bunding is used to conserve soil moisture and 
reduce erosion in the areas having 2–6% slope and mean annual precipitation 
of <600 mm with permeable soils [60]. The vertical interval between two 
bunds is known as the spacing of bunds. The spacing of bund is dependent 
on the erosive velocity of runoff, length of the slope, slope steepness, rainfall 
intensity, type of crops, and conservation practices.

ii. Graded bunding: Graded bunds are made to draining out of excess runoff 
water safely in areas having 6–10% land slope and receiving rainfall of 
>750 mm with the soils having infiltration rate < 8 mm/h. 

iii. Peripheral bunds: Peripheral bunds are constructed around the gully head 
to check the entry of runoff into the gully. It protects the gully head from 
being eroded away through erosion processes. It creates a favorable condition 
for the execution of vegetative measures on gully heads, slopes, and beds.

6.2.2 Contour trenching

Trenches are constructed at the contour line to reduce the runoff velocity for 
soil moisture conservation in the areas having <30% slope. Bunds are formed on 
the downstream side of trenches for the conservation of rainwater. Trenches are of 
two types:

i. Continuous contour trenches: Continuous contour trenches are con-
structed based on the size of the field in the low rainfall areas with the 
10–20 cm trench length and 20–25 cm equalizer width without any disconti-
nuity in trench length (10–20 m).

ii. Staggered contour trenches (STCs) Generally, these trenches are con-
structed in alternate rows directly beneath one another in a staggered man-
ner in the high rainfall areas, where the risk of overflow is prominent. SCTs 
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are 2–3 m long with 3–5 m spacing between the rows. Planting of tree species 
is done based on the land slope. It is highly effective in forestalling extension 
of gully head, soil loss, and arrest the overflow.

6.2.3 Terracing

Terraces are earthen embankments built across the dominant slope partitioning the 
field in uniform and parallel segments [9]. Generally, these structures are combined 
with channels to convey runoff into the main outlet at reduced velocities. It reduces the 
degree and length of slope and thus reduced runoff velocity, soil erosion and improves 
water infiltration [5]. It is recommended for the lands having a slope of up to 33%, but 
can be adopted for lands having up to 50–60% slope, based on socio-economic condi-
tions of a particular region. Where plenty of good-quality stones are available, stone 
bench terracing is recommended. Sometimes, semi-circular type terraces are built at 
the downstream side of the plants, known as half-moon terraces. Based on the slope of 
benches, the bench terraces are classified into the following categories:

i. Bench terraces sloping outward: These types of terraces are used in low rain-
fall areas having permeable soils. A shoulder bund is provided for stability of the 
edge of the terrace and thus has more time for rainwater soaking into the soil.

ii. Bench terraces sloping inward (hill-type terraces): These types of bench ter-
races are suitable for heavy rainfall areas where a higher portion of rainfall is to 
be drained as runoff. For this, a suitable drain should be provided at the inward 
end of each terrace to drain the runoff. These are also known as hill-type terraces.

iii. Bench terraces with level top: These types of terraces are suitable for uniformly 
distributed medium rainfall areas having deep and highly permeable soils. These 
are also known as irrigated bench terraces because of their use in irrigated areas.

6.2.4 Contour wattling

Wattling is a technique of dividing the length of the slope into shorter sections 
and in these sections, the wattles are constructed at a vertical interval of 5–7 m up 
to 33% slope and 3 m up to 66% slope. It is not effective on slopes steeper than 66% 
and on very loose or powdery rocks [61].

6.2.5 Crib structures

Crib structures are used to stabilize the steep slopes of >40% by constructing log 
wood structures filled with stone/brushwood. Eucalyptus poles with 2–3 m length 
and 8–12 cm diameter can be used for the construction of crib structures. These 
poles are joined together with the help of 20–25 cm long nails. The height of the 
structure is kept 1.5–2 m above the ground depending upon the land slope [62].

6.2.6 Geo-textiles

Geo-textiles are made up of natural fibers of jute or coir, which are used for 
stabilization of degraded slopes in mine spoil and landslides areas along roadsides. 
It facilitates the initial establishment of vegetation on highly degraded sloping 
lands by holding the vegetation in place and conserving moisture. The open mesh 
size of geo-textiles varies from 3 to 25 mm. The biodegradability of geo-textiles 
was reported for 2–3 years. It can absorb 12–25% water under 65 and 95% humid-
ity, respectively and when fully soaked in water it can absorb 40% moisture [63].
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to reclaim eroded and degraded lands. Mechanical measures combined with grass 
species cultivation are more effective for controlling soil erosion processes [58]. 
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Pennisetum purpureum (elephant grass) are important in ravine restoration [59].

6.2 Mechanical measures

Mechanical measures or engineering structures are designed to modify the 
land slope, to convey runoff water safely to the waterways, to reduce sedimenta-
tion and runoff velocity, and to improve water quality. These measures are either 
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on the erosive velocity of runoff, length of the slope, slope steepness, rainfall 
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iii. Peripheral bunds: Peripheral bunds are constructed around the gully head 
to check the entry of runoff into the gully. It protects the gully head from 
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6.2.2 Contour trenching

Trenches are constructed at the contour line to reduce the runoff velocity for 
soil moisture conservation in the areas having <30% slope. Bunds are formed on 
the downstream side of trenches for the conservation of rainwater. Trenches are of 
two types:

i. Continuous contour trenches: Continuous contour trenches are con-
structed based on the size of the field in the low rainfall areas with the 
10–20 cm trench length and 20–25 cm equalizer width without any disconti-
nuity in trench length (10–20 m).

ii. Staggered contour trenches (STCs) Generally, these trenches are con-
structed in alternate rows directly beneath one another in a staggered man-
ner in the high rainfall areas, where the risk of overflow is prominent. SCTs 
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and on very loose or powdery rocks [61].
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Geo-textiles are made up of natural fibers of jute or coir, which are used for 
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was reported for 2–3 years. It can absorb 12–25% water under 65 and 95% humid-
ity, respectively and when fully soaked in water it can absorb 40% moisture [63].
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6.2.7 Loose boulder/stone/masonry check dams

Check dams are effective for preventing runoff rate and severe erosion in steep 
and broad gullies, and most suitable for high elevation areas of the catchment [62]. 
These structures are cheap, having a long life, and fewer maintenance require-
ments. The depth of gully bed is kept about o.3 m and flat stones of 20–30 cm size 
are used for the construction of dams. A spillway is provided in the middle of the 
dam to allow the safe discharge of runoff water [21, 60]. Similarly, gabion check 
dams are also used for drainage line treatment in sharp slanted gullied areas to 
check sedimentation, erosion, and to conserve soil moisture [62].

6.2.8 Brushwood check dams

Branches of tree and shrub species are staked in two rows parallel to each other 
filled with brushwood and laid across the gully or way of the flow. These are usually 
built to regulate the overflow in small and medium gullies which are supplemented 
with vegetative barriers for long term effectiveness. There is enough soil volume 
to establish the vegetation. The tree species are planted in 0.3 m × 0.2 m trenches 
across the way of gullies. It reduces the runoff velocity, soil loss, and improves soil 
moisture which helps in the successful establishment of vegetative barriers.

6.2.9 Diversion drains

The channels are constructed to protect the downstream area and for safe drain-
ing and diverting of runoff water. It is applicable in high rainfall areas to control 
runoff losses during the initial stage. The gradient of diversion drain should prefer-
ably be kept within 0.5%. Generally, a narrow and deep drain does not get silted up 
as rapidly as a broad and shallow drain of the same cross-sectional area. Soil dug 
from the drain should be dumped on the lower side of the drain. Outlet end should 
be opened at natural drainage lines.

6.2.10 Conservation bench terrace

In the conservation bench terrace (CBT) system, the land is divided into 2:1 ratio 
along the slope in which the upper 2/3 area (Donor area) contributes runoff to the 
lower 1/3 runoff collecting area (recipient area). The donor area is left in its natural 
slope condition. It is also known as the zingg terrace and developed by Zingg and 
Hauser in 1959. The runoff contributing area is used for cultivation of kharif while 
the lower 1/3 area with conserved soil moisture is used to cultivate rabi crops. This 
mechanical measure can be successfully applied in a semi-arid climate on mild 
sloppy lands (2–5%) for erosion control, water conservation, and improvement of 
crop productivity. This system can be used in silty loam to silty clay loam soils. CBT 
system resulted in the reduction of runoff from 36.3 to 7.4% and soil loss from 10.1 
to 1.19 Mg ha−1 as compared to the conventional system of sloping border [64]. An 
average reduction of 78.9 and 88.0% in runoff and soil loss, respectively reported in 
the CBT system over the conventional system [65].

7. Conclusion

The land is finite and diminishing gradually due to the increasing rate of varied 
kinds of degradation and thus there is no alternative to expend cultivable land area. 
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The only way is either increasing agricultural productivity per unit resource avail-
able or restoring the degraded lands. Healthy soil and availability of water are vital 
for productivity in all kinds of terrestrial ecosystems because plants require fertile 
soil with improved bio-physico-chemical properties and good quality of water for 
their growth and development. Use of soil and water conservation measures includ-
ing biological (agroforestry and agricultural) and mechanical measures (terracing, 
bunding, trenching, check dams, etc.) is imperative to reduce runoff, soil erosion 
and to improve soil quality, water quality, moisture conservation, and overall crop 
productivity in a sustainable way. Biological measures are economically feasible and 
environmental friendly; also improve soil properties along with the conservation of 
soil and water resources. Further, the combined use of biological and mechanical 
measures will help in improving and sustaining agricultural productivity.

8. Future perspectives for soil and water conservation

The burgeoning world population, food insecurity and natural resource 
degradation are the major issues in the present era of climate change. It has been 
projected that the world population will be ~10 billion in 2050 [66]. Further, the 
rapid industrial growth and intensive farming practices are expected to increase the 
pressure on land and water resources in near future. Therefore, a paradigm shift in 
soil and water conservation, and its management is needed for agricultural sustain-
ability. The some of the future concern for soil and water conservation and sustain-
able agriculture are the following:

• Formulation of new policies and development of new technologies based on 
social, economical and cultural aspect of a particular regional.

• Implementation and adoption of effective conservation measures for sustain-
ing agricultural productivity.

• Existing soil and water conservation practices should be improved and devel-
oped based on the level of natural resources degradation.

• Greater emphasis should be given on participatory approach for effective soil 
and water conservation.

• Post impact assessment and monitoring of soil and water conservation mea-
sures should be done to evaluate their efficacy in increasing productivity, 
monetary returns, and livelihood of the stakeholders.

• Development of cost effective conservation practices to restore the degraded 
lands and to sustain agricultural productivity.

• The efficient technologies for soil and water conservation should be demon-
strated on farmers’ fields with their active participation.

• Emphasis on research, education and extension of soil and water conservation 
effective technologies to the stakeholders.

• Adoption of efficient management practices and judicious use of soil and water 
resources.
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measures will help in improving and sustaining agricultural productivity.
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Abstract

Forests play an irreplaceable role in linking the water cycle with the functions 
of soil. Soil water not only enhances the stability of forests, but also its run-off and 
evaporation affects the growth of plants in different ecosystems. The forest soil 
water balance is contextualized within the immediate and more global landscapes, 
in terms of relations of water to the soil environment and bedrock, participation 
in the local water cycle within a catchment basin and in the global cycle between 
ecosystems. Modifications by human civilization can have significant impacts, 
including erosion intensification, eutrophication, salinization, spreading of single-
species plantations, and regime shifts. Forests regulate the movement of water in 
the soil environment by reducing the intensity of run-off. Such moderated run-off 
prevents the occurrence of flash floods, maintaining continuous availability of 
water for plant and human use. Participation of soil water in the cycling of elements 
in forests is modified by soil organic matter balance. The preservation of hydric 
functions in forest soils depends on prioritization of water balance restoration in 
every catchment basin enclosing the local element cycle. More fundamentally, the 
development of a synergistically interlinked system, centered around the soil-
forest-water-civilization nexus, must become an urgent priority.

Keywords: water potential, available water capacity, forest soil hydric potential,  
soil water communication, soil water and human society

1. Introduction

In this book section, we deal with four mutually coherent sub-sections which, 
according to the author teams should present the topic progressively from base soil-
water interactions, properties and parameters on general level (Section 2.1); landscape 
and forest-horizontal water relations (Section 2.2); landscape and forest-vertical water 
relations (Section 2.3) and holistic soil-water-forest-landscape-civilization nexus 
(Section 2.4).

Soil water refers to any water contained in the soil in liquid, gaseous and solid 
states. From a forestry point of view, water can be considered as a key factor of 
production and its sustainability, while also contributing to the stability of the 
forest ecosystem, since water is essential, not only for nutrition (both as a reaction 
medium and as a substrate), but also for the growth and development of stands. 
Soil water in the liquid state acts by its deflocculating, dissolving, hydrolytic and 
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water interactions, properties and parameters on general level (Section 2.1); landscape 
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(Section 2.4).

Soil water refers to any water contained in the soil in liquid, gaseous and solid 
states. From a forestry point of view, water can be considered as a key factor of 
production and its sustainability, while also contributing to the stability of the 
forest ecosystem, since water is essential, not only for nutrition (both as a reaction 
medium and as a substrate), but also for the growth and development of stands. 
Soil water in the liquid state acts by its deflocculating, dissolving, hydrolytic and 



Soil Moisture Importance

46

translocation effects. Soil water is irreplaceable in a wide range of Physico-chemical, 
biochemical and biological processes and de facto it conditions soil formation and 
the development of the pedosphere. Oxygen, upon which all anaerobic life depends, 
is generated from the water-splitting reaction. Entire photosynthetic physiological 
pathways, such as Crassulacean Acid Metabolism (CAM), are engineered around 
water conservation.

2. Soil water and its relation to the soil environment

2.1 General characteristics of soil water

Water exists as a soil solution in the soil [1]. Gases (O2, CO2, NH3, N-oxides, 
S-oxides, etc.) and minerals are dissolved in this solution. Dissolved mineral sub-
stances originate from weathering processes, where they are released from rocks 
into the soil solution, and also from the above-ground part of forest stands, either by 
means of emission or percolation through tree crowns. Up to 50–250 kg of minerals 
per hectare a year penetrate the soil by so-called ‘cloud/fog water’ [2, 3]. This results 
in a significant enrichment of the soil surface not only in the form of plant litter 
but also through rainwater, including such elements as Ca, Mg, K, P and N. These 
elements react in the solid phase in the soil, further dissolving or precipitating. The 
water composition depends on the dissolution of minerals and organic compounds, 
on the ion exchange between the soil sorption complex and the soil solution and 
on the interaction of the soil solution, fine roots and soil microorganisms. Mineral 
(acids, bases, salts) and organic substances (colloids of dissolved compounds, 
saccharides, fulvic acids and amino acids, expressed as dissolved organic carbon 
(DOC)) are dissolved in water and then pass through the biosphere, while being 
regulated by climatic factors. Due to climate change and associated substantial 
changes in forest stand structure and functioning, the cycles and flows also change, 
not only at the level of soil water percolation and content but also within bulk depo-
sition and through fall, both representing substantial sources of DOC [4].

2.1.1 Water sources and losses in forest soils

The soil water content and its availability are the results of a water balance aris-
ing from the inputs and outputs of the water cycle within the particular ecosystem 
[5, 6]. The actual soil moisture enters and leaves the water balance at the beginning 
and the end of the investigation period respectively. Individual components of the 
water balance [7] are subject to external influences (generally climate and topog-
raphy) and internal influences (including properties, composition of the soil body 
and vegetation characteristics).

The most important water source is vertical precipitation in most areas of the 
temperate climatic zone. Horizontal precipitation is also regarded as a significant 
source, for example cloud/fog water in misty forests of tropical or mountain areas, 
dew, interception, condensation of water vapor in soil pores (especially in soils 
with a high proportion of macropores), capillary lift and lateral water. The water 
loss from the soil is primarily due to infiltration, surface run-off and evapotranspi-
ration. Run-off is significantly regulated by forest stands, both in a precipitation-
rich period (run-off is lower compared to the non-forested soil) and in a drought 
(run-off is higher in comparison with the non-forested soil).

The character of surface run-off and water flow through the soil depends on 
many factors, notably the slope gradient, the amount and intensity of precipitation, 
soil permeability, the depth of freezing and vegetation coverage. An excessively 
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dried soil surface may be characterized by poor wettability, while humus acts like a 
permeable filter with high hydraulic conductivity after being soaked in water. This 
leads to less vulnerability in forest ecosystems compared with different vegetation 
types [8, 9]. Humus may also be characterized by lower water loss (higher reten-
tion) compared to mineral soil. The forest floor, which is typical for forest soils [10], 
plays a crucial and indispensable role in terms of nutrient supply [11] but also for 
the water regime [12]: it absorbs several times more water than mineral horizons 
located below and, at the same time, it reduces soil water losses.

The forestry-pedology nexus represents perhaps the greatest existential threat 
to humanity at present, requiring urgent action yet currently being ignored by 
the international community. Historical precedent is all too clear, yet we ignore 
this growing crisis at our peril. Deficiency of physiological water [13–15] and the 
potential risk of stress associated with water unavailability to plants [16, 17], both 
of which differ between vegetation types [18], cannot be overemphasized [19, 20]. 
The internal factors impacting water availability in the soil environment include 
the grain-size composition of the soil (the distinction of stoniness and fine earth 
in a differentiated way in sand, silt and clay fractions), the organic matter form 
and content and the thickness of soil horizons, affecting both the multidirectional 
water flow and the physiological depth of root distribution. Other factors include 
soil chemistry (increased hygroscopicity of salinated soils) [21], the degree of 
rooting (water drainage alongside the roots) [22] and the distribution and repre-
sentation of soil pores of specific sizes, but also anthropogenic impacts, such as 
pedocompaction.

2.1.2 Soil water content, forms and water regime

One measure of increase and loss of water in the soil is the instantaneous 
soil moisture, represented by the total sum of water sources and losses and the 
water retention capacity. It is expressed in percentages by volume (Θ) or the 
mass (w) water content and also mm of water supplied, depending on different 
applications. In particular, forest soil humus horizons, act differently depending 
on stand species composition [23], the indicator of volumetric water content is 
more appropriate than the mass water content. The reason (also associated with 
low humus bulk density) is a significant disproportion in volumetric and mass 
water content when the maximum volumetric water content is always less than 
100% while the maximum mass water content can be far more than 100% (even 
exceeding 1000%).

Water is bound to the soil by the range of forces [24, 25] (chemical, physico-
chemical, physical and biological). The components that, together, produce water 
potential (see below) act simultaneously to influence water behavior and water 
content in the soil. There is no sharp boundary between these different forces. As 
a rule, the water-binding forces in the soil overlap and they are frequently related 
to specific soil horizons. The resultant sums of forces that hold water in the soil 
(matrix, osmotic, sorption, capillary, pneumatic, gravitational forces) together 
make up the soil water potential (Ψ) representing the strength by which soil water 
is bound. It can be said that it represents energy (work) that we would have to 
expend to ‘drain out’ water from the soil. The negative pressure is then referred to 
as suction or tension; hence it is expressed as the negative value of the atmospheric 
pressure [−Pa, −kPa, −MPa], where 0.1 MPa = 1 bar = 1020 cm of the water col-
umn = 760 mm Hg = 1 atm.

The soil water potential can also be formulated in pF curves, where pF = −log Ψ. 
The pF curves thus express the relationship between the soil water content and the 
soil water potential (Figure 1).
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(DOC)) are dissolved in water and then pass through the biosphere, while being 
regulated by climatic factors. Due to climate change and associated substantial 
changes in forest stand structure and functioning, the cycles and flows also change, 
not only at the level of soil water percolation and content but also within bulk depo-
sition and through fall, both representing substantial sources of DOC [4].
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[5, 6]. The actual soil moisture enters and leaves the water balance at the beginning 
and the end of the investigation period respectively. Individual components of the 
water balance [7] are subject to external influences (generally climate and topog-
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and vegetation characteristics).

The most important water source is vertical precipitation in most areas of the 
temperate climatic zone. Horizontal precipitation is also regarded as a significant 
source, for example cloud/fog water in misty forests of tropical or mountain areas, 
dew, interception, condensation of water vapor in soil pores (especially in soils 
with a high proportion of macropores), capillary lift and lateral water. The water 
loss from the soil is primarily due to infiltration, surface run-off and evapotranspi-
ration. Run-off is significantly regulated by forest stands, both in a precipitation-
rich period (run-off is lower compared to the non-forested soil) and in a drought 
(run-off is higher in comparison with the non-forested soil).

The character of surface run-off and water flow through the soil depends on 
many factors, notably the slope gradient, the amount and intensity of precipitation, 
soil permeability, the depth of freezing and vegetation coverage. An excessively 
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dried soil surface may be characterized by poor wettability, while humus acts like a 
permeable filter with high hydraulic conductivity after being soaked in water. This 
leads to less vulnerability in forest ecosystems compared with different vegetation 
types [8, 9]. Humus may also be characterized by lower water loss (higher reten-
tion) compared to mineral soil. The forest floor, which is typical for forest soils [10], 
plays a crucial and indispensable role in terms of nutrient supply [11] but also for 
the water regime [12]: it absorbs several times more water than mineral horizons 
located below and, at the same time, it reduces soil water losses.

The forestry-pedology nexus represents perhaps the greatest existential threat 
to humanity at present, requiring urgent action yet currently being ignored by 
the international community. Historical precedent is all too clear, yet we ignore 
this growing crisis at our peril. Deficiency of physiological water [13–15] and the 
potential risk of stress associated with water unavailability to plants [16, 17], both 
of which differ between vegetation types [18], cannot be overemphasized [19, 20]. 
The internal factors impacting water availability in the soil environment include 
the grain-size composition of the soil (the distinction of stoniness and fine earth 
in a differentiated way in sand, silt and clay fractions), the organic matter form 
and content and the thickness of soil horizons, affecting both the multidirectional 
water flow and the physiological depth of root distribution. Other factors include 
soil chemistry (increased hygroscopicity of salinated soils) [21], the degree of 
rooting (water drainage alongside the roots) [22] and the distribution and repre-
sentation of soil pores of specific sizes, but also anthropogenic impacts, such as 
pedocompaction.

2.1.2 Soil water content, forms and water regime

One measure of increase and loss of water in the soil is the instantaneous 
soil moisture, represented by the total sum of water sources and losses and the 
water retention capacity. It is expressed in percentages by volume (Θ) or the 
mass (w) water content and also mm of water supplied, depending on different 
applications. In particular, forest soil humus horizons, act differently depending 
on stand species composition [23], the indicator of volumetric water content is 
more appropriate than the mass water content. The reason (also associated with 
low humus bulk density) is a significant disproportion in volumetric and mass 
water content when the maximum volumetric water content is always less than 
100% while the maximum mass water content can be far more than 100% (even 
exceeding 1000%).

Water is bound to the soil by the range of forces [24, 25] (chemical, physico-
chemical, physical and biological). The components that, together, produce water 
potential (see below) act simultaneously to influence water behavior and water 
content in the soil. There is no sharp boundary between these different forces. As 
a rule, the water-binding forces in the soil overlap and they are frequently related 
to specific soil horizons. The resultant sums of forces that hold water in the soil 
(matrix, osmotic, sorption, capillary, pneumatic, gravitational forces) together 
make up the soil water potential (Ψ) representing the strength by which soil water 
is bound. It can be said that it represents energy (work) that we would have to 
expend to ‘drain out’ water from the soil. The negative pressure is then referred to 
as suction or tension; hence it is expressed as the negative value of the atmospheric 
pressure [−Pa, −kPa, −MPa], where 0.1 MPa = 1 bar = 1020 cm of the water col-
umn = 760 mm Hg = 1 atm.

The soil water potential can also be formulated in pF curves, where pF = −log Ψ. 
The pF curves thus express the relationship between the soil water content and the 
soil water potential (Figure 1).



Soil Moisture Importance

48

Water flow in the soil is conditioned by means of two processes [27, 28]: infiltra-
tion (determined by field or laboratory infiltration tests), where empty pores are 
filled with soaked water, and unsaturated flow. This sort of flow gradually slows 
down until all the pores are filled with water and water flows freely through non-
capillary pores. Thus, the soil is fully saturated with water, and saturated flow is 
realized. This is not uniform, but, rather, tongue-like in terms of the water column, 
which gradually increases from the soil surface to greater depths.

In sloping landscapes of humid areas, lateral water is also added to rainwater 
[29]. This means that as we descend a sloping landscape, more water flows on the 
slope lower down the incline than higher up because soil water from the higher 
slopes is added to infiltrating rainwater. This phenomenon may also contribute to 
the differentiation of the soil types over a short distance.

As can be seen from the characteristics of the water potential, water flow in the 
soil is influenced by moisture gradients, but also by temperature and the miner-
alogical composition of the soil. The downward direction of water percolation 
typifies humid areas, where this type of movement contributes to the eluviations 
of soil particles. Under arid or semi-arid climate conditions, prevailing water flow 
is upward, as a consequence of suction pressure, and thus water rises by capillary 
action through the soil profile.

The moisture regime represents the distribution and movement of water in spatial 
and temporal terms [30]. It incorporates water inputs into the soil, water retention in the 
soil and water leakage from the soil. The water regime is conditioned by climate, vegeta-
tion, the soil-forming substrate, the groundwater location, the terrain relief and the 
landscape history. The water regime is generally expressed in terms of the relationships 
among temperature, potential evapotranspiration, precipitation and actual evapotrans-
piration. The soil water regime can be classified into several categories: aquic, udic, 
perudic, ustic, aridic and xeric [30]. Based on the resulting balance, there is a water 
deficit (percolates into underground layers) or a water surplus (retained in the soil).

2.1.3 Soil hydrolimits and plant-available water

Soil hydrolimits (Figure 1) represent the strength of water binding in the soil 
[7, 26, 31, 32]. They denote qualitative and quantitative alterations in soil-water 
relations, or how strongly water is retained in the soil (in what volume) at the given 
soil moisture level. Soil hydrolimits are soil moisture values achieved under well-
defined conditions and they describe the relation of water and soil according to the 
flow of water in the soil and its accessibility to plants.

Figure 1. 
Relationships between various forms of water and binding forces in the soil (modified according to Vavříček, 
Kučera [26]).
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The significant hydrolimits are:

• Maximum retentive capacity: soil fully saturated with water achieves a hydro-
limit, which corresponds to the soil porosity

• Gravitational water: Ψ = −33 to −10 kPa or more; under natural conditions, its 
presence in the soil is qualified mainly by precipitation. The direction of the 
gravitational water flow is in the direction of gravity to the lower soil strata

• Maximum capillary capacity: volume of capillary and partly semi-capillary 
pores. Suction forces at this level of the soil water content are in the range of 
pF 1.6–2.0 (Ψ = −0.01 to −0.007 MPa). Only coarse pores are present at this 
saturation degree without water

• Water-holding capacity (WHC): corresponds to the pF curves in the inter-
val of pF = 2.0–2.7 (Ψ = −0.08 to −0.01 MPa), expressing the ability of soil 
to retain a certain amount of water for a longer period (24 hours). We can 
ascertain the division of soil pores into capillary and semi-capillary pores by 
identifying the water-holding capacity

• Point of limited availability: the initial phase of the deteriorated availability of 
water and its soil mobility. Water still flows continuously through the soil, but 
merely in the thinnest pores. The water flow is interrupted in semi-capillary 
and non-capillary pores and water only encapsulates the soil particles

• Lentocapillary point: occurs at pF = 3.0–3.3 (Ψ = −0.3 to −0.1 MPa). It is the 
soil moisture, which is in the range between slightly and scarcely mobile capil-
lary water. It corresponds with a state where a sudden drop in mobility begins 
by interrupting capillary water

• Wilting point: starts at pF = 4.18 (Ψ = −2 to −1 MPa; conventionally −1.5 MPa). 
It indicates the soil moisture level at which plants are insufficiently supplied 
with water

• Pellicular water: at pF = 2.1–4.0 (−5.0 to −0.1 MPa). Water encapsulates soil 
particles in a thicker layer, not moving with gravity, but merely from particles 
with a larger pellicle to particles with a smaller one. It is unavailable to plants; 
sometimes it is perceived as hygroscopic water

• Hygroscopic water: is bound to the soil by means of adsorption and osmotic 
forces. As a rule, it only encapsulates soil particles, and Ψ is generally less than 
−3.1 MPa, and so it is immobile and unavailable to plants

• Field capacity: represents the ability of the soil to retain the maximum amount 
of water in the natural profile (in site conditions) against the effects of the 
Earth’s gravity, that is without further active water removal, for a longer period 
of time (24 hours). This hydrolimit, which is de facto compatible with the 
water-holding capacity, is widespread, especially in agronomic soil science, 
where it is also detected by field methods

Plant-available water capacity (PWC) reflects the increase and loss of water in 
the soil. It is expressed in %, but also in mm of supply [25, 33]. The determination 
is based on the assumption that a column of water of 1 mm in height represents 



Soil Moisture Importance

48

Water flow in the soil is conditioned by means of two processes [27, 28]: infiltra-
tion (determined by field or laboratory infiltration tests), where empty pores are 
filled with soaked water, and unsaturated flow. This sort of flow gradually slows 
down until all the pores are filled with water and water flows freely through non-
capillary pores. Thus, the soil is fully saturated with water, and saturated flow is 
realized. This is not uniform, but, rather, tongue-like in terms of the water column, 
which gradually increases from the soil surface to greater depths.

In sloping landscapes of humid areas, lateral water is also added to rainwater 
[29]. This means that as we descend a sloping landscape, more water flows on the 
slope lower down the incline than higher up because soil water from the higher 
slopes is added to infiltrating rainwater. This phenomenon may also contribute to 
the differentiation of the soil types over a short distance.

As can be seen from the characteristics of the water potential, water flow in the 
soil is influenced by moisture gradients, but also by temperature and the miner-
alogical composition of the soil. The downward direction of water percolation 
typifies humid areas, where this type of movement contributes to the eluviations 
of soil particles. Under arid or semi-arid climate conditions, prevailing water flow 
is upward, as a consequence of suction pressure, and thus water rises by capillary 
action through the soil profile.

The moisture regime represents the distribution and movement of water in spatial 
and temporal terms [30]. It incorporates water inputs into the soil, water retention in the 
soil and water leakage from the soil. The water regime is conditioned by climate, vegeta-
tion, the soil-forming substrate, the groundwater location, the terrain relief and the 
landscape history. The water regime is generally expressed in terms of the relationships 
among temperature, potential evapotranspiration, precipitation and actual evapotrans-
piration. The soil water regime can be classified into several categories: aquic, udic, 
perudic, ustic, aridic and xeric [30]. Based on the resulting balance, there is a water 
deficit (percolates into underground layers) or a water surplus (retained in the soil).

2.1.3 Soil hydrolimits and plant-available water

Soil hydrolimits (Figure 1) represent the strength of water binding in the soil 
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relations, or how strongly water is retained in the soil (in what volume) at the given 
soil moisture level. Soil hydrolimits are soil moisture values achieved under well-
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The significant hydrolimits are:

• Maximum retentive capacity: soil fully saturated with water achieves a hydro-
limit, which corresponds to the soil porosity

• Gravitational water: Ψ = −33 to −10 kPa or more; under natural conditions, its 
presence in the soil is qualified mainly by precipitation. The direction of the 
gravitational water flow is in the direction of gravity to the lower soil strata

• Maximum capillary capacity: volume of capillary and partly semi-capillary 
pores. Suction forces at this level of the soil water content are in the range of 
pF 1.6–2.0 (Ψ = −0.01 to −0.007 MPa). Only coarse pores are present at this 
saturation degree without water

• Water-holding capacity (WHC): corresponds to the pF curves in the inter-
val of pF = 2.0–2.7 (Ψ = −0.08 to −0.01 MPa), expressing the ability of soil 
to retain a certain amount of water for a longer period (24 hours). We can 
ascertain the division of soil pores into capillary and semi-capillary pores by 
identifying the water-holding capacity

• Point of limited availability: the initial phase of the deteriorated availability of 
water and its soil mobility. Water still flows continuously through the soil, but 
merely in the thinnest pores. The water flow is interrupted in semi-capillary 
and non-capillary pores and water only encapsulates the soil particles

• Lentocapillary point: occurs at pF = 3.0–3.3 (Ψ = −0.3 to −0.1 MPa). It is the 
soil moisture, which is in the range between slightly and scarcely mobile capil-
lary water. It corresponds with a state where a sudden drop in mobility begins 
by interrupting capillary water

• Wilting point: starts at pF = 4.18 (Ψ = −2 to −1 MPa; conventionally −1.5 MPa). 
It indicates the soil moisture level at which plants are insufficiently supplied 
with water

• Pellicular water: at pF = 2.1–4.0 (−5.0 to −0.1 MPa). Water encapsulates soil 
particles in a thicker layer, not moving with gravity, but merely from particles 
with a larger pellicle to particles with a smaller one. It is unavailable to plants; 
sometimes it is perceived as hygroscopic water

• Hygroscopic water: is bound to the soil by means of adsorption and osmotic 
forces. As a rule, it only encapsulates soil particles, and Ψ is generally less than 
−3.1 MPa, and so it is immobile and unavailable to plants

• Field capacity: represents the ability of the soil to retain the maximum amount 
of water in the natural profile (in site conditions) against the effects of the 
Earth’s gravity, that is without further active water removal, for a longer period 
of time (24 hours). This hydrolimit, which is de facto compatible with the 
water-holding capacity, is widespread, especially in agronomic soil science, 
where it is also detected by field methods

Plant-available water capacity (PWC) reflects the increase and loss of water in 
the soil. It is expressed in %, but also in mm of supply [25, 33]. The determination 
is based on the assumption that a column of water of 1 mm in height represents 
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a water volume of 1 l per 1 m2. For the practical application of this relation, it is 
essential that volumetric percentages of the ascertained soil moisture content, or 
the given hydrolimit, express the soil water supply in mm for a soil layer of 100 mm. 
In forest soils, this value is depicted in terms of the root distribution for the upper 
20 cm of soil, and the observed volumetric % of the soil moisture is therefore mul-
tiplied by two to express the value of the plant-available water capacity. The plant-
available water capacity formulates the height of the water column of the soil within 
the range of the wilting point and the water-holding capacity. Thus, PWC repre-
sents the condition of the soil moisture where soil water is bound for a relatively 
long time, but it is still available to plants. The highest values of the plant-available 
water capacity are in loamy soil. Lower values exist in clay soils, and the lowest 
values are found in sandy soils [24, 34]. In addition to the texture characteristics, 
it is necessary to take into account the degree of soil stoniness, which practically 
does not participate in water retention and represents an inactive soil component 
in terms of water retention capacity, when determining the plant-available water 
capacity. PWC also expresses how much torrential rainfall the soil is capable of 
collecting. From this standpoint, it is an important indication of the water-retaining 
capacity of the landscape of which the soil is a part as a geological formation, which, 
with great efficiency, counteracts the flood distribution caused by torrential as well 
as prolonged rainfall. In this respect, soil, especially forest soils, with several times 
higher PWC in comparison with agricultural land and much higher than urbanized 
areas, plays an irreplaceable role in water management in the landscape.

Another soil property, soil moisture storage, relates directly to the actual soil 
water status, and shares the same units and the same principles as PWC. It can be 
expressed as the variance between the current soil moisture and the wilting point in 
mm, representing the current content of physiologically available water.

2.1.4 Soil porosity and capillarity

Apart from the soil structure, porosity is a major factor in the spatial arrange-
ment of the soil and is fundamentally involved in the characterization of water 
and soil-air regimes, and in the soil–plant (forest stand) relationship. Pores exist 
in the soil both between soil particles and structural elements (aggregates). If the 
porosity value between aggregates is marked with the symbol A and the porosity 
value within the aggregates with the symbol B, the optimum soil porosity may be 
expressed as A:B = 1:2.

Water is bound most weakly in non-capillary and semi-capillary pores. This 
kind of water is called gravitational water. Non-capillary porosity occupies pores 
with very low water retention capacity, in which water moves under the influence of 
gravity. This is also why the term gravitational water is used for water contained in 
non-capillary pores. When non-capillary pores dominate, the soil has a low avail-
able water content due to its rapid flow to depths unavailable to plant roots.

Capillary water is present only in capillary pores. It is not tied to the Earth’s 
gravity and can move in all directions in the soil. Capillary water is bound thanks 
to capillary adhesion and the surface tension of menisci. The optimal proportion of 
capillary pores is approximately two-thirds of total porosity [35–37]. An excess of 
capillary pores complicates infiltration of water, and it also inflicts an elevation in 
surface run-off, increasing the risk of erosion. A lack of capillary pores prefigures 
low plant water supply, low water retention capacity and low water absorption.

Water can rise above a continuous groundwater table by means of capillaries. 
This is called capillary rise [24, 25, 38]. The capillary rise is approximately the same 
as the soil particle size (pore diameter = 0.3–0.7 times the soil particle diameter). 
The capillary rise varies from 10 of centimeters to metres within a given year.
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The volume relation of capillary and non-capillary pores is expressed by the 
minimum aeration capacity [26, 39]. This represents the volume of air-filled pores 
when the soil has reached maximum capillary capacity. The lower limit value of the 
minimum aeration capacity of forest soils can be considered to be 8% vol, while the 
average value (e.g. for topsoil in forest nurseries) is 10% vol. If the soil is excessively 
aerated, the soil is easier to heat, vapourization increases and soils are contrarily 
dehydrated. Therefore, a value above 20% can be considered an upper but still 
acceptable limit, with a risk value of 25%.

2.2 Hydric functions of forest soils

2.2.1 Effect of climate change on forest water cycle

A global (large) water cycle can be defined as a water cycle in which water is 
transferred between the land and oceans and a local (small) water cycle is defined 
as a displacement merely over oceans or drainless areas of the land. The water 
cycle governs all of the natural forest functions. However, forest ecology repre-
sents an important aspect of the hydrological cycle at the planetary level, and so 
these effects impact at a global level. Whereas the global water cycle is related to 
the adaptation of forests to climate change, the local water cycle interlinks mutual 
interactions between related forest complexes within the catchment. In general, 
the impact of forests on global climate change is at its most significant due to 
cloud formation in the tropics. The formed clouds reflect solar radiation more 
effectively and, therefore, cool the atmosphere more than does the absorption of 
greenhouse gases by vegetation [40]. Environmental pollution, deforestation and 
transformation of the tree species composition reduce the natural ability of forests 
to adapt to climate change. Monitoring of soil properties focused on water and 
nutrient cycles in different forest ecosystems offers a tool for assessing the impacts 
of climate change [41].

Forest functions are the outcome of the interactions between the environ-
mental, soil and vegetation subsystems. Natural functions are based on processes 
that support self-organization, recovery and development of the ecosystem. The 
interrelated processes of biodiversity, organic matter formation and nutrient cycles 
promote production, air circulation, (in-)filtration, evapotranspiration and site 
differentiation [42]. The water cycle controls the carbon cycle through which forests 
modify local cycling of all nutrients. The parts of the water and carbon cycles 
within soils have linked individual forest functions to the self-organized ecosystem 
[43]. The degree of interconnection is subject to the flow of soil water, but simulta-
neously also by its scope in the specific cycle.

The global effect of forest functionality consists in the transfer of evaporated 
water through cloudiness within the catchments from the areas with more signifi-
cant vapor in the lower parts than the areas in the upper parts, where cloudiness 
condenses into more frequent precipitation. Precipitation in the upper parts of 
the catchments flows to the lower parts, where additional water complements 
the higher evaporation and lower precipitation [44]. As temperatures rise, this 
phenomenon is intensified: evaporation elevates, and drought deepens in drier 
areas, while precipitation in wetter areas increases. The consequent accentuation 
in disparities between drier and wetter areas disrupts the interconnection of forest 
functions among vegetation zones [45].

Even though the local water cycle defines the hydric functions of forests to 
catchments, their response to climate change depends on the interconnected 
monitoring of variability not only within the catchment but also among remote 
catchments. The link between the effects of global and local water cycles also 
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a water volume of 1 l per 1 m2. For the practical application of this relation, it is 
essential that volumetric percentages of the ascertained soil moisture content, or 
the given hydrolimit, express the soil water supply in mm for a soil layer of 100 mm. 
In forest soils, this value is depicted in terms of the root distribution for the upper 
20 cm of soil, and the observed volumetric % of the soil moisture is therefore mul-
tiplied by two to express the value of the plant-available water capacity. The plant-
available water capacity formulates the height of the water column of the soil within 
the range of the wilting point and the water-holding capacity. Thus, PWC repre-
sents the condition of the soil moisture where soil water is bound for a relatively 
long time, but it is still available to plants. The highest values of the plant-available 
water capacity are in loamy soil. Lower values exist in clay soils, and the lowest 
values are found in sandy soils [24, 34]. In addition to the texture characteristics, 
it is necessary to take into account the degree of soil stoniness, which practically 
does not participate in water retention and represents an inactive soil component 
in terms of water retention capacity, when determining the plant-available water 
capacity. PWC also expresses how much torrential rainfall the soil is capable of 
collecting. From this standpoint, it is an important indication of the water-retaining 
capacity of the landscape of which the soil is a part as a geological formation, which, 
with great efficiency, counteracts the flood distribution caused by torrential as well 
as prolonged rainfall. In this respect, soil, especially forest soils, with several times 
higher PWC in comparison with agricultural land and much higher than urbanized 
areas, plays an irreplaceable role in water management in the landscape.

Another soil property, soil moisture storage, relates directly to the actual soil 
water status, and shares the same units and the same principles as PWC. It can be 
expressed as the variance between the current soil moisture and the wilting point in 
mm, representing the current content of physiologically available water.

2.1.4 Soil porosity and capillarity

Apart from the soil structure, porosity is a major factor in the spatial arrange-
ment of the soil and is fundamentally involved in the characterization of water 
and soil-air regimes, and in the soil–plant (forest stand) relationship. Pores exist 
in the soil both between soil particles and structural elements (aggregates). If the 
porosity value between aggregates is marked with the symbol A and the porosity 
value within the aggregates with the symbol B, the optimum soil porosity may be 
expressed as A:B = 1:2.

Water is bound most weakly in non-capillary and semi-capillary pores. This 
kind of water is called gravitational water. Non-capillary porosity occupies pores 
with very low water retention capacity, in which water moves under the influence of 
gravity. This is also why the term gravitational water is used for water contained in 
non-capillary pores. When non-capillary pores dominate, the soil has a low avail-
able water content due to its rapid flow to depths unavailable to plant roots.

Capillary water is present only in capillary pores. It is not tied to the Earth’s 
gravity and can move in all directions in the soil. Capillary water is bound thanks 
to capillary adhesion and the surface tension of menisci. The optimal proportion of 
capillary pores is approximately two-thirds of total porosity [35–37]. An excess of 
capillary pores complicates infiltration of water, and it also inflicts an elevation in 
surface run-off, increasing the risk of erosion. A lack of capillary pores prefigures 
low plant water supply, low water retention capacity and low water absorption.

Water can rise above a continuous groundwater table by means of capillaries. 
This is called capillary rise [24, 25, 38]. The capillary rise is approximately the same 
as the soil particle size (pore diameter = 0.3–0.7 times the soil particle diameter). 
The capillary rise varies from 10 of centimeters to metres within a given year.
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The volume relation of capillary and non-capillary pores is expressed by the 
minimum aeration capacity [26, 39]. This represents the volume of air-filled pores 
when the soil has reached maximum capillary capacity. The lower limit value of the 
minimum aeration capacity of forest soils can be considered to be 8% vol, while the 
average value (e.g. for topsoil in forest nurseries) is 10% vol. If the soil is excessively 
aerated, the soil is easier to heat, vapourization increases and soils are contrarily 
dehydrated. Therefore, a value above 20% can be considered an upper but still 
acceptable limit, with a risk value of 25%.

2.2 Hydric functions of forest soils

2.2.1 Effect of climate change on forest water cycle

A global (large) water cycle can be defined as a water cycle in which water is 
transferred between the land and oceans and a local (small) water cycle is defined 
as a displacement merely over oceans or drainless areas of the land. The water 
cycle governs all of the natural forest functions. However, forest ecology repre-
sents an important aspect of the hydrological cycle at the planetary level, and so 
these effects impact at a global level. Whereas the global water cycle is related to 
the adaptation of forests to climate change, the local water cycle interlinks mutual 
interactions between related forest complexes within the catchment. In general, 
the impact of forests on global climate change is at its most significant due to 
cloud formation in the tropics. The formed clouds reflect solar radiation more 
effectively and, therefore, cool the atmosphere more than does the absorption of 
greenhouse gases by vegetation [40]. Environmental pollution, deforestation and 
transformation of the tree species composition reduce the natural ability of forests 
to adapt to climate change. Monitoring of soil properties focused on water and 
nutrient cycles in different forest ecosystems offers a tool for assessing the impacts 
of climate change [41].

Forest functions are the outcome of the interactions between the environ-
mental, soil and vegetation subsystems. Natural functions are based on processes 
that support self-organization, recovery and development of the ecosystem. The 
interrelated processes of biodiversity, organic matter formation and nutrient cycles 
promote production, air circulation, (in-)filtration, evapotranspiration and site 
differentiation [42]. The water cycle controls the carbon cycle through which forests 
modify local cycling of all nutrients. The parts of the water and carbon cycles 
within soils have linked individual forest functions to the self-organized ecosystem 
[43]. The degree of interconnection is subject to the flow of soil water, but simulta-
neously also by its scope in the specific cycle.

The global effect of forest functionality consists in the transfer of evaporated 
water through cloudiness within the catchments from the areas with more signifi-
cant vapor in the lower parts than the areas in the upper parts, where cloudiness 
condenses into more frequent precipitation. Precipitation in the upper parts of 
the catchments flows to the lower parts, where additional water complements 
the higher evaporation and lower precipitation [44]. As temperatures rise, this 
phenomenon is intensified: evaporation elevates, and drought deepens in drier 
areas, while precipitation in wetter areas increases. The consequent accentuation 
in disparities between drier and wetter areas disrupts the interconnection of forest 
functions among vegetation zones [45].

Even though the local water cycle defines the hydric functions of forests to 
catchments, their response to climate change depends on the interconnected 
monitoring of variability not only within the catchment but also among remote 
catchments. The link between the effects of global and local water cycles also 
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exposes mutually unrelated forests to reduced water availability and consequently 
to reduced service provision [46].

2.2.2 Effects of nutrient cycles on forest hydric functions

The forest promotes both water and carbon cycles in parallel because they are 
related to energy flows in the ecosystem. While natural plant-to-plant feedbacks 
between plants and nutrient cycles underpin ecosystem functionality, forest dam-
age disrupts these processes. If forest damage results in the disruption of the carbon 
cycle, at the same time the local water cycle is also disrupted, followed by negative 
impacts on the functioning of related ecosystems [47]. Recognition of forest func-
tion damage through the disruption of soil properties is based on the determination 
of critical values of physical and chemical properties involved in the processes of 
formation of individual ecosystem functions.

Carbon enters the ecosystem in the form of atmospheric CO2 through photo-
synthesis of plants, in which solar energy for the synthesis of organic compounds 
in cells is transformed by the decomposition of water. Plants release carbon by 
respiration, by being consumed by herbivores or fungi and by exchange reactions 
with soil biota and litter. The most significant conversions of organically bound 
carbon occur in the soil. Plants mediate carbon into the soil both by litter to the 
surface and also by root necrosis, exudation, root cap sloughing or exchange with 
microorganisms within the soil body (e.g. through mycorrhizal sheaths). Litter 
is mechanically or biochemically decomposed into residual chains at pH ˃ 4.5, or 
into stable polyphenol nuclei at lower pH, as a result of the tetravalency of carbon 
covalent bonds. Soil organisms or enzymes are capable of decomposing chains into 
organic acids under favorable conditions, but the prevailing unfavorable conditions 
allow merely incomplete decomposition. Soil carbon accumulates as a consequence 
of the imperfection of decomposition [48]. However, destruents mineralize organic 
residues back to CO2 under a range of unfavorable conditions (Figure 2).

Carbon compounds significantly attract soil water through adhesion to organic 
molecular chains. That is why carbon storage in the soil irreplaceably increases the 
WHC of the entire ecosystem. Subsequently, the detection of forest functions using 
intra-soil processes focuses on common inputs or outputs of substances and energy 
in the soil subsystem. This can be done by ascertaining the length of the delay of 
the forest stand response in the aftermath of the alteration of soil property values 
[49]. The evaluation of conditions of substance inputs or outputs concentrate on 
assessments of whether or not biochemical and physical properties can regulate 
the processes of water or carbon cycles. Even though the selected soil properties 
correlate with one another, the temporal variability of physical properties is incom-
parably longer than the significant seasonal variability of biochemical properties. 
Whereas the variability of (bio)chemical properties indicates a threat to the forest 
after an episode of drought or extreme daily precipitation sum (EDSP), an altera-
tion to correlations of the forest status with poorly variable soil physical properties 
indicates deviations in development during environmental change [50].

The selection of intra-soil processes affecting forest functions is based on the 
study of the variability of properties in different parts of the soil body. The func-
tions of circulation, infiltration, evapotranspiration and differentiation are typi-
cally regulated by means of one soil process. The indication of individual forest 
ecosystem functions at the soil level (Table 1) can be derived from the generaliza-
tion of studies focused on the relation between the growth conditions with water 
balance, biodiversity and the health status of forests [49, 51–53].

Table 1 shows the soil properties involved in water and carbon cycle pro-
cesses that increase the efficiency of individual forest functions. The production 
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indication is centred on the catalase activity, which depends on the intensity of aer-
obic metabolism. The correlation of the soil catalase activity with the content and 
character of organic acids reflects the variety of humus forms. It is naturally associ-
ated with differentiated forest cover. If the forest disruption does not damage the 
humus diversity, the catalase activity remains stable. Air circulation is dependent 
on the atmospheric flow reducing vapor pressure above the partial surface that the 
soil maintains thanks to minimum aeration capacity. Infiltration is also conditioned 
by organic matter and clay minerals, which may form organomineral complexes. 
They significantly retain water by adhesion and capillary rise in capillary pores 
remaining among their particles [54]. On the contrary, evapotranspiration is the 
sum of evaporation from the individual types of surfaces in the ecosystem. The rate 
of evaporation from the soil is directly proportional to the soil water potential [55]. 

Figure 2. 
Connectivity between cycles of water (left) and carbon (right) in forest ecosystem forming hydric functions.

Forest function Hydric process Indicative soil property

Production Photochemical water disintegration Catalase activity

Air circulation Vapor pressure decrease Minimum aeration capacity

(In-)filtration Physical sorption Organomineral complex content

Evapotranspiration Evaporation Soil water potential

Differentiation Debasification Soil water acidity

Table 1. 
Relationships between forest functions and water cycle processes indicated by the selected soil properties.
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exposes mutually unrelated forests to reduced water availability and consequently 
to reduced service provision [46].

2.2.2 Effects of nutrient cycles on forest hydric functions

The forest promotes both water and carbon cycles in parallel because they are 
related to energy flows in the ecosystem. While natural plant-to-plant feedbacks 
between plants and nutrient cycles underpin ecosystem functionality, forest dam-
age disrupts these processes. If forest damage results in the disruption of the carbon 
cycle, at the same time the local water cycle is also disrupted, followed by negative 
impacts on the functioning of related ecosystems [47]. Recognition of forest func-
tion damage through the disruption of soil properties is based on the determination 
of critical values of physical and chemical properties involved in the processes of 
formation of individual ecosystem functions.

Carbon enters the ecosystem in the form of atmospheric CO2 through photo-
synthesis of plants, in which solar energy for the synthesis of organic compounds 
in cells is transformed by the decomposition of water. Plants release carbon by 
respiration, by being consumed by herbivores or fungi and by exchange reactions 
with soil biota and litter. The most significant conversions of organically bound 
carbon occur in the soil. Plants mediate carbon into the soil both by litter to the 
surface and also by root necrosis, exudation, root cap sloughing or exchange with 
microorganisms within the soil body (e.g. through mycorrhizal sheaths). Litter 
is mechanically or biochemically decomposed into residual chains at pH ˃ 4.5, or 
into stable polyphenol nuclei at lower pH, as a result of the tetravalency of carbon 
covalent bonds. Soil organisms or enzymes are capable of decomposing chains into 
organic acids under favorable conditions, but the prevailing unfavorable conditions 
allow merely incomplete decomposition. Soil carbon accumulates as a consequence 
of the imperfection of decomposition [48]. However, destruents mineralize organic 
residues back to CO2 under a range of unfavorable conditions (Figure 2).

Carbon compounds significantly attract soil water through adhesion to organic 
molecular chains. That is why carbon storage in the soil irreplaceably increases the 
WHC of the entire ecosystem. Subsequently, the detection of forest functions using 
intra-soil processes focuses on common inputs or outputs of substances and energy 
in the soil subsystem. This can be done by ascertaining the length of the delay of 
the forest stand response in the aftermath of the alteration of soil property values 
[49]. The evaluation of conditions of substance inputs or outputs concentrate on 
assessments of whether or not biochemical and physical properties can regulate 
the processes of water or carbon cycles. Even though the selected soil properties 
correlate with one another, the temporal variability of physical properties is incom-
parably longer than the significant seasonal variability of biochemical properties. 
Whereas the variability of (bio)chemical properties indicates a threat to the forest 
after an episode of drought or extreme daily precipitation sum (EDSP), an altera-
tion to correlations of the forest status with poorly variable soil physical properties 
indicates deviations in development during environmental change [50].

The selection of intra-soil processes affecting forest functions is based on the 
study of the variability of properties in different parts of the soil body. The func-
tions of circulation, infiltration, evapotranspiration and differentiation are typi-
cally regulated by means of one soil process. The indication of individual forest 
ecosystem functions at the soil level (Table 1) can be derived from the generaliza-
tion of studies focused on the relation between the growth conditions with water 
balance, biodiversity and the health status of forests [49, 51–53].

Table 1 shows the soil properties involved in water and carbon cycle pro-
cesses that increase the efficiency of individual forest functions. The production 
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indication is centred on the catalase activity, which depends on the intensity of aer-
obic metabolism. The correlation of the soil catalase activity with the content and 
character of organic acids reflects the variety of humus forms. It is naturally associ-
ated with differentiated forest cover. If the forest disruption does not damage the 
humus diversity, the catalase activity remains stable. Air circulation is dependent 
on the atmospheric flow reducing vapor pressure above the partial surface that the 
soil maintains thanks to minimum aeration capacity. Infiltration is also conditioned 
by organic matter and clay minerals, which may form organomineral complexes. 
They significantly retain water by adhesion and capillary rise in capillary pores 
remaining among their particles [54]. On the contrary, evapotranspiration is the 
sum of evaporation from the individual types of surfaces in the ecosystem. The rate 
of evaporation from the soil is directly proportional to the soil water potential [55]. 

Figure 2. 
Connectivity between cycles of water (left) and carbon (right) in forest ecosystem forming hydric functions.

Forest function Hydric process Indicative soil property

Production Photochemical water disintegration Catalase activity

Air circulation Vapor pressure decrease Minimum aeration capacity

(In-)filtration Physical sorption Organomineral complex content

Evapotranspiration Evaporation Soil water potential

Differentiation Debasification Soil water acidity

Table 1. 
Relationships between forest functions and water cycle processes indicated by the selected soil properties.



Soil Moisture Importance

54

In contrast, the capability of ecosystem differentiation is estimated by the chemical 
composition of the soil solution. It grows when soil run-off contains a minimum 
of base cations. Increased concentrations of bases in run-off water indicate soil 
acidification, which reduces the ecological diversity of the catchment [56].

2.2.3 Hydrographical division of forests

The soil indicators relating to forest functionality are naturally subdivided into a 
total of eight biomes relating to differences in water availability due to variations in 
evapotranspiration and the water-holding capacity (Table 2) [57]. Despite the dif-
ferences between forest biomes, large catchments possess similar zonality of hydric 
functions internally. Nonetheless, the WHC affects the variances in forest hydric 
functions of forests between individual habitats within the catchment as its value 
is directly proportional to the soil types present. The largest overlaps in the WHC 
values occur in the catchments of Mediterranean, temperate and tropical conifer-
ous forests with more similar soil development at medium temperature intervals 
relative to boreal, mangrove or tropical broadleaved rainforests [58]. For example, 
the values of the WHC in Table 2 were found to be related to the macroclimatic 
properties of forest biomes. This can be further related to the weighted means of the 
soil types as found in the Harmonized World Soil Database (HWSD) [59].

Transitions of forest hydric functions in the catchment are the basis for the deriva-
tion of hydrographic zonality. Large forest catchments include montane, submontane 
and floodplain forest ecosystems [50]. These zones emerge thanks to the local water 
cycle from wetter mountains to drier floodplains. Undisturbed forests are capable of 
water supply to all the parts of the catchment continuously even though most water 
supplies on the mainlands are unavailable to plants. Over 62.4% of mainland water 
supplies are concentrated in glaciers, 36.2% in underground reservoirs and 0.42% in 
lakes or ground level reservoirs. Only 0.29% of water is found in the soil and 0.09% 
in rivers [60, 61]. Atmospheric precipitation over the dry land brings merely 0.008% 
of the global water balance, but over 50% of precipitation occurs in montane areas. 
Continuous water management in the catchment is ensured by forests by means of 
modifications of evapotranspiration and run-off. Forests cover 39.7% of the dry land 

Forest biome AP T P AET PET WHC

Tropical rain 
broadleaved

33.46 21.82 ± 1.35 1988 ± 83 892 ± 200 1270 ± 172 24.96 ± 3.38

Tropical dry 
broadleaved

5.09 24.16 ± 1.93 1263 ± 79 717 ± 180 1203 ± 174 26.34 ± 5.09

Tropical 
coniferous

1.20 19.40 ± 2.31 1438 ± 83 716 ± 97 1218 ± 74 33.71 ± 6.97

Temperate 
mixed

21.71 9.73 ± 7.39 1072 ± 30 508 ± 127 688 ± 112 31.13 ± 9.80

Temperate 
coniferous

6.91 6.39 ± 7.82 918 ± 36 428 ± 88 700 ± 100 29.63 ± 8.31

Boreal 25.59 −2.54 ± 12.37 642 ± 19 256 ± 75 298 ± 64 49.11 ± 9.15

Mediterranean 5.45 15.05 ± 5.34 586 ± 26 316 ± 121 962 ± 225 32.39 ± 9.44

Mangroves 0.59 26.07 ± 1.70 1900 ± 94 502 ± 476 1303 ± 492 69.18 ± 3.89

AP, area proportion (%); T, average temperature (°C); P, annual precipitation (mm); AET, actual 
evapotranspiration; PET, potential evapotranspiration; WHC, water-holding capacity (%). Data according to [57].

Table 2. 
Characteristics of water balance in forest biomes.
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but account for 67.6% of evapotranspiration. Simultaneously, only the structure of 
the forest can return the evaporated water sufficiently by cloud/fog water or seasonal 
pollen release, which can create a condensation nucleus to form cloudiness.

Deceleration of run-off by the forest ecosystem is irreplaceable in reducing 
seasonal variations in water availability between winter and the growing season 
and in dampening of EDSP. EDSP typically exceeds the average soil WHC either in 
above-average climatic episodes of precipitation or during the most intense pre-
cipitation season. Overcoming WHC prefigures a temporary increase in the flow of 
soil water and subsequently also river water. It is precise because the values of WHC 
naturally alter within soil development regardless of the tree species composition or 
altitude, that (sub)montane forests can dampen run-off after extraordinary rainfall 
with similar efficiency [62]. The actual water-holding capacity of forest soils due to 
the constant presence of natural moisture is approximately only 30 mm, providing 
22% WHC and dampening 67–75% of EDSP [63].

Alterations in the tree species composition of forests have had the greatest 
impact on the forest hydric functions during transitions of the seasons of the year. 
Coniferous trees may be characterized by average higher interception and evapo-
transpiration. At the same time, coniferous forests capture more snow and signifi-
cantly slow down melting, reducing the surface run-off in early spring when most 
of the vegetation is inactive. In deciduous broadleaved forests, this deceleration of 
run-off does not occur due to defoliation of trees in winter and thus increased solar 
radiation directly impacting on the soil surface [64].

Hydrographic forest zonality indicates differentiated forest efficiency in the 
modification of the local water cycle. The differentiation of the effective influence 
of forests is determined by the relief of the landscape as well as soil development 
and tree species composition.

Montane forests are located in the upper parts of catchments with the highest 
amount of precipitation. Their structure is adapted to the application of more fre-
quent horizontal precipitation. Soils are permeable due to the prevailing mechani-
cal weathering. The erosion on steep slopes and the nature of the soil-forming 
substrate cause rockiness and shallowness of soils. The water-holding capacity of 
montane soils is maintained by means of accumulation and the slower degradation 
of humus. Montane drainless depressions with accumulating humus are habitats of 
ombrogenic bogs in the presence of excessive rainfall. At transitions of the mantle 
rock with the outcrop of impermeable subsoil, there are water springs at the points 
of concentrated groundwater run-off. Montane forests not only increase the total 
amount of precipitation but at the same time, they are crucial for stable surface 
water run-off. The total amount of precipitation increases not only by collecting 
horizontal precipitation but also by lower evaporation due to lower temperatures 
than in the lower parts of the catchment. Humus accumulations reduce run-off on a 
slope that subsequently does not cause erosion.

Submontane forests form the zonal vegetation between montane and floodplain 
ecosystems. They occur mostly on slopes with harmonious water balance. Soils 
are generally moderately permeable due to a balanced proportion of stoniness and 
fine-grained weathered particles. The formation of bogs is excluded on dominant, 
slanting slopes and more favorable temperatures that intensify soil respiration pre-
vent excessive accumulation of surface humus. Higher clay content and lower humus 
accumulation distinguish water retention properties of submontane soils from 
montane soils. Submontane forests inhibit atmospheric precipitation only up to an 
amount corresponding with potential evapotranspiration, while continuous run-off 
along the surface as well as from the soil body occurs when WHC is exceeded.

Floodplain forests occur in a flat relief formed by floods. On the one hand, 
floods lay terraces; on the other hand, they tear down banks. The activity of rivers 
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In contrast, the capability of ecosystem differentiation is estimated by the chemical 
composition of the soil solution. It grows when soil run-off contains a minimum 
of base cations. Increased concentrations of bases in run-off water indicate soil 
acidification, which reduces the ecological diversity of the catchment [56].

2.2.3 Hydrographical division of forests

The soil indicators relating to forest functionality are naturally subdivided into a 
total of eight biomes relating to differences in water availability due to variations in 
evapotranspiration and the water-holding capacity (Table 2) [57]. Despite the dif-
ferences between forest biomes, large catchments possess similar zonality of hydric 
functions internally. Nonetheless, the WHC affects the variances in forest hydric 
functions of forests between individual habitats within the catchment as its value 
is directly proportional to the soil types present. The largest overlaps in the WHC 
values occur in the catchments of Mediterranean, temperate and tropical conifer-
ous forests with more similar soil development at medium temperature intervals 
relative to boreal, mangrove or tropical broadleaved rainforests [58]. For example, 
the values of the WHC in Table 2 were found to be related to the macroclimatic 
properties of forest biomes. This can be further related to the weighted means of the 
soil types as found in the Harmonized World Soil Database (HWSD) [59].

Transitions of forest hydric functions in the catchment are the basis for the deriva-
tion of hydrographic zonality. Large forest catchments include montane, submontane 
and floodplain forest ecosystems [50]. These zones emerge thanks to the local water 
cycle from wetter mountains to drier floodplains. Undisturbed forests are capable of 
water supply to all the parts of the catchment continuously even though most water 
supplies on the mainlands are unavailable to plants. Over 62.4% of mainland water 
supplies are concentrated in glaciers, 36.2% in underground reservoirs and 0.42% in 
lakes or ground level reservoirs. Only 0.29% of water is found in the soil and 0.09% 
in rivers [60, 61]. Atmospheric precipitation over the dry land brings merely 0.008% 
of the global water balance, but over 50% of precipitation occurs in montane areas. 
Continuous water management in the catchment is ensured by forests by means of 
modifications of evapotranspiration and run-off. Forests cover 39.7% of the dry land 
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Tropical rain 
broadleaved

33.46 21.82 ± 1.35 1988 ± 83 892 ± 200 1270 ± 172 24.96 ± 3.38

Tropical dry 
broadleaved

5.09 24.16 ± 1.93 1263 ± 79 717 ± 180 1203 ± 174 26.34 ± 5.09

Tropical 
coniferous

1.20 19.40 ± 2.31 1438 ± 83 716 ± 97 1218 ± 74 33.71 ± 6.97

Temperate 
mixed

21.71 9.73 ± 7.39 1072 ± 30 508 ± 127 688 ± 112 31.13 ± 9.80

Temperate 
coniferous

6.91 6.39 ± 7.82 918 ± 36 428 ± 88 700 ± 100 29.63 ± 8.31

Boreal 25.59 −2.54 ± 12.37 642 ± 19 256 ± 75 298 ± 64 49.11 ± 9.15

Mediterranean 5.45 15.05 ± 5.34 586 ± 26 316 ± 121 962 ± 225 32.39 ± 9.44

Mangroves 0.59 26.07 ± 1.70 1900 ± 94 502 ± 476 1303 ± 492 69.18 ± 3.89

AP, area proportion (%); T, average temperature (°C); P, annual precipitation (mm); AET, actual 
evapotranspiration; PET, potential evapotranspiration; WHC, water-holding capacity (%). Data according to [57].

Table 2. 
Characteristics of water balance in forest biomes.
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but account for 67.6% of evapotranspiration. Simultaneously, only the structure of 
the forest can return the evaporated water sufficiently by cloud/fog water or seasonal 
pollen release, which can create a condensation nucleus to form cloudiness.

Deceleration of run-off by the forest ecosystem is irreplaceable in reducing 
seasonal variations in water availability between winter and the growing season 
and in dampening of EDSP. EDSP typically exceeds the average soil WHC either in 
above-average climatic episodes of precipitation or during the most intense pre-
cipitation season. Overcoming WHC prefigures a temporary increase in the flow of 
soil water and subsequently also river water. It is precise because the values of WHC 
naturally alter within soil development regardless of the tree species composition or 
altitude, that (sub)montane forests can dampen run-off after extraordinary rainfall 
with similar efficiency [62]. The actual water-holding capacity of forest soils due to 
the constant presence of natural moisture is approximately only 30 mm, providing 
22% WHC and dampening 67–75% of EDSP [63].

Alterations in the tree species composition of forests have had the greatest 
impact on the forest hydric functions during transitions of the seasons of the year. 
Coniferous trees may be characterized by average higher interception and evapo-
transpiration. At the same time, coniferous forests capture more snow and signifi-
cantly slow down melting, reducing the surface run-off in early spring when most 
of the vegetation is inactive. In deciduous broadleaved forests, this deceleration of 
run-off does not occur due to defoliation of trees in winter and thus increased solar 
radiation directly impacting on the soil surface [64].

Hydrographic forest zonality indicates differentiated forest efficiency in the 
modification of the local water cycle. The differentiation of the effective influence 
of forests is determined by the relief of the landscape as well as soil development 
and tree species composition.

Montane forests are located in the upper parts of catchments with the highest 
amount of precipitation. Their structure is adapted to the application of more fre-
quent horizontal precipitation. Soils are permeable due to the prevailing mechani-
cal weathering. The erosion on steep slopes and the nature of the soil-forming 
substrate cause rockiness and shallowness of soils. The water-holding capacity of 
montane soils is maintained by means of accumulation and the slower degradation 
of humus. Montane drainless depressions with accumulating humus are habitats of 
ombrogenic bogs in the presence of excessive rainfall. At transitions of the mantle 
rock with the outcrop of impermeable subsoil, there are water springs at the points 
of concentrated groundwater run-off. Montane forests not only increase the total 
amount of precipitation but at the same time, they are crucial for stable surface 
water run-off. The total amount of precipitation increases not only by collecting 
horizontal precipitation but also by lower evaporation due to lower temperatures 
than in the lower parts of the catchment. Humus accumulations reduce run-off on a 
slope that subsequently does not cause erosion.

Submontane forests form the zonal vegetation between montane and floodplain 
ecosystems. They occur mostly on slopes with harmonious water balance. Soils 
are generally moderately permeable due to a balanced proportion of stoniness and 
fine-grained weathered particles. The formation of bogs is excluded on dominant, 
slanting slopes and more favorable temperatures that intensify soil respiration pre-
vent excessive accumulation of surface humus. Higher clay content and lower humus 
accumulation distinguish water retention properties of submontane soils from 
montane soils. Submontane forests inhibit atmospheric precipitation only up to an 
amount corresponding with potential evapotranspiration, while continuous run-off 
along the surface as well as from the soil body occurs when WHC is exceeded.

Floodplain forests occur in a flat relief formed by floods. On the one hand, 
floods lay terraces; on the other hand, they tear down banks. The activity of rivers 
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increases the diversity of soil properties, mostly at interfaces with zonal sites. The 
functionality of floodplain forests is determined by river water and waterlogging. 
The duration of the flood, the variability in the height of the river level and the fluc-
tuation of the groundwater level induce differentiation of floodplain ecosystems. 
Extraordinary floods most significantly alter the dynamics of their development. 
The function of floodplain forests varies due to the lack of precipitation for evapo-
transpiration, which they are able to replace thanks to floods or high groundwater 
levels. The long-term decline of the soil water level at high evaporation can result 
in the replacement of the floodplain forest with the forest-steppe [65]. Floodplain 
forests with optimal soil moisture and high evaporation transpire almost 80% of 
potential evapotranspiration. This amount contains up to 70% of groundwater and 
30% of precipitation. However, the transpiration of trees is not merely inhibited by 
the lack of soil water, but also by the lack of air during a prolonged flood [66].

2.2.4 Vulnerability of forest hydric functions

In Central Europe, the current health status of forest stands is closely linked to 
the climatic situation, particularly the availability of water for woody plants. Water 
in forest soils is a key part of the feedback relations, both in the soil–plant direction, 
currently mainly as a limiting eco-factor, and in the soil-landscape direction, in 
terms of the landscape water regime, water retention in the landscape and preven-
tion of flood events.

Forest functions are threatened by dieback, fragmentation and transformation 
of tree species composition. The loss of forests leads to a decrease in evaporation, 
with cloud formation also declining. The decrease in cloud formation affects the 
whole catchment. Although the evaporation reduction should prevent soil mois-
ture diminution, unlike evapotranspiration, it is not regulated by means of the 
vegetation cover, but merely by temperature alteration. A denuded land is easier to 
warm up, increasing biological activity and mineralization intensity. This occurs 
provided that removal of the stand component does not result in (frequent) water-
logging of a site, which would be limiting to the aerobic organisms at least until the 
lost functionality of the subsequent stand is restored. Soil without organic matter 
loses both water retention capacity and fertility. The decrease in forests is most 
distinctive in the lower parts of the catchment, which are more accessible, mostly 
non-waterlogged and more hydrologically suited for agriculture. Since the occur-
rence of precipitation also lowers in the spring-dependent parts of catchments 
as the cloud formation diminishes, the subsequent decline in river levels causes a 
decline in water supply to tributary-dependent parts of the catchment [67].

The greatest differences in the soil water-holding capacity are found between 
forested and treeless catchments. Flooding in forested catchment areas occurs in the 
aftermath of exceeding EDSP. Conversely, treeless catchments are affected by flash 
floods even after precipitation ˂30 mm. The protection of the water retention capac-
ity of the catchment consists primarily in the prevalence of unbroken stretches of 
forests. Young open forest stands resemble treeless zones in terms of the water bal-
ance. Only closed stands over 20 years of age reach a water balance comparable to 
that of adults. Even though homogeneous forest stands provide hydric functionality 
similar to richly structured mixed forests, richly structured forests appear more 
resilient to climate change. Protecting the hydric functions of forests during climate 
change can be achieved in the following ways:

• Promotion of the transformation of tree species composition in favor of 
the natural state, with a natural proportion of trees within each stand type 
exceeding 50%
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• Favoring understorey or small-scale differentiated farming to increase age and 
spatial diversity

• Maintaining a closed canopy to protect the soil surface, where understorey 
can be mined at the restoration stage without affecting the species diversity of 
vegetation

• Construction of a sufficiently dense transport network to minimize machinery 
driving through stands, giving priority to mining technologies that do not 
compact the upper soil horizons

Drought stress in forest stands has been shown to reduce both transpiration and 
the water content in plants [68, 69]. This occurs because of the loss of assimilation 
apparatus, thus reducing leaf area available for transpiration, but also because of 
the reduced availability of nutrients, which convert to a dehydrated state in a dif-
ferentiated way [70]. At higher humidity, there is more Ca2+ and Mg2+ present in the 
soil solution, and at the same time, K+ is better released by mineralization processes. 
This is due to the size of the hydration envelope of the ions, which conditions their 
hydration energy for various nutrients in a differentiated way. This is necessary for 
the nutrient to be taken up by the plant. To hydrate diverse ions, different amounts 
of water molecules are needed, so potassium is absorbed at lower soil moisture than 
magnesium or calcium—two elements that frequently prove nutritionally deficient 
even though they may be at an optimal concentration in the soil.

2.3 Soil water and its relationship with groundwater

In the contemporary cultural landscape, the natural water cycle is, to a large extent, 
influenced (in other words, ‘shortened’) by vertical water movement within terrestrial 
systems. Consequently, communication within soil hydrological systems and the rock 
subsoil is impaired. The reasons will be explained in the following section.

The amount of water is distributed very unevenly in space and time on Earth. 
That is why there are problems with its lack in many regions. Redistribution of water 
in the landscape can be expressed by the fundamental elementary redistribution 
equation of water (this is also referred to as the balance equation [71]):

  DP = IR + P − ΔS − RO–ET  (1)

where DP: deep percolation; IR: irrigation; P: precipitation; RO: surface run-off; 
ET: evapotranspiration; ΔS: soil water storage.

On the basis of this balance equation, two basic hydrological cycles are identi-
fied: the large and small water cycles. In the water cycle (Figure 3), the main 
sources are precipitation and the surface, lateral and underground inflow in the 
hydrogeological collector. Water that falls on the soil surface immediately infiltrates 
the soil or, under conditions of insufficient infiltration capability and hydraulic 
conductivity, it drains or accumulates in micro-depressions of the relief (detention). 
Infiltrated water is redistributed in the soil body and remains below the soil surface, 
suspended in a capillary manner. Gravitational water then flows out of the area 
laterally (hypodermically) and migrates to the capillary fringe (see below), through 
which it percolates into an aquiferous hydrogeological collector. In relation to the 
vegetation, the water cycle is influenced by evapotranspiration and interception.

Soil, or more exactly the soil environment, is the main location of infiltration of 
water into the rocky underground environment. In general, this is the most impor-
tant environment for the replenishment of groundwater supplies.
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increases the diversity of soil properties, mostly at interfaces with zonal sites. The 
functionality of floodplain forests is determined by river water and waterlogging. 
The duration of the flood, the variability in the height of the river level and the fluc-
tuation of the groundwater level induce differentiation of floodplain ecosystems. 
Extraordinary floods most significantly alter the dynamics of their development. 
The function of floodplain forests varies due to the lack of precipitation for evapo-
transpiration, which they are able to replace thanks to floods or high groundwater 
levels. The long-term decline of the soil water level at high evaporation can result 
in the replacement of the floodplain forest with the forest-steppe [65]. Floodplain 
forests with optimal soil moisture and high evaporation transpire almost 80% of 
potential evapotranspiration. This amount contains up to 70% of groundwater and 
30% of precipitation. However, the transpiration of trees is not merely inhibited by 
the lack of soil water, but also by the lack of air during a prolonged flood [66].

2.2.4 Vulnerability of forest hydric functions

In Central Europe, the current health status of forest stands is closely linked to 
the climatic situation, particularly the availability of water for woody plants. Water 
in forest soils is a key part of the feedback relations, both in the soil–plant direction, 
currently mainly as a limiting eco-factor, and in the soil-landscape direction, in 
terms of the landscape water regime, water retention in the landscape and preven-
tion of flood events.

Forest functions are threatened by dieback, fragmentation and transformation 
of tree species composition. The loss of forests leads to a decrease in evaporation, 
with cloud formation also declining. The decrease in cloud formation affects the 
whole catchment. Although the evaporation reduction should prevent soil mois-
ture diminution, unlike evapotranspiration, it is not regulated by means of the 
vegetation cover, but merely by temperature alteration. A denuded land is easier to 
warm up, increasing biological activity and mineralization intensity. This occurs 
provided that removal of the stand component does not result in (frequent) water-
logging of a site, which would be limiting to the aerobic organisms at least until the 
lost functionality of the subsequent stand is restored. Soil without organic matter 
loses both water retention capacity and fertility. The decrease in forests is most 
distinctive in the lower parts of the catchment, which are more accessible, mostly 
non-waterlogged and more hydrologically suited for agriculture. Since the occur-
rence of precipitation also lowers in the spring-dependent parts of catchments 
as the cloud formation diminishes, the subsequent decline in river levels causes a 
decline in water supply to tributary-dependent parts of the catchment [67].

The greatest differences in the soil water-holding capacity are found between 
forested and treeless catchments. Flooding in forested catchment areas occurs in the 
aftermath of exceeding EDSP. Conversely, treeless catchments are affected by flash 
floods even after precipitation ˂30 mm. The protection of the water retention capac-
ity of the catchment consists primarily in the prevalence of unbroken stretches of 
forests. Young open forest stands resemble treeless zones in terms of the water bal-
ance. Only closed stands over 20 years of age reach a water balance comparable to 
that of adults. Even though homogeneous forest stands provide hydric functionality 
similar to richly structured mixed forests, richly structured forests appear more 
resilient to climate change. Protecting the hydric functions of forests during climate 
change can be achieved in the following ways:

• Promotion of the transformation of tree species composition in favor of 
the natural state, with a natural proportion of trees within each stand type 
exceeding 50%
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• Favoring understorey or small-scale differentiated farming to increase age and 
spatial diversity

• Maintaining a closed canopy to protect the soil surface, where understorey 
can be mined at the restoration stage without affecting the species diversity of 
vegetation

• Construction of a sufficiently dense transport network to minimize machinery 
driving through stands, giving priority to mining technologies that do not 
compact the upper soil horizons

Drought stress in forest stands has been shown to reduce both transpiration and 
the water content in plants [68, 69]. This occurs because of the loss of assimilation 
apparatus, thus reducing leaf area available for transpiration, but also because of 
the reduced availability of nutrients, which convert to a dehydrated state in a dif-
ferentiated way [70]. At higher humidity, there is more Ca2+ and Mg2+ present in the 
soil solution, and at the same time, K+ is better released by mineralization processes. 
This is due to the size of the hydration envelope of the ions, which conditions their 
hydration energy for various nutrients in a differentiated way. This is necessary for 
the nutrient to be taken up by the plant. To hydrate diverse ions, different amounts 
of water molecules are needed, so potassium is absorbed at lower soil moisture than 
magnesium or calcium—two elements that frequently prove nutritionally deficient 
even though they may be at an optimal concentration in the soil.

2.3 Soil water and its relationship with groundwater

In the contemporary cultural landscape, the natural water cycle is, to a large extent, 
influenced (in other words, ‘shortened’) by vertical water movement within terrestrial 
systems. Consequently, communication within soil hydrological systems and the rock 
subsoil is impaired. The reasons will be explained in the following section.

The amount of water is distributed very unevenly in space and time on Earth. 
That is why there are problems with its lack in many regions. Redistribution of water 
in the landscape can be expressed by the fundamental elementary redistribution 
equation of water (this is also referred to as the balance equation [71]):

  DP = IR + P − ΔS − RO–ET  (1)

where DP: deep percolation; IR: irrigation; P: precipitation; RO: surface run-off; 
ET: evapotranspiration; ΔS: soil water storage.

On the basis of this balance equation, two basic hydrological cycles are identi-
fied: the large and small water cycles. In the water cycle (Figure 3), the main 
sources are precipitation and the surface, lateral and underground inflow in the 
hydrogeological collector. Water that falls on the soil surface immediately infiltrates 
the soil or, under conditions of insufficient infiltration capability and hydraulic 
conductivity, it drains or accumulates in micro-depressions of the relief (detention). 
Infiltrated water is redistributed in the soil body and remains below the soil surface, 
suspended in a capillary manner. Gravitational water then flows out of the area 
laterally (hypodermically) and migrates to the capillary fringe (see below), through 
which it percolates into an aquiferous hydrogeological collector. In relation to the 
vegetation, the water cycle is influenced by evapotranspiration and interception.

Soil, or more exactly the soil environment, is the main location of infiltration of 
water into the rocky underground environment. In general, this is the most impor-
tant environment for the replenishment of groundwater supplies.
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The subsurface water can be simply divided into soil water and groundwa-
ter. Although it is the same infiltrated surface water, these two divisions differ 
significantly from one another mainly in the ratio of forces acting on them. Soil 
water can be divided into three categories, namely adsorption, capillary and 
gravitational water.

The soil and rock environments can be classified into two zones in terms of satu-
ration of the environment with water. The environment with the presence of air in 
pores may be termed the aerated unsaturated zone, where adsorption and pellicular 
water predominate, and gravitational water preponderates only for a limited period. 
On the contrary, the environment without the presence of air in pores (filled with 
water) is designated as a saturated aquiferous zone where gravitational water not 
bound by adsorption and capillary forces prevails. This water may be freely moving 
or maybe in the form of capillary water, filling small capillary pores.

The zone immediately adjacent to the aquiferous zone itself, that is, ground-
water level, is the capillary fringe zone. Capillary water predominates in this zone. 
Adsorption water and, depending on the circumstances, gravitational water, may 
also be present. The capillary water completely fills capillary pores and is main-
tained by a capillary rise from the groundwater level in the zone. Capillary forces 
create a negative pore water pressure (under pressure). Thus, water cannot be 
collected from the environment and responds merely to groundwater level fluctua-
tions. From hydrogeology and groundwater hydraulics, the capillary fringe zone 
can be included in the unsaturated (non-aquiferous) zone. Contrarily, in hydrope-
dology, we work with the capillary fringe zone as with the saturated zone, which 
significantly affects the physico-chemical properties of the soil and is important in 
terms of the water supply of the soil environment in agriculture.

In terms of replenishing groundwater reserves by infiltration, gravitational water 
is the most significant. Gravitational water is used during infiltration, especially for 
the area of the rock environment above the groundwater level, that is the unsaturated 
environment. This includes the area between the groundwater level and the subsur-
face soil-water zone. The capillary fringe zone can also be ranked in this category.

Figure 3. 
The small water cycle in relation to geological subsoil: Communication of soil water and groundwater.
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The principle of water infiltration into the rock environment in the unsaturated 
zone can be expressed by gravitational and water potentials. In particular, infiltra-
tion depends on the characteristics of the particular soil or weathered particles 
(grain size, structure, organic matter content, geological activity, stratigraphy, 
etc.). Infiltration is determined experimentally for each specific soil type. For this 
purpose, moisture curves are used, which express the relationship between capillary 
pressure and moisture. The curves differ (hysteresis of the curves) when the soil is 
filled with water and when it dries.

Vertical flow of infiltrated water through the soil medium is such that dur-
ing infiltration, pores in the upper soil layer become increasingly saturated with 
rainwater until saturation of the water-holding capacity is reached, whereupon the 
saturated zone shifts gravitationally deeper in the soil profile. This occurs because 
semi-capillary and non-capillary pores are systematically filled with water above 
the hydrolimit of the water-holding capacity and water moves with gravity in terms 
of saturated flow according to Darcy’s law. As rainwater supply ends, due to termi-
nation of the particular rain event, saturation is reduced, and gravitational flow of 
water slows down and gradually begins to be controlled by the hydraulic conduc-
tivity of the particular type of the soil. Water dissipated in the environment and 
movement is practically stopped. If the rainwater supply is sufficient, infiltrated 
water may eventually reach the groundwater level, which is progressively raised. 
Due to gravitational drainage into the body of groundwater, the saturation of the 
soil environment gradually decreases, and the unsaturated zone is created again.

The process of infiltration through the soil environment substantially affects the 
quality of the infiltrated water, both positively, when it can significantly reduce pol-
lution and thus protect groundwater against chemical or microbial contamination, 
but also negatively, in the case of contaminated soils (by means of anthropogenic 
activity, such as the. Enormous doses of industrial fertilizers applied to agricultural 
soils). Here, the contaminated infiltrated water can lead to the deterioration of the 
groundwater reservoir.

At present (i.e. in this current episode of anthropogenically driven climate 
change), it is of utmost importance to maintain the soil environment in as favorable 
as possible a condition in terms of enabling infiltration of rainwater into the soil envi-
ronment or, more precisely, into the groundwater collector. The principal negative 
factors include soil compaction, the loss of soil structure and the reduction of organic 
matter content in the soil. These three factors significantly reduce the water-holding 
capacity of the soil, that is, the ability to retain and gradually release water, either in 
the form of evapotranspiration or infiltration into the groundwater reservoir. Vast 
impermeable anthropogenic surfaces (asphalt, concrete, roofs, etc.) also inflict a 
significant reduction in infiltration.

Nowadays, it is highly desirable to ensure infiltration of rainwater from 
these areas by appropriate technical and biotechnical measures, thus preventing 
their rapid surface or sub-surface run-off. Groundwater recharge in the Central 
European region historically took place in the colder half of the year, mainly 
from snowmelt. In this region this represented 3–4 months a year, when the zone 
between soil water and groundwater level was saturated and thus the regional 
groundwater reserves were continually replenished.

In the last 20 years, probably due to climate change, but also relevant altera-
tions in landscape utilization, the saturation period of this zone has been sig-
nificantly shortened and, consequently, there has been limited replenishment 
of groundwater supplies. A key role is played by noticeably lower snow reserves 
in the winter months, the overall temperature elevation during the year (i.e. 
increased evapotranspiration), and changes in rainfall distribution (accumulation 
of rainfall and decreased soil absorption capacity). Groundwater recharge is thus 
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The subsurface water can be simply divided into soil water and groundwa-
ter. Although it is the same infiltrated surface water, these two divisions differ 
significantly from one another mainly in the ratio of forces acting on them. Soil 
water can be divided into three categories, namely adsorption, capillary and 
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ration of the environment with water. The environment with the presence of air in 
pores may be termed the aerated unsaturated zone, where adsorption and pellicular 
water predominate, and gravitational water preponderates only for a limited period. 
On the contrary, the environment without the presence of air in pores (filled with 
water) is designated as a saturated aquiferous zone where gravitational water not 
bound by adsorption and capillary forces prevails. This water may be freely moving 
or maybe in the form of capillary water, filling small capillary pores.

The zone immediately adjacent to the aquiferous zone itself, that is, ground-
water level, is the capillary fringe zone. Capillary water predominates in this zone. 
Adsorption water and, depending on the circumstances, gravitational water, may 
also be present. The capillary water completely fills capillary pores and is main-
tained by a capillary rise from the groundwater level in the zone. Capillary forces 
create a negative pore water pressure (under pressure). Thus, water cannot be 
collected from the environment and responds merely to groundwater level fluctua-
tions. From hydrogeology and groundwater hydraulics, the capillary fringe zone 
can be included in the unsaturated (non-aquiferous) zone. Contrarily, in hydrope-
dology, we work with the capillary fringe zone as with the saturated zone, which 
significantly affects the physico-chemical properties of the soil and is important in 
terms of the water supply of the soil environment in agriculture.

In terms of replenishing groundwater reserves by infiltration, gravitational water 
is the most significant. Gravitational water is used during infiltration, especially for 
the area of the rock environment above the groundwater level, that is the unsaturated 
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The principle of water infiltration into the rock environment in the unsaturated 
zone can be expressed by gravitational and water potentials. In particular, infiltra-
tion depends on the characteristics of the particular soil or weathered particles 
(grain size, structure, organic matter content, geological activity, stratigraphy, 
etc.). Infiltration is determined experimentally for each specific soil type. For this 
purpose, moisture curves are used, which express the relationship between capillary 
pressure and moisture. The curves differ (hysteresis of the curves) when the soil is 
filled with water and when it dries.

Vertical flow of infiltrated water through the soil medium is such that dur-
ing infiltration, pores in the upper soil layer become increasingly saturated with 
rainwater until saturation of the water-holding capacity is reached, whereupon the 
saturated zone shifts gravitationally deeper in the soil profile. This occurs because 
semi-capillary and non-capillary pores are systematically filled with water above 
the hydrolimit of the water-holding capacity and water moves with gravity in terms 
of saturated flow according to Darcy’s law. As rainwater supply ends, due to termi-
nation of the particular rain event, saturation is reduced, and gravitational flow of 
water slows down and gradually begins to be controlled by the hydraulic conduc-
tivity of the particular type of the soil. Water dissipated in the environment and 
movement is practically stopped. If the rainwater supply is sufficient, infiltrated 
water may eventually reach the groundwater level, which is progressively raised. 
Due to gravitational drainage into the body of groundwater, the saturation of the 
soil environment gradually decreases, and the unsaturated zone is created again.

The process of infiltration through the soil environment substantially affects the 
quality of the infiltrated water, both positively, when it can significantly reduce pol-
lution and thus protect groundwater against chemical or microbial contamination, 
but also negatively, in the case of contaminated soils (by means of anthropogenic 
activity, such as the. Enormous doses of industrial fertilizers applied to agricultural 
soils). Here, the contaminated infiltrated water can lead to the deterioration of the 
groundwater reservoir.

At present (i.e. in this current episode of anthropogenically driven climate 
change), it is of utmost importance to maintain the soil environment in as favorable 
as possible a condition in terms of enabling infiltration of rainwater into the soil envi-
ronment or, more precisely, into the groundwater collector. The principal negative 
factors include soil compaction, the loss of soil structure and the reduction of organic 
matter content in the soil. These three factors significantly reduce the water-holding 
capacity of the soil, that is, the ability to retain and gradually release water, either in 
the form of evapotranspiration or infiltration into the groundwater reservoir. Vast 
impermeable anthropogenic surfaces (asphalt, concrete, roofs, etc.) also inflict a 
significant reduction in infiltration.

Nowadays, it is highly desirable to ensure infiltration of rainwater from 
these areas by appropriate technical and biotechnical measures, thus preventing 
their rapid surface or sub-surface run-off. Groundwater recharge in the Central 
European region historically took place in the colder half of the year, mainly 
from snowmelt. In this region this represented 3–4 months a year, when the zone 
between soil water and groundwater level was saturated and thus the regional 
groundwater reserves were continually replenished.

In the last 20 years, probably due to climate change, but also relevant altera-
tions in landscape utilization, the saturation period of this zone has been sig-
nificantly shortened and, consequently, there has been limited replenishment 
of groundwater supplies. A key role is played by noticeably lower snow reserves 
in the winter months, the overall temperature elevation during the year (i.e. 
increased evapotranspiration), and changes in rainfall distribution (accumulation 
of rainfall and decreased soil absorption capacity). Groundwater recharge is thus 
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usually carried out during longer term, higher rainfall events. In the case of tor-
rential rain, the surface zone is rapidly saturated and hence minimum infiltration, 
and erosive strong surface run-off occurs. Contrarily, during long-term moderate 
rain, the entire transitional zone gradually saturates to the groundwater level, and 
thus its reserves are replenished.

Groundwater reservoirs are also replenished at tectonic faults (fractures). 
The entire soil body need not be saturated within the process of infiltration, but 
gravitational water can flow because of fissure permeability, replenishing the 
groundwater reserves.

2.4 The soil-forest-water-civilization nexus

2.4.1 The elements of life

The soil-forest-water-civilization nexus has never been more important than at 
present. The Ancient Greeks recognized four basic elements of life: fire, water, air 
and soil. Yet throughout history, perturbation of the hydrosphere, atmosphere and 
geosphere has created huge issues for humanity and the rest of the Biosphere.

Trees are an essential component of most ecosystems on our planet, and the 
forests of the world play key roles in the hydrological cycle, nutrient cycles and the 
carbon cycle. Deforestation undermines ecosystem function upon which we rely 
for our very survival. Forests are major contributors to rainfall, with the Amazon 
rainforest producing some 70% of precipitation in the Rio de Plata river basin [72]. 
Forests also play a crucial role in temperature regulation, not only as repositories 
for carbon, but in terms of evapotranspiration and the production of microbial 
flora and biogenic volatile organic compounds which act as condensation nuclei for 
cloud formation and rain events. It is estimated that deforestation may account for 
as much as 18% of current global warming [73]. Forests purify surface and ground 
water [74]. Deforestation also reduces soil structure and organic carbon content, 
negatively impacting the water-holding capacity [75]. Environmental degradation 
leads to economic collapse and social instability [76]. Healthy forests and healthy 
soils are inextricably linked. Deforestation has three significant impacts: soil ero-
sion, soil salinization and eutrophication.

2.4.2 Soil erosion

The incredible diversity of the biosphere in its many forms speaks to a complex 
foundation upon which such a magnificent edifice is built. Yet terrestrial ecosystems 
are almost entirely dependent upon a thin, living skin, stretching across some fifty 
million square kilometers, but with a mean depth of only 15 cm: the soil. Most 
plants need soil, and plants form the basis of most terrestrial food chains. Yet in the 
last 150 years, we have lost 50% of the planet’s topsoil through soil erosion. Lester 
W. Brown, the President of the Earth Policy Institute, has written that civiliza-
tion can survive the loss of its oil reserves, but it cannot survive the loss of its soil 
reserves [77].

Soil erosion is not a new problem. Plato bemoaned the fact that the soil of Greece 
was, by his own time, eroding, observing that ‘what now remains compared with 
what then existed is like the skeleton of a sick man, all the fat and soft earth having 
wasted away, and only the bare framework of the land being left’ (in Glacken [78]). 
Around 60 BC, Lucretius, the philosopher and poet, recognized the seriousness of 
soil exhaustion in Italy. He thought that the Earth itself was dying [79]. A compre-
hensive review of the historical significance of soil erosion and the contribution of 
deforestation to this can be found in Dotterweich [80].
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Accelerated erosion has been occurring in Britain since the first clearances of 
primeval forest 5000–6000 years ago [81]. While early human agriculturalists used 
hand-held tools, maintaining a rough surface, allowing infiltration, later iron tools 
smoothed the surface, leading to run-off and erosion. By medieval times, many 
European villages had been abandoned as a result of soil erosion, elevating food prices 
due to crop failure and leading to social instability [82]. Today, 751 million ha of the 
planet’s soil has been severely eroded [83]. Overgrazing by livestock and intensive agri-
cultural practice has led to huge swathes of erosion. But deforestation has been one of 
the most significant contributors to the erosion crisis facing the planet. One and a half 
million square kilometers of dense tree cover were lost between 2000 and 2012 [84].

Shallow tree roots bind soil aggregates, increasing soil cohesion, while protect-
ing against surface wash erosion. Deeper roots anchor the regolith to the bedrock, 
preventing landslides, debris flows and mudflows. Trees also reduce the load from 
lower soil moisture through evapotranspiration [85].

Soil production takes many years, and today losses far exceed formation. In 
China, the soil is being lost 54 times faster than it is being formed, leading to huge 
economic and social insecurity. In the case of China, soil loss accounts for the loss of 
42 billion dollars per year, impacting 170 million people [86].

It is thought that the Babylonian and Sumerian kingdoms collapsed due to soil 
erosion, blocking irrigation systems [87]. Once the soil is gone, the risk of flooding 
after heavy rain increases dramatically. The trees form a crucial link in the hydro-
logical cycle, shifting water from the soil back to the atmosphere.

Wind erosion is an equally serious threat to humanity. The Dust Bowl in the USA 
stands as a striking example, where a 10-year collapse in agriculture was due to soil 
erosion driven by agricultural mismanagement in the 1930s. On Black Sunday, 14 April 
1935, the sunlight was blocked out by the dust, when three million tonnes of topsoil 
from the Midwest was blown into the atmosphere. The Dust Bowl forced around two 
and a half million people to flee from their mid-west farms and head to California.

2.4.3 Eutrophication

Soil erosion contributes to another major threat to our planet, eutrophication. 
Eutrophication is caused by nutrients being washed into the hydrosphere from the 
soil. Soil itself is a nutrient bomb, and so erosion delivers huge amounts of nutri-
ents into streams, rivers, lakes and the oceans, leading to hypoxia, cyanobacterial 
blooms, toxic red tides and fish death. In Europe, Asia and North America, 50% 
of freshwater bodies are now eutrophic, while dead zones are a regular occurrence 
in the oceans, devastating fish populations. In the US alone, eutrophication costs 
around 2 billion dollars each year [88].

2.4.4 Soil salinization

Deforestation also leads to soil salinization. Currently, 25% of the world’s 
cropland is affected, while in Africa, this figure is 50% [89]. By 2050 it is estimated 
that some 50% of cropland will have productivity halved due to build-up of salt in 
the surface soil [90]. Nagendran [91] observes that salinization is the most striking 
effect of agriculture in all parts of the world. Soil salinization is very difficult to 
reverse.

Salinization is a particular threat to Australian agriculture, given that most of 
the country is desert. In the Murray Darling Basin, 63% of the forested area has 
been converted to cropland in the last 200 years [92]. This has led to increased 
downward water fluxes below the root zone by one to two orders of magnitude 
[93] because the trees are no longer performing their role as water shifters from 
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usually carried out during longer term, higher rainfall events. In the case of tor-
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The entire soil body need not be saturated within the process of infiltration, but 
gravitational water can flow because of fissure permeability, replenishing the 
groundwater reserves.

2.4 The soil-forest-water-civilization nexus
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forests of the world play key roles in the hydrological cycle, nutrient cycles and the 
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last 150 years, we have lost 50% of the planet’s topsoil through soil erosion. Lester 
W. Brown, the President of the Earth Policy Institute, has written that civiliza-
tion can survive the loss of its oil reserves, but it cannot survive the loss of its soil 
reserves [77].

Soil erosion is not a new problem. Plato bemoaned the fact that the soil of Greece 
was, by his own time, eroding, observing that ‘what now remains compared with 
what then existed is like the skeleton of a sick man, all the fat and soft earth having 
wasted away, and only the bare framework of the land being left’ (in Glacken [78]). 
Around 60 BC, Lucretius, the philosopher and poet, recognized the seriousness of 
soil exhaustion in Italy. He thought that the Earth itself was dying [79]. A compre-
hensive review of the historical significance of soil erosion and the contribution of 
deforestation to this can be found in Dotterweich [80].

61

Forest Soil Water in Landscape Context
DOI: http://dx.doi.org/10.5772/intechopen.93003

Accelerated erosion has been occurring in Britain since the first clearances of 
primeval forest 5000–6000 years ago [81]. While early human agriculturalists used 
hand-held tools, maintaining a rough surface, allowing infiltration, later iron tools 
smoothed the surface, leading to run-off and erosion. By medieval times, many 
European villages had been abandoned as a result of soil erosion, elevating food prices 
due to crop failure and leading to social instability [82]. Today, 751 million ha of the 
planet’s soil has been severely eroded [83]. Overgrazing by livestock and intensive agri-
cultural practice has led to huge swathes of erosion. But deforestation has been one of 
the most significant contributors to the erosion crisis facing the planet. One and a half 
million square kilometers of dense tree cover were lost between 2000 and 2012 [84].

Shallow tree roots bind soil aggregates, increasing soil cohesion, while protect-
ing against surface wash erosion. Deeper roots anchor the regolith to the bedrock, 
preventing landslides, debris flows and mudflows. Trees also reduce the load from 
lower soil moisture through evapotranspiration [85].

Soil production takes many years, and today losses far exceed formation. In 
China, the soil is being lost 54 times faster than it is being formed, leading to huge 
economic and social insecurity. In the case of China, soil loss accounts for the loss of 
42 billion dollars per year, impacting 170 million people [86].

It is thought that the Babylonian and Sumerian kingdoms collapsed due to soil 
erosion, blocking irrigation systems [87]. Once the soil is gone, the risk of flooding 
after heavy rain increases dramatically. The trees form a crucial link in the hydro-
logical cycle, shifting water from the soil back to the atmosphere.

Wind erosion is an equally serious threat to humanity. The Dust Bowl in the USA 
stands as a striking example, where a 10-year collapse in agriculture was due to soil 
erosion driven by agricultural mismanagement in the 1930s. On Black Sunday, 14 April 
1935, the sunlight was blocked out by the dust, when three million tonnes of topsoil 
from the Midwest was blown into the atmosphere. The Dust Bowl forced around two 
and a half million people to flee from their mid-west farms and head to California.

2.4.3 Eutrophication

Soil erosion contributes to another major threat to our planet, eutrophication. 
Eutrophication is caused by nutrients being washed into the hydrosphere from the 
soil. Soil itself is a nutrient bomb, and so erosion delivers huge amounts of nutri-
ents into streams, rivers, lakes and the oceans, leading to hypoxia, cyanobacterial 
blooms, toxic red tides and fish death. In Europe, Asia and North America, 50% 
of freshwater bodies are now eutrophic, while dead zones are a regular occurrence 
in the oceans, devastating fish populations. In the US alone, eutrophication costs 
around 2 billion dollars each year [88].

2.4.4 Soil salinization

Deforestation also leads to soil salinization. Currently, 25% of the world’s 
cropland is affected, while in Africa, this figure is 50% [89]. By 2050 it is estimated 
that some 50% of cropland will have productivity halved due to build-up of salt in 
the surface soil [90]. Nagendran [91] observes that salinization is the most striking 
effect of agriculture in all parts of the world. Soil salinization is very difficult to 
reverse.

Salinization is a particular threat to Australian agriculture, given that most of 
the country is desert. In the Murray Darling Basin, 63% of the forested area has 
been converted to cropland in the last 200 years [92]. This has led to increased 
downward water fluxes below the root zone by one to two orders of magnitude 
[93] because the trees are no longer performing their role as water shifters from 



Soil Moisture Importance

62

soil to atmosphere. This has resulted in a rapid rise in the groundwater table at a 
rate of∼1 m year−1, leading to the salinization of some 5.7 million ha of farmland, 
devastating harvests [94].

Similar large-scale salinization events have been recorded in California, north-west 
India and much further back in time, in Ancient Mesopotamia [95–97].

2.4.5 The biotic pump

Finally, deforestation leads to huge changes in the rainfall distribution patterns 
on our planet. The biotic pump theory [98] proposes that evapotranspiration cre-
ates lower pressure above forest canopies, drawing in moist air from the oceans, and 
supplying precipitation far inland. The reduction in evapotranspiration as a result 
of deforestation leads to an increase in the height of the convective boundary layer 
because of the stronger sensible heat flux over pastures. This is less conducive to 
rainfall formation. Deforestation is thought to have contributed 60% to the drought 
conditions that led to the collapse of the Mayan empire [99].

Much like climate destabilization, the biotic pump acts across national boundaries, 
requiring international collaboration. If inland nations carry out significant defor-
estation, the impacts are not only felt within that nation, in terms disruption to the 
local hydrological cycle, exacerbating flood risks, landslides, soil erosion and water 
purity, but also in nations that lie between the oceans and the deforested region, as the 
pressure gradient is no longer as strong, reducing the strength of the pump.

Critics of the biotic pump theory have argued that air movements as a result 
of condensation are multi-directional, representing an isotropic (uniform in all 
directions) process and this means that there will not be any uni-directional, net 
flow from ocean to continental landscapes [100]. In this orthodox approach, mass 
air movements alone drive the hydrological cycle across latitudinal cells set up by 
temperature gradients due to the uneven heating from the sun as a result of the axial 
tilt and curvature of the Earth.

However, it has been demonstrated experimentally that condensation can trigger 
anisotropic, uni-directional flow, supporting the biological pump theory [101, 102]. 
Sheil [103] points out that disruption of the biological pump through deforesta-
tion can lead to dramatic, non-linear transitions in local climate, from wet to dry 
regimes. Interestingly, reforestation can lead to a similarly dramatic transition in the 
opposite direction, from a dry to a wet local climate regime [103]. However, there is 
no guarantee that reforestation will return the region to an identical ecological state 
as that prior to deforestation, as species may have suffered extinction, and recoloni-
zation routes may no longer exist.

2.4.6 Regime shifts

Of greater concern yet is the fact that such widescale changes resulting from 
deforestation and the destabilization of the soil-water relationship may lead to 
regime shifts. Lees et al. [104] define regime changes as abrupt changes on several 
trophic levels, leading to rapid ecosystem reconfiguration between alternative 
states. Both structures and processes are transformed and such changes, in turn, 
result in significant alterations in ecosystem services [105, 106]. Complex non-linear 
systems, such as ecosystems, become vulnerable to phase shifts, where relatively 
small changes in an already stressed system can result in the irreversible collapse of 
the system, switching, for example, from a wet forested state to a dry savanna, and 
creating an alternative equilibrium, with devastating consequences [107–109]. Such 
shifts are more likely to occur as anthropogenic perturbation increases [110].
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Of additional concern is the reality that ecosystems are interconnected to other 
ecosystems, to such an extent that a regime change in one part of the biosphere can 
catalyze changes in other ecosystems. One example relates to regime changes in the 
Arctic, wherein sea-ice changes lead to reorganization of tropical convection that in 
turn triggers an anticyclonic response over the North Pacific, resulting in significant 
drying over California [111], potentially leading to regime change. Ecosystems are 
sub-systems, not isolated systems. Thus, changes run throughout the biosphere, 
impacting on all levels of organization, in non-linear ways. We would expect this 
in any self-organizing system, where feedback dictates context and change. One 
such conduit is the soundscape, wherein ecological simplification can lead to radical 
transitions at the ecosystem level facilitated by the absence of audible cues [112]. 
Another feedback conduit is the hydrological cycle, and forests play a central role 
here. Interfering with water relations can have huge impacts on regime stability and 
the spread of regime shifts across the biosphere [113].

3. Conclusion

Forest soil water balance plays an essential, central role in ecosystem functional-
ity. The modification of water balance within forests can enhance self-regulation 
of all ecosystems in a landscape, but intensive, anthropogenic landscape trans-
formation can negatively impact it. Human activities, such as deforestation, have 
had damaging impacts on evaporation, precipitation and run-off. The protection 
of forest water balance has been highlighted as a priority through coordinated 
research based on analysis of soil properties and ecosystem function restoration. 
Underpinning any hope of achieving this lies the urgency of attaining a sustainable 
relationship between human needs and natural resources.

Thus, we see that forests are essential components in both the hydrological cycle 
and in soil functionality, while also playing a crucial role in the carbon cycle. Forests, 
much like soil and water, are currently under-appreciated by the human race, yet our 
futures rely on their restoration and respect. Kravčík [114] have called for a new para-
digm in order to rescue humanity from a crisis beyond our imagining: regime shifts 
and the functional collapse of the terrestrial and aquatic ecosystems. Such a paradigm 
no longer views water as an isolated entity, a fixed renewable resource and having little 
to do with the suite of environmental crises facing us, along with the coming economic 
and societal collapse undoubtedly awaiting us on our current trajectory. Instead, they 
call for a prioritization of the restoration of the water balance at all levels, but particu-
larly at the level of the small water cycle. Intrinsic to this is healthy soils and healthy 
forests. The soil-forest-water-civilization nexus must urgently be understood as a 
synergy, connected and united within the Earth system if we are to find a constructive 
way ahead and a place for our own sub-species within the biosphere.
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1. Introduction

Water and sun radiations are the most important environmental factors that 
make life possible on earth [1]. The lack of fresh water is one of the greatest con-
cerns of humankind [2]. The rivers, lakes, reservoirs, creaks, or streams are natural 
water resources important for every living organism [3]. Without water, the earth 
would be a dead desert [4]. Water is a prerequisite for life, is involved in almost all 
processes of life on our planet, and has many functions in the climate system as 
well [2]. All organisms contain 50–90% water, some aquatic organisms even 99% 
[3]. If water becomes scarce or has poor quality, plants and animals die. Humans 
must drink about 2 L of water per day [5]. Any other substance cannot substitute 
the function of water. Around 97% of water on the earth is salty and unsuitable 
for drinking and irrigation, whereas 1.8% was frozen in glaciers and snow [6]. 
About 20% of the world’s population already is suffering from water scarcity [3]. 
Water will be the most important substance during this century, and therefore, we 
need a global water policy guided by the United Nations [7]. These surface water 
resources are extremely important on daily basis for human population too. The 
earth’s surface is 71% covered by the oceans regarding the total water sources of 
97% [3]. The freshwater resources make up only 2.5% of total water [6]. In addition, 
75% of freshwater is made up of glaciers and polar ice that leaves less than 1% of 
available fresh water in liquid form [8]. Soil water has many roles but some of the 
most important are water as a solvent, temperature buffer, and metabolite activator 
[9]. All of these roles are incorporated trough the water-plant-soil relations. During 
the cultivation of certain plants, many of the farmers found that a number of 
agronomic measures do not give a good result if the irrigation of crops was omitted 
or neglected. Water deficit was more often associated with nutrient deficiencies 
through their reduced solubility and limited distribution to the root system rather 
than reduction of insufficient nutrient amount. Water needs are increasing on a 
daily basis that is to be expected compared to population growth; however, water 
resources are declining and could soon become scarce. Of the total water sources, 
the most demanding is agriculture and the water used for irrigation for a 68%, 
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while about 21% used for public supply and about 11% accounted for by industry 
process. Water use around the world has increased six-fold in the past 100 years, 
twice as fast as the human population, and is expected to double again before 2030, 
driven mainly by agriculture and irrigation [1]. Water is an important component 
in every plant’s life helping them to obtain their nutrients (through the process of 
photosynthesis), growth (cell division, mitosis), respiration (cellular respiration), 
and turgidity (up standing form). Water helps plants to maintain their formation by 
transporting water and dissolved nutrients, amino acids, and other osmotic active 
substances from soil to aboveground plant part. Water help plants to perform the 
most important process, for them, the photosynthesis. In this chapter, we focused 
in water cycle and its importance for soil to plant life. The soil consists of different 
horizons, different thicknesses formed under the influence of pedogenetic factors, 
and processes that have been going on for millions of years and that are constantly 
going on. Soil system is consisting of solid (soil particles), liquid (water), and 
gaseous phases (air). A porous space was built between the soil particles of differ-
ent shape and dimensions in which there is water, air, or some other gas. Vegetable 
production largely depends on the quality, type, and types of soil, and the necessary 
factor for plants is water. It is therefore not surprising that all civilizations in the 
development of human society have settled in the river valleys. Water is constantly 
present in the soil or on its surface. Its content in the soil is constant changing and 
depends on weather conditions and the needs of the plant world. The water is in 
constant circling, and this movement was called the hydrological cycle. Due to the 
movement of water in the soil and variable content, there are two major problems. 
One of those problems is excess water in the soil, so due to such water-air regime, 
unfavorable living conditions for plants occur. Another problem was the lack of 
water in the soil for normal growth and development of plants that was negatively 
reflected on yield. The fact is that producers were increasingly faced with prolonged 
droughts during the growing season. The only measures to combat the conse-
quences of such troubles are the introduction of programs of the irrigation through 
reclamation measures as a necessary item for the future of agricultural production 
and reduction of far-reaching consequences if not prepare for the changes that have 
taken place. The biggest challenge of today’s agriculture is how to ensure sufficient 
water needs for growing crop. This entails to identify critical plant growth phase 
in order to meet their water needs. Defining the period, form, role, and amount of 
available moisture for plants could be useful for obtaining the optimal yields.

2. Chemical and physical water properties

The two hydrogen atoms bonded by covalent brigs to an oxygen atom makes 
water molecule [10]. A water molecule is a polar molecule meaning that it is electro 
negatively charged (around oxygen atoms) at one end and electro positively charged 
(about two hydrogen atoms) at the other end [11]. When water molecules are 
interconnected, the positively charged end of one molecule (hydrogen atom) con-
nected by a hydrogen bond to the negatively charged end (oxygen atom) to another 
water molecule [11]. The phenomenon of attracting water molecules is called 
cohesion [10]. Due to its properties (polarity and the formation of hydrogen bonds), 
water participates in many interactions and plays a major role in the plant organism 
(because it makes up between 80 and 95% of the mass of plant tissue) [10]. Polarity 
makes water the most widespread and most important solvent in nature. The 
polarity property allows the dissolution of ionic substances and organic molecules 
containing polar groups (OH−, NH4

+, and COO−) [10]. Hydrogen bonds formed 
between water molecules and ions/polar substances reduce electrostatic interactions 
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between charge-carrying substances and thus allow them to dissolve. The polar 
parts of the water molecule can form an aqueous mantle (hydration mantle) around 
the charged particles of the macromolecules, thereby reducing the interactions and 
binding of the macromolecules, thereby increasing their solubility in water. Due to 
the large number of hydrogen bonds that connect water molecules, it can absorb heat 
without large changes in temperature, making it an ideal medium for thermoregula-
tion. As the temperature rises, water molecules movement accelerates. Compared to 
others liquids, to increase the water, temperature required a relatively large amount 
of energy (to break hydrogen bonds). From this fact arises one of the basic functions 
of water in the plant and that is the regulation of plant temperature (thermoregula-
tion) [10]. Since cells contain large amounts of water, they can receive or lose heat 
with minimal temperature changes. This property can serve to protect organisms 
from sudden changes in temperature, because organisms that contain larger amounts 
of water in their tissues were better protected from temperature changes caused by 
oscillations in heat. Water exists in three different states: ice, liquid, and as steam or 
water vapor [12]. Water conversion into water vapor requires break down of hydro-
gen bonds. Therefore, a large amount of energy is used to evaporate the water, which 
allows the plants to cool efficiently [12]. On the contrary, low temperatures make 
water molecules approaching. They are closest at 4° C, although they are still mov-
ing. At temperatures below 4° C, the molecules just vibrate and the hydrogen bridges 
become open and rigid [10]. Water in solid state (ice) has a lower density than in liq-
uid, so it floats on the water surface. This property allows many organisms to survive 
under the frozen water sheet [10]. Water molecules also have a pronounced surface 
tension. In order to increase the contact area between water and air, it is necessary to 
break down hydrogen bridges between water molecules [12]. This process requires 
energy investment, and this energy represents the surface tension. Surface tension 
has a major role in the transport (movement) of water in the soil-plant system. In 
addition to surface tension, cohesion and adhesion forces were important in water 
transport. The attraction between two water molecules is a force called cohesion, 
while adhesion causes water molecules to adhere to another solid (e.g., a cell wall) 
[10]. Cohesion, adhesion, and tension allow the appearance of capillarity, that is, 
the rise of water column through a narrow pipe—capillary, where the water level 
in the capillary is higher compared to the water level in the source that supplies the 
capillary [11]. Capillary occurs in various media (soil, root/stem tissue) due to: (1) 
the attraction of water molecules to the cell wall (adhesion), (2) mutual attraction of 
water molecules (cohesion), and (3) surface tension of water [13].

The plant tissue consists mostly of water and to a lesser extent of inorganic 
substances that plants receive from the soil, organic substances formed by photo-
synthesis and the products of their conversion. Water makes up 80–95% of the mass 
of metabolically active plant tissue. Majority of the contained water in plant tissue 
serves for transpiration and less than 1% was used for metabolic activity [14, 15]. 
High water content is an essential feature of all metabolically active cells. Relative 
water content reduction up to 70–80% in most plant cells results in the inhibition 
of central metabolic functions, such as respiratory processes and photosynthesis. In 
the process of photosynthesis, water is the carrier of electrons and protons. The role 
of water in plant tissue is multiple. In addition to being the best and most common 
solvent, water is also a medium for the movement of molecules inside and between 
cells. It greatly affects the molecular structure and properties of proteins; nucleic 
acids and other macromolecules indirectly affect the property of cells plasma 
membranes. Water is the basic constituent of protoplasm.

Water is essential for most of biochemical reactions in plant cells. Water is 
directly involved in number of chemical reactions, for example, hidrolysis and 
dehydratation reaction (e.g., ADP phosphorylation is actually dehydration of the 
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ADP molecule, is a donor of hydrogen in photosynthesis). In addition, as water 
has a high heat capacity, its presence in the plant ensures that temperature changes 
occur slowly. The polarity and ability to form hydrogen bonds allows water to 
participate in a number of interactions. Water molecules were arranged around 
ions or charged groups of macromolecules and cover their charge. This reduces 
the interactions between the charged substances and increases their solubility. 
Therefore, water is the best solvent for ionic substances. Water is in liquid phase and 
medium in which all enzymatic reactions take place. Various substances can enter 
into a chemical reaction with each other only if they dissolve in water. The uptake of 
solutes is possible only from an aqueous solution. As the water content in the plant 
organism decreases, so does the vital activity. Water regulates turgor pressure and 
upright visual appearance and cell size. A large number of metabolic functions of 
water were realized by the processes of uptake and release (transpiration).

3. Water uptake and movement trough the plant

3.1 Basic process of water uptake

Plants constantly receive water by root system and excrete water by vegetative 
plant’s parts. The root system consists of primary and secondary roots overgrown 
with root hairs. Root hairs develop on the root surface. Due to their large number, 
they significantly increase the root area and thus make it easier for the root to 
absorb water and minerals from the soil. A close contact of the root surface and 
soil is necessary for the absorption of water by the root. The root hairs penetrate 
between the soil particles and immerse themselves in the capillary spaces of the 
soil where the water is located. Under favorable conditions of growth and develop-
ment, plants scatter the root network and increase its volume. In restrictive plant 
growth conditions, plant root growth is often primarily restricted. Roots hairs were 
the most susceptible to insufficient water and nutrient demands resulting in decay, 
especially within the herbaceous plants [16]. The pathway plant-soil-atmosphere 
water movement occurs through different media (cell walls, double phospholipids 
layer, cytoplasm, etc.), and the transmission mechanism changes depending on the 
type of medium through which it passes (Figure 1).

Basic processes that enable the water uptake and conduction of water in the 
plants are swelling and osmosis. Both processes were conducted by the reduction  

Figure 1. 
Water movement and different pathway of water uptaking in roots.
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of water chemical potential and by the process of diffusion. Diffusion process pres-
ents water movement from the medium of high-water potential to the medium of 
low water potential. In an aqueous solution of a substance, the gradient of the water 
chemical potential is opposite to the gradient of the electrochemical potential of the 
solute, so water diffuses in the opposite direction from the solute. During this pro-
cess, there is no chemical reaction. The diffusion rate presents amount of substance 
that diffuses in certain period proportional to the concentration gradient. First 
Fick’s law defines diffusion rate of solvent across the membrane. The process of dif-
fusion is important for small molecules in aqueous solution effective on cell level as 
for entering of solution in root cell or for a stomata transpiration rate. Diffusion is 
not effective enough to transmit solutes to the too long pathway. The rate of diffu-
sion is rapid over short distance but extremely slow over long distance. The process 
of diffusion has great importance in receiving water from the soil, the movement 
of solutes over short distances, and the loss of gaseous water from the vegetative 
plant’s part, but it is not important in the transfer of water over long distances that 
occur in the main stream. The cohesion-tension theory explains the mechanism 
of water transport without consuming metabolic energy. Xylem water transport 
is closely related to cohesion (water molecules bind to each other) and adhesion 
forces (where water molecules adhere strongly to the conductive elements of the 
xylem), forming a transpiration column for which upward movement is responsible 
for the negative hydrostatic pressure [11]. Unlike diffusion driven by a difference in 
concentration (concentration gradient), mass bulk or mass flow represents water 
molecule mass flow often driven by differences in pressure (pressure gradient). This 
mass flow mechanism by xylem elements frequently is used for water transport over 
the long-distance pathway.

Mass or free flow of water plays a significant role for absorption of nutrients 
from soil solution of high concentrations even when transpiration is high. Then 
significant amounts of water move toward root carrying with it dissolved sub-
stances (nutrients) which the plant receives. Certainly, if there is not enough water 
in the soil, there is no flow of nutrients, while too much water can increase leaching 
of nutrients or asphyxiation of root.

The root hairs penetrate into spaces between soil particles and allow water to 
enter the apoplasmic space of the root cells. To receive water from the soil, cor-
responding reduction of water potential between the soil and roots has to occur. 
The drier the soil, the more negative the water potential becomes, and the poten-
tial swelling pressure increases, as moisture is still retained only between the soil 
capillaries. The water enters root hairs by imbibitions and osmotic transporting 
into the central cylinder of the root. Further, the plant uses water potential reduc-
tion between the soil and the atmosphere to conduct water from the soil through 
the plant body to the atmosphere without consuming energy. A process leading 
to water transport in plant cells is osmosis referring to movement of a solvent 
such water and other substances across a membrane. The membrane for all living 
cells presents certain barriers: they separate different parts of the cells from each 
other and greatly impede movement of substances between compartments. The 
plant cells membranes are semi-permeable, since they are well permeable to 
water molecules and other smaller particles with a weakly charged charge and 
quite limited permeability to larger molecules and particles with a pronounced 
charge [5]. Osmosis similarly to the diffusion and mass flow occurs and it appears 
unpredictably as a response to the suction forces.

Water is a key factor in initiating the germination of dry seeds when they reach 
the soil. The water in the seed stimulates the swelling process by imbibitions; hydro-
lytic enzymes ware activated; and the germination process begins. The entry of 
water into the seed is wrapped from the hardness of the seed coat, and sometimes 
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plants are swelling and osmosis. Both processes were conducted by the reduction  

Figure 1. 
Water movement and different pathway of water uptaking in roots.
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of water chemical potential and by the process of diffusion. Diffusion process pres-
ents water movement from the medium of high-water potential to the medium of 
low water potential. In an aqueous solution of a substance, the gradient of the water 
chemical potential is opposite to the gradient of the electrochemical potential of the 
solute, so water diffuses in the opposite direction from the solute. During this pro-
cess, there is no chemical reaction. The diffusion rate presents amount of substance 
that diffuses in certain period proportional to the concentration gradient. First 
Fick’s law defines diffusion rate of solvent across the membrane. The process of dif-
fusion is important for small molecules in aqueous solution effective on cell level as 
for entering of solution in root cell or for a stomata transpiration rate. Diffusion is 
not effective enough to transmit solutes to the too long pathway. The rate of diffu-
sion is rapid over short distance but extremely slow over long distance. The process 
of diffusion has great importance in receiving water from the soil, the movement 
of solutes over short distances, and the loss of gaseous water from the vegetative 
plant’s part, but it is not important in the transfer of water over long distances that 
occur in the main stream. The cohesion-tension theory explains the mechanism 
of water transport without consuming metabolic energy. Xylem water transport 
is closely related to cohesion (water molecules bind to each other) and adhesion 
forces (where water molecules adhere strongly to the conductive elements of the 
xylem), forming a transpiration column for which upward movement is responsible 
for the negative hydrostatic pressure [11]. Unlike diffusion driven by a difference in 
concentration (concentration gradient), mass bulk or mass flow represents water 
molecule mass flow often driven by differences in pressure (pressure gradient). This 
mass flow mechanism by xylem elements frequently is used for water transport over 
the long-distance pathway.

Mass or free flow of water plays a significant role for absorption of nutrients 
from soil solution of high concentrations even when transpiration is high. Then 
significant amounts of water move toward root carrying with it dissolved sub-
stances (nutrients) which the plant receives. Certainly, if there is not enough water 
in the soil, there is no flow of nutrients, while too much water can increase leaching 
of nutrients or asphyxiation of root.

The root hairs penetrate into spaces between soil particles and allow water to 
enter the apoplasmic space of the root cells. To receive water from the soil, cor-
responding reduction of water potential between the soil and roots has to occur. 
The drier the soil, the more negative the water potential becomes, and the poten-
tial swelling pressure increases, as moisture is still retained only between the soil 
capillaries. The water enters root hairs by imbibitions and osmotic transporting 
into the central cylinder of the root. Further, the plant uses water potential reduc-
tion between the soil and the atmosphere to conduct water from the soil through 
the plant body to the atmosphere without consuming energy. A process leading 
to water transport in plant cells is osmosis referring to movement of a solvent 
such water and other substances across a membrane. The membrane for all living 
cells presents certain barriers: they separate different parts of the cells from each 
other and greatly impede movement of substances between compartments. The 
plant cells membranes are semi-permeable, since they are well permeable to 
water molecules and other smaller particles with a weakly charged charge and 
quite limited permeability to larger molecules and particles with a pronounced 
charge [5]. Osmosis similarly to the diffusion and mass flow occurs and it appears 
unpredictably as a response to the suction forces.

Water is a key factor in initiating the germination of dry seeds when they reach 
the soil. The water in the seed stimulates the swelling process by imbibitions; hydro-
lytic enzymes ware activated; and the germination process begins. The entry of 
water into the seed is wrapped from the hardness of the seed coat, and sometimes 
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with tightly closed seeds, a negative pressure of −100 MPA [17] can occur when 
entering the seed coat. Activated hydrolytic enzymes also activate other biochemi-
cal processes on which the germination process depends.

Water uptake by seeds is a process called imbibition, after which a certain period 
causes swelling and rupture of the seed coat. Germinating seeds use reserve nutri-
ents stored in the seed endosperm. This nutrient reserve ensures the growth of the 
embryo. When the seed absorbs water, hydrolysis enzymes are activated that break 
down these stored reserve substances into metabolically useful chemicals. After the 
germ emerges from the seed layer and begins to grow roots and leaves, food supplies 
are usually depleted; in this case, photosynthesis provides the energy needed for 
further seedling growth, which now requires a continuous supply of water, nutri-
ents, and light.

The swelling degree depends on the balance between the soil solution water 
potential and water potential of seeds, described as acting as repulsive and attrac-
tive forces between the two charges [18]. Imbibition is a physical process in which 
water enters the seed coat, where the volume of the seed changes significantly, 
exceeding its actual seed surface [19].

3.2 Water chemical potential

The term water potential is the most important factor for understanding the 
way of water moves in plant cells and through the conducted elements of the 
plant [20]. The chemical potential represents the water potential when it comes 
to water. The chemical potential of water or any substance is a measure of the 
available energy per mole by which that substance will react or move. Because the 
water molecule is neutral, the electrical potential has no effect on the chemical 
potential of the water. The chemical potential of water is a relative quantity and 
expressed as the difference between the potencies of a substance under certain 
conditions and the potential of that same substance under standard conditions. 
The unit for chemical potential is the energy per mole of a substance (J mol−1) but 
for better understanding, we use term water potential. The unit of water potential 
presents the free energy per unit volume of water solution in relation to the stan-
dard state of water, as a result of the combined action of solution concentration, 
pressure, and gravity in ambient temperature regime [19]. Presented equation 
express water potential as:

 w1 w 2 m µ µ / VΨ = −  (1)

Ψ, water potential; μw1, chemical potential of water; μw2, chemical potential of 
pure water; Vm, molar volume of water.

The molar volume of water presents the molar mass (w) divided by the mass 
density (ρ) expressed cubic meter per mole (m3 mol−1). The soil particles and plant 
tissue cells absorb water, and the level of absorbed water depends on different fac-
tors. Absorbed water depends on soil pore size, water regime, ambient temperature, 
and pressure, and working adsorption forces depend on concentration of solutes 
in water. Uncontrolled movement and movement speed of some solutes in water 
depends on their concentration. Restricted movement of water molecules reduce 
chemical potential of water expressed as the Brownian’s irregular water move-
ment. A plant cell does not have mechanism of “water pumps” for water potential 
incensement so the water uses gradient water potential reduction. To determine the 
value of the water potential, equilibrium methods are most often used in which the 
plant tissue is brought into balance with solutions of known water potential. Water 
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potential of pure water is always equal to zero but water in natural system, in plant 
cells, or soil pores has always dissolved some solutes as organic molecules, sugars, 
enzymes, or other substances making water potential more negative [19].

This formula describes the energy state of water as the sum of the solute poten-
tial, the pressure potential, and the gravitation potential in a mixture of water and 
other particles in relation to standard conditions. The main factors contributing to 
the water potential can be expressed by the following equation:

 p s m gΨ = Ψ +Ψ +Ψ +Ψ  (2)

Ψ, water potential; Ψp, pressure potential; Ψs, solute potential; Ψm, matrix 
potential; Ψg, gravitation potential.

The pressure potential expresses the effects of pressure within the water poten-
tial of solution and refers to the hydrostatic pressure. Water potential has elevated 
by positive pressure, whereas negative pressure has an opposite effect. Plant cells 
have solid cell walls and can produce strong positive hydrostatic pressure called tur-
gor. In xylem elements and aplastic space, negative hydrostatic pressure can develop 
which is important for water distance moving through the vascular tissue.

The solute potential expresses the effects of dissolve solutes within the water 
potential of solution and refers to the osmotic potential. Dissolved substances dilute 
water and therefore reduce its free energy. On the contrary, diluting a solution with 
water leads to a decrease in the concentration potential of dissolved particles and to 
an increase in the concentration potential of water. The effect of the osmotic poten-
tial on the water potential of the solution is negative, which means that the solutes 
reduce the water concentration and it is potential. The values of the osmotic poten-
tial and the osmotic pressure differ only in sign. In other words, the values of the 
osmotic potential are negative, and the values of the osmotic pressure are positive.

The gravity potential (Ψg) represents the gravity effects on water potential of 
some solution. Gravity causes the water to move downward, and the potential affects 
the movement of the water depending on the height or transport distance. The effect 
of gravity on the potential can be neglected in the case of the transfer of solutes 
between cells or when the substances transported at a shorter height than 5 m.

One of the important components of water potential is potential of matrix (Ψm). 
This parameter is important for reducing the water potential because of the action 
of water on a solid surface such as a cell wall or soil particles. Such interactions of 
water and solid reduce the tendency of water molecules to chemically react or evap-
orate. In addition to dissolved particles and colloidal dissolved macromolecules, the 
cell has membrane surfaces and hydrated structural elements that can affect the 
water potential. For example, the water potential of a cell wall is not equal to zero 
even when the solution in the cell is pure water. The contribution of the cell wall 
structure to the water potential consists of a negative pressure component caused 
by water bound in the capillaries and an osmotic component that can theoreti-
cally be included in both the osmotic and turgor potential. For a practical reason, 
these potentials were often combined into one called the matrix potential. In an 
adult vacuolated cell, the matrix potential of the protoplasm and cell wall is small 
compared to the osmotic potential that was often neglected. The more negative the 
water potential of a cell, the higher its suction force. In water-saturated cells, the 
water potential is equal to zero, and the turgor potential corresponds to the sum 
of the osmotic and matrix potentials. The water potential increases with increas-
ing turgor pressure and decreases with increasing osmotic pressure. The values of 
turgor and osmotic pressure depend on temperature and increase with increasing 
temperature. Water moves exclusively from the area of higher water potential to the 
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with tightly closed seeds, a negative pressure of −100 MPA [17] can occur when 
entering the seed coat. Activated hydrolytic enzymes also activate other biochemi-
cal processes on which the germination process depends.

Water uptake by seeds is a process called imbibition, after which a certain period 
causes swelling and rupture of the seed coat. Germinating seeds use reserve nutri-
ents stored in the seed endosperm. This nutrient reserve ensures the growth of the 
embryo. When the seed absorbs water, hydrolysis enzymes are activated that break 
down these stored reserve substances into metabolically useful chemicals. After the 
germ emerges from the seed layer and begins to grow roots and leaves, food supplies 
are usually depleted; in this case, photosynthesis provides the energy needed for 
further seedling growth, which now requires a continuous supply of water, nutri-
ents, and light.

The swelling degree depends on the balance between the soil solution water 
potential and water potential of seeds, described as acting as repulsive and attrac-
tive forces between the two charges [18]. Imbibition is a physical process in which 
water enters the seed coat, where the volume of the seed changes significantly, 
exceeding its actual seed surface [19].

3.2 Water chemical potential

The term water potential is the most important factor for understanding the 
way of water moves in plant cells and through the conducted elements of the 
plant [20]. The chemical potential represents the water potential when it comes 
to water. The chemical potential of water or any substance is a measure of the 
available energy per mole by which that substance will react or move. Because the 
water molecule is neutral, the electrical potential has no effect on the chemical 
potential of the water. The chemical potential of water is a relative quantity and 
expressed as the difference between the potencies of a substance under certain 
conditions and the potential of that same substance under standard conditions. 
The unit for chemical potential is the energy per mole of a substance (J mol−1) but 
for better understanding, we use term water potential. The unit of water potential 
presents the free energy per unit volume of water solution in relation to the stan-
dard state of water, as a result of the combined action of solution concentration, 
pressure, and gravity in ambient temperature regime [19]. Presented equation 
express water potential as:

 w1 w 2 m µ µ / VΨ = −  (1)

Ψ, water potential; μw1, chemical potential of water; μw2, chemical potential of 
pure water; Vm, molar volume of water.

The molar volume of water presents the molar mass (w) divided by the mass 
density (ρ) expressed cubic meter per mole (m3 mol−1). The soil particles and plant 
tissue cells absorb water, and the level of absorbed water depends on different fac-
tors. Absorbed water depends on soil pore size, water regime, ambient temperature, 
and pressure, and working adsorption forces depend on concentration of solutes 
in water. Uncontrolled movement and movement speed of some solutes in water 
depends on their concentration. Restricted movement of water molecules reduce 
chemical potential of water expressed as the Brownian’s irregular water move-
ment. A plant cell does not have mechanism of “water pumps” for water potential 
incensement so the water uses gradient water potential reduction. To determine the 
value of the water potential, equilibrium methods are most often used in which the 
plant tissue is brought into balance with solutions of known water potential. Water 
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potential of pure water is always equal to zero but water in natural system, in plant 
cells, or soil pores has always dissolved some solutes as organic molecules, sugars, 
enzymes, or other substances making water potential more negative [19].

This formula describes the energy state of water as the sum of the solute poten-
tial, the pressure potential, and the gravitation potential in a mixture of water and 
other particles in relation to standard conditions. The main factors contributing to 
the water potential can be expressed by the following equation:

 p s m gΨ = Ψ +Ψ +Ψ +Ψ  (2)

Ψ, water potential; Ψp, pressure potential; Ψs, solute potential; Ψm, matrix 
potential; Ψg, gravitation potential.

The pressure potential expresses the effects of pressure within the water poten-
tial of solution and refers to the hydrostatic pressure. Water potential has elevated 
by positive pressure, whereas negative pressure has an opposite effect. Plant cells 
have solid cell walls and can produce strong positive hydrostatic pressure called tur-
gor. In xylem elements and aplastic space, negative hydrostatic pressure can develop 
which is important for water distance moving through the vascular tissue.

The solute potential expresses the effects of dissolve solutes within the water 
potential of solution and refers to the osmotic potential. Dissolved substances dilute 
water and therefore reduce its free energy. On the contrary, diluting a solution with 
water leads to a decrease in the concentration potential of dissolved particles and to 
an increase in the concentration potential of water. The effect of the osmotic poten-
tial on the water potential of the solution is negative, which means that the solutes 
reduce the water concentration and it is potential. The values of the osmotic poten-
tial and the osmotic pressure differ only in sign. In other words, the values of the 
osmotic potential are negative, and the values of the osmotic pressure are positive.

The gravity potential (Ψg) represents the gravity effects on water potential of 
some solution. Gravity causes the water to move downward, and the potential affects 
the movement of the water depending on the height or transport distance. The effect 
of gravity on the potential can be neglected in the case of the transfer of solutes 
between cells or when the substances transported at a shorter height than 5 m.

One of the important components of water potential is potential of matrix (Ψm). 
This parameter is important for reducing the water potential because of the action 
of water on a solid surface such as a cell wall or soil particles. Such interactions of 
water and solid reduce the tendency of water molecules to chemically react or evap-
orate. In addition to dissolved particles and colloidal dissolved macromolecules, the 
cell has membrane surfaces and hydrated structural elements that can affect the 
water potential. For example, the water potential of a cell wall is not equal to zero 
even when the solution in the cell is pure water. The contribution of the cell wall 
structure to the water potential consists of a negative pressure component caused 
by water bound in the capillaries and an osmotic component that can theoreti-
cally be included in both the osmotic and turgor potential. For a practical reason, 
these potentials were often combined into one called the matrix potential. In an 
adult vacuolated cell, the matrix potential of the protoplasm and cell wall is small 
compared to the osmotic potential that was often neglected. The more negative the 
water potential of a cell, the higher its suction force. In water-saturated cells, the 
water potential is equal to zero, and the turgor potential corresponds to the sum 
of the osmotic and matrix potentials. The water potential increases with increas-
ing turgor pressure and decreases with increasing osmotic pressure. The values of 
turgor and osmotic pressure depend on temperature and increase with increasing 
temperature. Water moves exclusively from the area of higher water potential to the 
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area of lower water potential, that is, down the chemical gradient. On the contrary, 
water from the area of lower water potential can be transferred to higher area only 
with energy consumption (endogenous process). Water will enter the cell until the 
water potential inside the cell equals that outside the cell. The flow of water into 
the cell resulting from the water potential gradient causes a hydrostatic pressure 
(turgor) in the vacuole. This pressure gives the cell tension and strength. Since the 
cell wall is quite solid but also elastic, small changes in cell volume can cause large 
changes in turgor pressure.

The turgor pressure is very important for the upright appearance of the plant 
and the strength of the cells. In conditions when the plant loses water, due to the 
limited availability of moisture, the turgor pressure decreases, the cell walls relax, 
and the plants take on a withered appearance. The turgor pressure acts against 
further osmotic flow of water in the vacuole, as the actual operating pressure for 
osmotic flow and at disposal, it has only a part of the potential osmotic pressure 
that was not compensated by turgor and was called the tension or suction force. 
The positive value of the suction force corresponds to the negative value of the 
water potential. The difference in water potential between the outer and inner 
membrane space is the force that allows water to be transported osmotically. The 
potential osmotic pressure of a cell decreases due to water intake and increases with 
water excretion. The cell sap contains a relatively high concentration of solutes 
and entering of water molecule trough the cell wall has controlled by pressure. The 
turgid cells have a suction force equal to zero, whereas turgor and osmotic pressures 
were equalized. Plant cells between the saturated state and the wilting state have a 
suction force corresponding to the negative value of the water potential. When the 
plant cells are partially dehydrated, the turgor pressure corresponds to zero and 
the suction force corresponds to the value of the potential osmotic pressure. When 
the plant cell is saturated, the turgor pressure takes a negative sign, and the suction 
force corresponds to the sum of the turgor and osmotic pressure. Small changes 
in Ψs usually accompanied such changes of turgor pressure. The water uptake to 
the cells leads to positive sign of pressure potential Ψp. Water absorption through 
the roots is possible only when there is a corresponding drop in water potential. The 
water potential was significantly affected by humidity, because in conditions of 
high humidity, the water potential is quite high, while in conditions when the air 
is quite dry, there are large differences between aboveground plant parts and the 
atmosphere. The amount of water available to the plant is in balance with the physi-
ological capacity of the plant to absorb water and the environmental conditions that 
affect the intensity of plant transpiration. The movement of water in the plant-
environment system always takes the place of water and solutes movement from 
the area of higher potential to the area of lower potential until the concentrations 
equalize. The water potential in the leaves of plants rating from −10 to −100 bar, 
while in the atmosphere, in the conditions of relative humidity, up to 50% of the 
potential reaches up to −1000 bar. A large difference in the water potential gradient 
of plant leaves and the atmosphere causes transpiration. Negative water potential 
usually occurs in leaves than the root cells. Similar happens when water enters 
the root of plants, through the apoplast where the driving force is the difference 
between the water potential of the xylem and the soil solution. When the water 
potential of a xylem solution is more negative than the water potential of soil solu-
tion, water enters the root and moves all the way to the endoderm. Van den Honert 
[21] explains the differences in potential that occurs when water enters into the root 
or exits by transpiration. An increase in the water potential due to an increase in 
relative humidity of air and a decrease in the water potential of the soil due to desic-
cation leads to a slower transfer of water from the roots to the aboveground organs 
of the plant. The lack of water is most reflected in the decline in turgidity of plant 
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cells and thus in the overall appearance of the plant, with the leaves falling down, 
twisting, decreasing the intensity of photosynthesis, and reducing all other meta-
bolic activities [22]. Any deviation of the available amount of moisture from the 
optimal in plants results in stress and the plant wilting and earlier the deterioration 
of plant tissue occurs [23]. In conditions when the plants are short of moisture for a 
long time, it passes into the phase of permanent or reversible wilting and then dies.

3.3 Plant water balance water status

Plant water balance water status in plants is very important for plant growth and 
development, and metabolic activities, and especially, the lack of water drastically 
affects the length of the growing season and crop yields [23]. The total ratio between 
the water absorbed by the root system and the water released by transpiration from 
aboveground plant part is referred to as water balance. In cases when the transpira-
tion of water exceeds its absorption from the substrate, water deficit occurs. The 
physiological processes in a plant depend on the amount of available moisture. The 
lack of water leads to inhibition of growth and photosynthesis. In addition, it acts 
on cell division and inhibits the synthesis of cell wall components and proteins, 
causing a stomata closure. Environmental conditions significantly affect the water 
potential, which is negative in conditions of well-available humidity, and in arid 
environments, the negative pressure was even more pronounced. Water potential 
was not only response to the environmental condition but also to the plant genetic 
characteristics [19]. The water transfer presents passive process so water movement 
to the plants occurs due to the low water potential of the plant in regard to the water 
potential of the soil. Since turgor pressure cannot be directly affected, the plant cell 
can regulate the water balance only by active regulation of the osmotic potential. 
Osmoregulation is the adaptation of osmotically active substances in the cell to the 
newly occurring environmental changes that largely control the water potential of 
the cell. This adjustment can be achieved by receiving/releasing or synthesis/decom-
position of osmotically active substances. Under drought stress, plants are able to 
maintain water adsorption by increasing the cellular solute concentration, a process 
called osmotic adjustment. Osmotic adjustment occurs when the osmotic potential 
of a cell changes due to an increase or decrease in the content of osmotically active 
substances. Many cells respond to water stress by increasing the water potential of 
the cell. In this way, the decline in turgor can be prevented or minimized. Osmotic 
adaptation is an important feature of delaying dehydration in water-constrained 
environments because it maintains cell turgor and physiological processes with the 
development of water deficit [24]. Osmoregulation and osmotic adjustment are two 
different mechanisms. Glycophytes and halophytes have the ability to adapt to stress 
in two ways. One is that under conditions of water deficiency, plants can synthesize 
organic substances such as organic soluble substances, such as glycine betaine or 
proline, or high concentrations of inorganic ions [25]. The water balance of a plant 
depends on the rate of water uptake and excretion.

3.4 Absorption, transport, and transpiration of water

Water movement in the plant occurs predominantly regarding the passive or 
active transport of osmotic active substances along with water across the mem-
brane. Main trigger for such solutes moving through the plant cells is difference in 
water potential followed by a difference in pressure (Figure 2).

The entry of water into the root cells occurs passively, that is, diffusely, and 
the solution moves freely through the apoplasmic space. Since the water molecule 
uncharged, it can very easily cross the membrane without hindrance and continue to 
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area of lower water potential, that is, down the chemical gradient. On the contrary, 
water from the area of lower water potential can be transferred to higher area only 
with energy consumption (endogenous process). Water will enter the cell until the 
water potential inside the cell equals that outside the cell. The flow of water into 
the cell resulting from the water potential gradient causes a hydrostatic pressure 
(turgor) in the vacuole. This pressure gives the cell tension and strength. Since the 
cell wall is quite solid but also elastic, small changes in cell volume can cause large 
changes in turgor pressure.

The turgor pressure is very important for the upright appearance of the plant 
and the strength of the cells. In conditions when the plant loses water, due to the 
limited availability of moisture, the turgor pressure decreases, the cell walls relax, 
and the plants take on a withered appearance. The turgor pressure acts against 
further osmotic flow of water in the vacuole, as the actual operating pressure for 
osmotic flow and at disposal, it has only a part of the potential osmotic pressure 
that was not compensated by turgor and was called the tension or suction force. 
The positive value of the suction force corresponds to the negative value of the 
water potential. The difference in water potential between the outer and inner 
membrane space is the force that allows water to be transported osmotically. The 
potential osmotic pressure of a cell decreases due to water intake and increases with 
water excretion. The cell sap contains a relatively high concentration of solutes 
and entering of water molecule trough the cell wall has controlled by pressure. The 
turgid cells have a suction force equal to zero, whereas turgor and osmotic pressures 
were equalized. Plant cells between the saturated state and the wilting state have a 
suction force corresponding to the negative value of the water potential. When the 
plant cells are partially dehydrated, the turgor pressure corresponds to zero and 
the suction force corresponds to the value of the potential osmotic pressure. When 
the plant cell is saturated, the turgor pressure takes a negative sign, and the suction 
force corresponds to the sum of the turgor and osmotic pressure. Small changes 
in Ψs usually accompanied such changes of turgor pressure. The water uptake to 
the cells leads to positive sign of pressure potential Ψp. Water absorption through 
the roots is possible only when there is a corresponding drop in water potential. The 
water potential was significantly affected by humidity, because in conditions of 
high humidity, the water potential is quite high, while in conditions when the air 
is quite dry, there are large differences between aboveground plant parts and the 
atmosphere. The amount of water available to the plant is in balance with the physi-
ological capacity of the plant to absorb water and the environmental conditions that 
affect the intensity of plant transpiration. The movement of water in the plant-
environment system always takes the place of water and solutes movement from 
the area of higher potential to the area of lower potential until the concentrations 
equalize. The water potential in the leaves of plants rating from −10 to −100 bar, 
while in the atmosphere, in the conditions of relative humidity, up to 50% of the 
potential reaches up to −1000 bar. A large difference in the water potential gradient 
of plant leaves and the atmosphere causes transpiration. Negative water potential 
usually occurs in leaves than the root cells. Similar happens when water enters 
the root of plants, through the apoplast where the driving force is the difference 
between the water potential of the xylem and the soil solution. When the water 
potential of a xylem solution is more negative than the water potential of soil solu-
tion, water enters the root and moves all the way to the endoderm. Van den Honert 
[21] explains the differences in potential that occurs when water enters into the root 
or exits by transpiration. An increase in the water potential due to an increase in 
relative humidity of air and a decrease in the water potential of the soil due to desic-
cation leads to a slower transfer of water from the roots to the aboveground organs 
of the plant. The lack of water is most reflected in the decline in turgidity of plant 
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cells and thus in the overall appearance of the plant, with the leaves falling down, 
twisting, decreasing the intensity of photosynthesis, and reducing all other meta-
bolic activities [22]. Any deviation of the available amount of moisture from the 
optimal in plants results in stress and the plant wilting and earlier the deterioration 
of plant tissue occurs [23]. In conditions when the plants are short of moisture for a 
long time, it passes into the phase of permanent or reversible wilting and then dies.

3.3 Plant water balance water status

Plant water balance water status in plants is very important for plant growth and 
development, and metabolic activities, and especially, the lack of water drastically 
affects the length of the growing season and crop yields [23]. The total ratio between 
the water absorbed by the root system and the water released by transpiration from 
aboveground plant part is referred to as water balance. In cases when the transpira-
tion of water exceeds its absorption from the substrate, water deficit occurs. The 
physiological processes in a plant depend on the amount of available moisture. The 
lack of water leads to inhibition of growth and photosynthesis. In addition, it acts 
on cell division and inhibits the synthesis of cell wall components and proteins, 
causing a stomata closure. Environmental conditions significantly affect the water 
potential, which is negative in conditions of well-available humidity, and in arid 
environments, the negative pressure was even more pronounced. Water potential 
was not only response to the environmental condition but also to the plant genetic 
characteristics [19]. The water transfer presents passive process so water movement 
to the plants occurs due to the low water potential of the plant in regard to the water 
potential of the soil. Since turgor pressure cannot be directly affected, the plant cell 
can regulate the water balance only by active regulation of the osmotic potential. 
Osmoregulation is the adaptation of osmotically active substances in the cell to the 
newly occurring environmental changes that largely control the water potential of 
the cell. This adjustment can be achieved by receiving/releasing or synthesis/decom-
position of osmotically active substances. Under drought stress, plants are able to 
maintain water adsorption by increasing the cellular solute concentration, a process 
called osmotic adjustment. Osmotic adjustment occurs when the osmotic potential 
of a cell changes due to an increase or decrease in the content of osmotically active 
substances. Many cells respond to water stress by increasing the water potential of 
the cell. In this way, the decline in turgor can be prevented or minimized. Osmotic 
adaptation is an important feature of delaying dehydration in water-constrained 
environments because it maintains cell turgor and physiological processes with the 
development of water deficit [24]. Osmoregulation and osmotic adjustment are two 
different mechanisms. Glycophytes and halophytes have the ability to adapt to stress 
in two ways. One is that under conditions of water deficiency, plants can synthesize 
organic substances such as organic soluble substances, such as glycine betaine or 
proline, or high concentrations of inorganic ions [25]. The water balance of a plant 
depends on the rate of water uptake and excretion.

3.4 Absorption, transport, and transpiration of water

Water movement in the plant occurs predominantly regarding the passive or 
active transport of osmotic active substances along with water across the mem-
brane. Main trigger for such solutes moving through the plant cells is difference in 
water potential followed by a difference in pressure (Figure 2).

The entry of water into the root cells occurs passively, that is, diffusely, and 
the solution moves freely through the apoplasmic space. Since the water molecule 
uncharged, it can very easily cross the membrane without hindrance and continue to 
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move upward through the conductive elements of the xylem by mass flow. Mass flow 
is also a passive mode of water transport, which is used for long-distance transport. 
While diffusion is a way of moving water and solutes over shorter distances which 
mainly occurs at the entry of water into the root cells and the exit of water through 
the stoma into the atmosphere, which occurs mainly in nonvascular tissues [26]. In 
the rhizosphere layer, water generally moves by mass flow to the site of adsorption. 
However, after contact of water and solutes with the root hairs, the mode of uptake 
changes significantly as other forces occur that affect the uptake mechanism. Water 
movement trough the rhizosphere layer depends on the texture and structure of the 
soil. Since more permeable, sandy soils have weaker buffering capacity, so they tend 
to dry out quickly, while compacted, clayey soils have very limited capacity to receive 
and conduct water and nutrients, and transitional soil types are in terms of perme-
ability and moisture retention and nutrients mobility of moderate capacity.

3.4.1 Absorption of water

Absorption of water requires a close contact of the roots of an intact plant and 
soil particles in the aqueous soil phase. The larger the volume of the roots and the 
root zone in the rhizosphere layer of the soil the greater the possibility of absorp-
tion. Root hair presents a tissue of the rhizoderm (root epidermis) that pronounce 
the root surface area affecting the root capacity to absorb water and minerals. Water 
enters the root in the root hair growth zone and in the root tip zone. Older parts 
of the root are often impermeable to water. Cracks in the root bark, as well as the 
growth of the secondary (lateral) root, allow water to be received by older parts 
of the root as well. Plants have relatively low water use efficiency and therefore 
need to receive large amounts of water. The water potential reduction among soil 
particles and the root hair occurs in order to root absorb the moisture from the soil. 
Water potentials in the soil (expressed as the suction tension in the soil) determine 
the potential imbibitions pressure caused by hydration and capillary forces. Water 
potential becomes more negative as soil dries out, and the imbibitions pressure 
increases potential, because water retained only in narrow capillaries, which is also 

Figure 2. 
Water movement through the plant root and root elements.
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case with potential osmotic pressure. Root growth usually follows soil moisture 
sources and growth intensively while those parts that are no longer actively involved 
in absorption die off, resulting in asymmetric root growth.

3.4.2 Water transport

Water can move from the epidermis to the root endoderm in such a way that in 
apoplastic cells, water passes exclusively through cell walls and intercellular spaces, 
without passing through the membrane, while in the cell pathway, water passes 
through protoplasts. The cell pathway has two components: the transmembrane 
pathway in which water passes from cell to cell through plasma membranes and the 
symplasmic pathway through which water from cell to cell passes through plasmo-
desmata [11]. When passing water to the root endoderm, all three types of pathways 
were usually combined. The root endoderm is single layered and separates the 
conductive cylinder from the root cortex.

The movement of water through the apoplast of the endoderm of the cortex 
blocks the Casparian stripes located in the radial cells of the endoderm. Casparian 
cells are narrower or wider suberized cells, located around vascular elements of 
plant tissue. In younger cells, these stripes are similar in thickness to other cell sec-
tions, while older cells show these sites as more pronounced. Casparian stripes are 
barriers, so the water flow and solutes at that point cannot pass through the intercel-
lular space of the root parenchyma, but must take place through the plasma mem-
brane all the way to the endodermal cells—apoplastic pathway of water movement.

The symplastic pathway of water movement takes place from cell to cell through 
plasmodesmata where water does not cross cell membranes. Unlike the apoplast, 
the symplast is the living part plants composed of interconnected cytoplasmic cells 
with the help of plasmodesmata that grow on the cell wall interconnecting cells 
into a symplast. When water moves through the apoplast and symplast, water does 
not cross the cell membrane, because this water movement caused by difference in 
hydrostatic potential.

Water channels as the integrated part of membranes mostly responsible for 
transcellular transport of water, of which aquaporin’s standout, which originate 
from larger protein families of major intrinsic proteins (MIP) forming pore chan-
nels in cell membranes and mediate in many other physiological processes [27]. The 
transcellular pathway is the movement of water from cell to cell where water crosses 
cell membranes, entering and getting out of the cells. The transcellular pathway also 
includes the entry of water into the vacuole, that is, the transport of water through 
the tonoplast. Because of that, the transcellular water movement was driven by the 
difference in gradient of water potential.

Xylem water transport presents the longest path taken by water in a plant (long 
distance transport). Almost total amount of water moved through the vascular cells 
was transported by xylem. Compared to transporting water through living cells, the 
xylem built of dead cell that provides little resistance to water movement. Xylem 
presents specialized tissue cells for the water and solutes transport. The xylem 
elements anatomy allows very efficient transport of large amounts of water for long 
distance. The two types of dead cells that make up the xylem elements: tracheid and 
trachea. These are cells with lignified, thickened secondary cell walls. Tracheids 
are spindle cells that communicate with neighboring cells through numerous pores 
in the walls. Pores are microscopic areas in which there is no secondary wall, and 
the primary wall is thin and porous. The tracheae were shorter and wider than 
the tracheid and have perforated walls that form perforated plates at the end. The 
conduction of water by xylem elements is the result of the action of cohesion and 
adhesion forces on the conductive wall elements. Within the conductive elements of 
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move upward through the conductive elements of the xylem by mass flow. Mass flow 
is also a passive mode of water transport, which is used for long-distance transport. 
While diffusion is a way of moving water and solutes over shorter distances which 
mainly occurs at the entry of water into the root cells and the exit of water through 
the stoma into the atmosphere, which occurs mainly in nonvascular tissues [26]. In 
the rhizosphere layer, water generally moves by mass flow to the site of adsorption. 
However, after contact of water and solutes with the root hairs, the mode of uptake 
changes significantly as other forces occur that affect the uptake mechanism. Water 
movement trough the rhizosphere layer depends on the texture and structure of the 
soil. Since more permeable, sandy soils have weaker buffering capacity, so they tend 
to dry out quickly, while compacted, clayey soils have very limited capacity to receive 
and conduct water and nutrients, and transitional soil types are in terms of perme-
ability and moisture retention and nutrients mobility of moderate capacity.

3.4.1 Absorption of water

Absorption of water requires a close contact of the roots of an intact plant and 
soil particles in the aqueous soil phase. The larger the volume of the roots and the 
root zone in the rhizosphere layer of the soil the greater the possibility of absorp-
tion. Root hair presents a tissue of the rhizoderm (root epidermis) that pronounce 
the root surface area affecting the root capacity to absorb water and minerals. Water 
enters the root in the root hair growth zone and in the root tip zone. Older parts 
of the root are often impermeable to water. Cracks in the root bark, as well as the 
growth of the secondary (lateral) root, allow water to be received by older parts 
of the root as well. Plants have relatively low water use efficiency and therefore 
need to receive large amounts of water. The water potential reduction among soil 
particles and the root hair occurs in order to root absorb the moisture from the soil. 
Water potentials in the soil (expressed as the suction tension in the soil) determine 
the potential imbibitions pressure caused by hydration and capillary forces. Water 
potential becomes more negative as soil dries out, and the imbibitions pressure 
increases potential, because water retained only in narrow capillaries, which is also 
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case with potential osmotic pressure. Root growth usually follows soil moisture 
sources and growth intensively while those parts that are no longer actively involved 
in absorption die off, resulting in asymmetric root growth.

3.4.2 Water transport

Water can move from the epidermis to the root endoderm in such a way that in 
apoplastic cells, water passes exclusively through cell walls and intercellular spaces, 
without passing through the membrane, while in the cell pathway, water passes 
through protoplasts. The cell pathway has two components: the transmembrane 
pathway in which water passes from cell to cell through plasma membranes and the 
symplasmic pathway through which water from cell to cell passes through plasmo-
desmata [11]. When passing water to the root endoderm, all three types of pathways 
were usually combined. The root endoderm is single layered and separates the 
conductive cylinder from the root cortex.

The movement of water through the apoplast of the endoderm of the cortex 
blocks the Casparian stripes located in the radial cells of the endoderm. Casparian 
cells are narrower or wider suberized cells, located around vascular elements of 
plant tissue. In younger cells, these stripes are similar in thickness to other cell sec-
tions, while older cells show these sites as more pronounced. Casparian stripes are 
barriers, so the water flow and solutes at that point cannot pass through the intercel-
lular space of the root parenchyma, but must take place through the plasma mem-
brane all the way to the endodermal cells—apoplastic pathway of water movement.

The symplastic pathway of water movement takes place from cell to cell through 
plasmodesmata where water does not cross cell membranes. Unlike the apoplast, 
the symplast is the living part plants composed of interconnected cytoplasmic cells 
with the help of plasmodesmata that grow on the cell wall interconnecting cells 
into a symplast. When water moves through the apoplast and symplast, water does 
not cross the cell membrane, because this water movement caused by difference in 
hydrostatic potential.

Water channels as the integrated part of membranes mostly responsible for 
transcellular transport of water, of which aquaporin’s standout, which originate 
from larger protein families of major intrinsic proteins (MIP) forming pore chan-
nels in cell membranes and mediate in many other physiological processes [27]. The 
transcellular pathway is the movement of water from cell to cell where water crosses 
cell membranes, entering and getting out of the cells. The transcellular pathway also 
includes the entry of water into the vacuole, that is, the transport of water through 
the tonoplast. Because of that, the transcellular water movement was driven by the 
difference in gradient of water potential.

Xylem water transport presents the longest path taken by water in a plant (long 
distance transport). Almost total amount of water moved through the vascular cells 
was transported by xylem. Compared to transporting water through living cells, the 
xylem built of dead cell that provides little resistance to water movement. Xylem 
presents specialized tissue cells for the water and solutes transport. The xylem 
elements anatomy allows very efficient transport of large amounts of water for long 
distance. The two types of dead cells that make up the xylem elements: tracheid and 
trachea. These are cells with lignified, thickened secondary cell walls. Tracheids 
are spindle cells that communicate with neighboring cells through numerous pores 
in the walls. Pores are microscopic areas in which there is no secondary wall, and 
the primary wall is thin and porous. The tracheae were shorter and wider than 
the tracheid and have perforated walls that form perforated plates at the end. The 
conduction of water by xylem elements is the result of the action of cohesion and 
adhesion forces on the conductive wall elements. Within the conductive elements of 
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the xylem, continuous water columns are formed, which can, due to high tension, 
cause the interruption and appearance of air bubbles or the so-called embolism. 
The xylem transport presents of water movement for a long distance pathway from 
soil to aboveground vegetative plants part under the differences in pressure gradi-
ent [28]. The pressure gradient is responsible for the main transpiration flow of 
water, however, sometimes although less efficient transpiration of water can take 
over the root pressure in certain condition. In that condition, root pressure mostly 
show values less than 0.1 MPA [29] that correspond very high humidity as result of 
the high difference between daily and night temperatures. In such terms, guttation 
could occur as a result of water transport on leaf edges through specialized pores 
called hydathode [30]. In addition to guttation, root pressure is also responsible for 
the appearance of exudates of plant tissue in the case of mechanical injuries or cuts 
[31]. The amount of exudate that the plant secretes primarily depends on the condi-
tion of the plant and environment. Root pressure consumes metabolic energy and 
can therefore be inhibited by respiratory toxins or low temperatures in the root area. 
Water movement through the xylem requires the differences in gradient pressure; it 
can also occur due to the negative pressure (vacuum) that develops by transpiration 
(loss of water through the coup). The root pressure (0.05–0.5 MPa) cannot develop 
in conditions of low soil water potential or intensive transpiration and given that the 
pressure required for long-distance water transport is up to 3 MPa. Due to the loss of 
water by transpiration, tension (negative hydrostatic pressure) occurs which moves 
the water upward in xylem. For the transport of water and solutes from the roots to 
the aboveground parts, the most significant suction force is the aboveground organs 
of the plant, which create a negative pressure as a result of transpiration and root 
pressure. The mechanism by which tension drives water by xylem called transpira-
tion suction.

3.4.3 Transpiration of water

Negative hydrostatic pressure develops on the surface of the cell walls below the 
stomata due to the loss of water by transpiration. The water movement in vascular 
elements of plant tissue was explained by transpiration cohesion tension model due 
to the forces that act based on the existence of soil-plant atmosphere continuum. 
Transpiration makes releases of water through the stomata on leaf surfaces. The 
capillary and cohesive forces cause water to enter the root cells from the soil, then 
go through the xylem elements all the way to the leaves of the plant to make up for 
the lost water. Xylem is a passive conductive element through which water columns 
move under pressure. Therefore, on the upper side of the water column, the water 
is sucked due to transpiration, which allows the entire column to move upward. In 
order to increase the contact area between water and air, it is necessary to break 
the hydrogen bonds between water molecules, for which energy must be invested, 
and this energy represents the surface tension. Surface tension plays an important 
role in the transport (movement) of water in the soil-plant-atmosphere system. In 
addition to surface tension, cohesion and adhesion forces are important in water 
transport. Cohesion is the force by which water molecules are attracted to each 
other, while adhesion causes water molecules to adhere to another solid (e.g., a cell 
wall). Cohesion, adhesion, and tension allow the appearance of capillarity, that is, 
the rise of a column of water through a narrow tube—capillary, where the water 
level in the capillary is higher compared to the water level in the source that supplies 
the capillary. Adhesion and surface tension together pull the water column in the 
capillary allowing it to move upward. The height of the water column depends on 
its mass, and the water column will rise through the capillary until the mass of the 

85

Water Plant and Soil Relation under Stress Situations
DOI: http://dx.doi.org/10.5772/intechopen.93528

water column equals the action of surface tension and adhesion forces. The nar-
rower the capillary, the higher the water column in it will be because it will have less 
mass and the adhesion and surface tension will be higher.

The leaf cell wall system acts as a network of microscopic pores filled with water 
that adheres to cellulose microfibrils of the walls. Leaf mesophilic cells are located 
below the stomata, and in conditions when the stomas are open, they are in direct 
contact with the surrounding atmosphere. As water evaporates into the surround-
ing atmosphere, the surface of the water retreats into the interspaces between the 
cells where curves of the contact surface between air and water are created. Because 
of the surface water tension, menisci cause tension, that is, negative hydrostatic 
pressure. As water evaporates more and more, the menisci become deeper (more 
curved) and the tension increases (more and more negative hydrostatic pressure).

By moving water from the root to the stem through the xylem, water enters the 
leaves via the petiole. The petiole xylem redistributes water to the edge of the main 
leaf vessel, which then branches into progressively smaller veins and is incorporated 
into the leaf mesophyll. Since different plant species have different anatomical leaf 
structure and thus the arrangement of veins on the leaf for dicotyledonous plants, it 
is considered that most of the water used for transpiration of this plant is stored in 
smaller veins [32, 33]. After the water leaves the xylem, it moves through the bundle 
cells that surround the veins. It is not yet clear which exact path of water follows 
after exiting the xylem through bundle cells and enters into mesophilic cells, but the 
apoplastic pathway during transpiration probably dominates [32].

Xylem elements are structurally adapted to large changes in pressure. Pressure 
changes are dependent on temperature oscillations and, as mentioned earlier, can 
cause bubbles to appear in the conductive elements—embolism or cavitation. Such 
bubbles only briefly interfere with transpiration flow, and this problem easily 
overcomes, thanks to the numerous pores in the walls of the trachea and tracheid. 
Such occurrences of bubbles in the conductive elements interfere with the normal 
transpiration flow and the established pressure, so they can often affect the photo-
synthetic activity and other physiological processes of the intact plant [34]. Embolic 
or cavitation is often occurred in very high tree that can develop high tension 
needed for transpiration flow. The cell wall balances the volume changes without 
major change in water potential that occurs because of water loss by transpira-
tion. Changes in water potential are related to changes in volume in cells that are 
mainly the result of transpiration. Differences in hydrostatic potential (Ψp) result 
in changes in cellular water potential (Ψw) with respect to the cell wall strength. 
On the way out of the leaf to the atmosphere, water passes from the xylem to the 
cellular walls of mesophilic cells and from there evaporates into intercellular spaces 
of leaves. From the leaves, water released by diffusion in the form of water vapor 
through the small openings of the dental apparatus (stomata), which are located in 
the epidermis of the leaf, a process that is called transpiration.

The actual flow rate of the xylem content is difficult to determine because 
the substances traveling through the xylem were constantly alternating with the 
environment of the conductive elements. The rate of transpiration flow increases 
with increasing transpiration rate until rupture control begins to operate, and there 
are no difficulties in water supply. In this case, short-term fluctuations in transpira-
tion can be manifested as changes in the speed of transpiration flow. The speed of 
the transpiration flow shows the daily rhythm: in the morning, the transpiration 
begins and the water movement starts, and in the evening when the stoma close, 
the transpiration flow is interrupted. This process does not require energy and it is 
a passive way of water flow. The plants transpire most of the water over the stoma 
and release the water in the form of water vapor. Some of the moisture can be 
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the xylem, continuous water columns are formed, which can, due to high tension, 
cause the interruption and appearance of air bubbles or the so-called embolism. 
The xylem transport presents of water movement for a long distance pathway from 
soil to aboveground vegetative plants part under the differences in pressure gradi-
ent [28]. The pressure gradient is responsible for the main transpiration flow of 
water, however, sometimes although less efficient transpiration of water can take 
over the root pressure in certain condition. In that condition, root pressure mostly 
show values less than 0.1 MPA [29] that correspond very high humidity as result of 
the high difference between daily and night temperatures. In such terms, guttation 
could occur as a result of water transport on leaf edges through specialized pores 
called hydathode [30]. In addition to guttation, root pressure is also responsible for 
the appearance of exudates of plant tissue in the case of mechanical injuries or cuts 
[31]. The amount of exudate that the plant secretes primarily depends on the condi-
tion of the plant and environment. Root pressure consumes metabolic energy and 
can therefore be inhibited by respiratory toxins or low temperatures in the root area. 
Water movement through the xylem requires the differences in gradient pressure; it 
can also occur due to the negative pressure (vacuum) that develops by transpiration 
(loss of water through the coup). The root pressure (0.05–0.5 MPa) cannot develop 
in conditions of low soil water potential or intensive transpiration and given that the 
pressure required for long-distance water transport is up to 3 MPa. Due to the loss of 
water by transpiration, tension (negative hydrostatic pressure) occurs which moves 
the water upward in xylem. For the transport of water and solutes from the roots to 
the aboveground parts, the most significant suction force is the aboveground organs 
of the plant, which create a negative pressure as a result of transpiration and root 
pressure. The mechanism by which tension drives water by xylem called transpira-
tion suction.

3.4.3 Transpiration of water

Negative hydrostatic pressure develops on the surface of the cell walls below the 
stomata due to the loss of water by transpiration. The water movement in vascular 
elements of plant tissue was explained by transpiration cohesion tension model due 
to the forces that act based on the existence of soil-plant atmosphere continuum. 
Transpiration makes releases of water through the stomata on leaf surfaces. The 
capillary and cohesive forces cause water to enter the root cells from the soil, then 
go through the xylem elements all the way to the leaves of the plant to make up for 
the lost water. Xylem is a passive conductive element through which water columns 
move under pressure. Therefore, on the upper side of the water column, the water 
is sucked due to transpiration, which allows the entire column to move upward. In 
order to increase the contact area between water and air, it is necessary to break 
the hydrogen bonds between water molecules, for which energy must be invested, 
and this energy represents the surface tension. Surface tension plays an important 
role in the transport (movement) of water in the soil-plant-atmosphere system. In 
addition to surface tension, cohesion and adhesion forces are important in water 
transport. Cohesion is the force by which water molecules are attracted to each 
other, while adhesion causes water molecules to adhere to another solid (e.g., a cell 
wall). Cohesion, adhesion, and tension allow the appearance of capillarity, that is, 
the rise of a column of water through a narrow tube—capillary, where the water 
level in the capillary is higher compared to the water level in the source that supplies 
the capillary. Adhesion and surface tension together pull the water column in the 
capillary allowing it to move upward. The height of the water column depends on 
its mass, and the water column will rise through the capillary until the mass of the 
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water column equals the action of surface tension and adhesion forces. The nar-
rower the capillary, the higher the water column in it will be because it will have less 
mass and the adhesion and surface tension will be higher.

The leaf cell wall system acts as a network of microscopic pores filled with water 
that adheres to cellulose microfibrils of the walls. Leaf mesophilic cells are located 
below the stomata, and in conditions when the stomas are open, they are in direct 
contact with the surrounding atmosphere. As water evaporates into the surround-
ing atmosphere, the surface of the water retreats into the interspaces between the 
cells where curves of the contact surface between air and water are created. Because 
of the surface water tension, menisci cause tension, that is, negative hydrostatic 
pressure. As water evaporates more and more, the menisci become deeper (more 
curved) and the tension increases (more and more negative hydrostatic pressure).

By moving water from the root to the stem through the xylem, water enters the 
leaves via the petiole. The petiole xylem redistributes water to the edge of the main 
leaf vessel, which then branches into progressively smaller veins and is incorporated 
into the leaf mesophyll. Since different plant species have different anatomical leaf 
structure and thus the arrangement of veins on the leaf for dicotyledonous plants, it 
is considered that most of the water used for transpiration of this plant is stored in 
smaller veins [32, 33]. After the water leaves the xylem, it moves through the bundle 
cells that surround the veins. It is not yet clear which exact path of water follows 
after exiting the xylem through bundle cells and enters into mesophilic cells, but the 
apoplastic pathway during transpiration probably dominates [32].

Xylem elements are structurally adapted to large changes in pressure. Pressure 
changes are dependent on temperature oscillations and, as mentioned earlier, can 
cause bubbles to appear in the conductive elements—embolism or cavitation. Such 
bubbles only briefly interfere with transpiration flow, and this problem easily 
overcomes, thanks to the numerous pores in the walls of the trachea and tracheid. 
Such occurrences of bubbles in the conductive elements interfere with the normal 
transpiration flow and the established pressure, so they can often affect the photo-
synthetic activity and other physiological processes of the intact plant [34]. Embolic 
or cavitation is often occurred in very high tree that can develop high tension 
needed for transpiration flow. The cell wall balances the volume changes without 
major change in water potential that occurs because of water loss by transpira-
tion. Changes in water potential are related to changes in volume in cells that are 
mainly the result of transpiration. Differences in hydrostatic potential (Ψp) result 
in changes in cellular water potential (Ψw) with respect to the cell wall strength. 
On the way out of the leaf to the atmosphere, water passes from the xylem to the 
cellular walls of mesophilic cells and from there evaporates into intercellular spaces 
of leaves. From the leaves, water released by diffusion in the form of water vapor 
through the small openings of the dental apparatus (stomata), which are located in 
the epidermis of the leaf, a process that is called transpiration.

The actual flow rate of the xylem content is difficult to determine because 
the substances traveling through the xylem were constantly alternating with the 
environment of the conductive elements. The rate of transpiration flow increases 
with increasing transpiration rate until rupture control begins to operate, and there 
are no difficulties in water supply. In this case, short-term fluctuations in transpira-
tion can be manifested as changes in the speed of transpiration flow. The speed of 
the transpiration flow shows the daily rhythm: in the morning, the transpiration 
begins and the water movement starts, and in the evening when the stoma close, 
the transpiration flow is interrupted. This process does not require energy and it is 
a passive way of water flow. The plants transpire most of the water over the stoma 
and release the water in the form of water vapor. Some of the moisture can be 
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evaporated by plants through lenticels or cuticles, although it is a very small amount 
of moisture. The intensity of transpiration is related to the size of the leaf area, 
the number and size of stoma, the appearance of the leaf surface, and of course, 
the environmental conditions in which the plant is located. If the plant suffers 
more damage during intensive transpiration, it must compensate for the water by 
receiving it from the soil. The numerous open stomata allow the exchange of O2 
and CO2 gases and the evaporation of water. If the air immediately around the leaf 
is dry, water vapor molecules move from saturated air to the unsaturated external 
atmosphere according to the law of diffusion. The function of the stoma is to 
facilitate the excretion of water vapor by opening it, and on the other hand, to make 
it difficult for stomata transpiration by closing it with the insufficient water supply 
[35]. The mechanism of opening and closing of the stomata works based on the 
water and osmotic potential of the gate cells. In order to act by opening of stomata, 
the gate cells after the water entering should have water potential lower than the 
water potential of the surrounding cells. The water potential of the gate cells largely 
depends on the osmotic potential. Since gate cells contain chloroplasts, they also 
show photosynthetic activity. The leaves under daily conditions where maximum 
transpiration occurs release 50–70% water vapor. In the light period, intensity 
of photosynthesis may decrease for 50% or more due to the limited water supply 
[36, 37]. Since the gate cells are photosynthetically active, this enable them the 
accumulation of sugars, which reflected the osmotic potential, and the regulation of 
turgor pressure, responding on the mechanism of closing and opening the stomata 
[38]. Water has important role in the mechanism of opening and closing of stomata. 
When the plants are well supplied with water, the guard cells are turgescent and the 
stomates are open, while in conditions of water deficit, the guard cells lose turgor 
and the stomata are closed. Model of opening and closing of stomata would be used 
in genetic engineering for producing of species with reduced water requirements 
and better production rate [35]. The physiological activity of plants is significantly 
disrupted by interfering with the process of photosynthesis either through a process 
of reduced transpiration or altered gas uptake and release [39]. This is one of the 
reasons of balance maintaining between process of photosynthesis and transpira-
tion. Concept soil-plant-atmosphere continuum is based on the decrement of 
tension of sap flow through the vessels, and transpiration flux is proportional to 
the pressure gradient in leaves [40]. Transpiration into cormophytes mostly shows 

Figure 3. 
CAM—Crassulacean acid metabolism in plant cells of arid area.
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a characteristic diurnal rhythm. Time control of the opening and closing of the 
stomata serves to maximize photosynthesis and minimize transpiration. At night 
when there is no photosynthesis, there is no need for CO2 absorption either, the 
stomates are closed and unnecessary water loss is prevented. While in the morning, 
when the water supply is abundant and the sun’s radiation is conducive to strong 
photosynthetic activity, CO2 requirements are pronounced and stomates are open. 
Some succulent’s plant have crassulacean acid metabolism (CAM) that enables 
plant to keep stoma open during the night and uptaking the CO2 and water making 
the acidification process through the malic acid building up in vacuole (Figure 3). 
During the day, stomas are close and transpiration as well as CO2 fixation stopped, 
and in Calvin process, starch compounds were created.

4. Plant adaptation to the soil moisture regime

Soil moisture is primarily important for water circulation in continuum soil-
plant-atmosphere system. The importance of moisture is especially emphasized  
for the life of terrestrial plants, which are tied to the soil by their roots. Plant roots 
from the soil absorb water and solutes, so that they can grow and develop. The water 
that the plants absorb passes through the conductive elements of the plant, reaches 
the vegetative parts, and then comes out as water vapor trough the stomata. We say 
for this process that the plant transpires. The needs of plants for water vary, but 
the fact remains that water in agricultural production is one of the main limiting 
resources in gaining the optimal yields, with the implementation of regular agro-
technical measures. Soil is supplied with moisture through precipitation; however, 
soil moisture and moisture retention in soil pores and the pathways by which it 
reaches plants are different depending on the buffering capabilities of the soil. It is 
clear that some plants remain viable even after a long drought, because their roots 
manage to find moisture in the deeper layers of the soil. There are also those plants 
that, due to their anatomical structure, have adapted to life in arid environments. 
This mode of survival allows them to have large water storage capacities in meso-
philic leaf cells as they have succulent leaves. Their leaves transpire in very limited 
quantities of water, because otherwise they would die very quickly. There are thou-
sands of different species of plants that are adapted to living in desert conditions. 
Among them are common plants that are classified as succulents. The term succulent 
can be explained from different perspectives but is most commonly used in terms 
of a plant that has specialized tissues for water storage, resulting in their special 
morphological characteristics: thick, fleshy stems, leaves, and/or roots. Sometimes 
the leaves are transformed into thorns, with the photosynthetic function taken 
over by a thickened green stem, in other cases by geophytes that have most of their 
thickened water storage tissue underground, and the third is large trees that store 
water in huge swollen trunks. Of course, there is a continuum among plants from 
those that have almost no water storage tissues to those that possess highly developed 
tissues intended for that purpose so it is difficult, or even impossible and inaccurate, 
to speak of plants that are and are not succulents. It might be more accurate to use 
the term “plants with pronounced succulent characteristics,” but for simplicity, the 
term “succulent” is used. Terrestrial plants usually adapt to moisture conditions and 
soil type by developing roots that provide them with water and nutrients. There 
are plants that grow on soil with very little water supply and where the plant faces 
drought for most of the year. In such plants, the roots are often adapted in such a way 
that they exceed the volume of the aboveground part of the plant. In desire, they 
stretched and branched to the extent that there was favorable moisture content in 
the soil, from which it draws strength for its growth. Often such plants show both 
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Figure 3. 
CAM—Crassulacean acid metabolism in plant cells of arid area.
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plant to keep stoma open during the night and uptaking the CO2 and water making 
the acidification process through the malic acid building up in vacuole (Figure 3). 
During the day, stomas are close and transpiration as well as CO2 fixation stopped, 
and in Calvin process, starch compounds were created.
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the vegetative parts, and then comes out as water vapor trough the stomata. We say 
for this process that the plant transpires. The needs of plants for water vary, but 
the fact remains that water in agricultural production is one of the main limiting 
resources in gaining the optimal yields, with the implementation of regular agro-
technical measures. Soil is supplied with moisture through precipitation; however, 
soil moisture and moisture retention in soil pores and the pathways by which it 
reaches plants are different depending on the buffering capabilities of the soil. It is 
clear that some plants remain viable even after a long drought, because their roots 
manage to find moisture in the deeper layers of the soil. There are also those plants 
that, due to their anatomical structure, have adapted to life in arid environments. 
This mode of survival allows them to have large water storage capacities in meso-
philic leaf cells as they have succulent leaves. Their leaves transpire in very limited 
quantities of water, because otherwise they would die very quickly. There are thou-
sands of different species of plants that are adapted to living in desert conditions. 
Among them are common plants that are classified as succulents. The term succulent 
can be explained from different perspectives but is most commonly used in terms 
of a plant that has specialized tissues for water storage, resulting in their special 
morphological characteristics: thick, fleshy stems, leaves, and/or roots. Sometimes 
the leaves are transformed into thorns, with the photosynthetic function taken 
over by a thickened green stem, in other cases by geophytes that have most of their 
thickened water storage tissue underground, and the third is large trees that store 
water in huge swollen trunks. Of course, there is a continuum among plants from 
those that have almost no water storage tissues to those that possess highly developed 
tissues intended for that purpose so it is difficult, or even impossible and inaccurate, 
to speak of plants that are and are not succulents. It might be more accurate to use 
the term “plants with pronounced succulent characteristics,” but for simplicity, the 
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soil type by developing roots that provide them with water and nutrients. There 
are plants that grow on soil with very little water supply and where the plant faces 
drought for most of the year. In such plants, the roots are often adapted in such a way 
that they exceed the volume of the aboveground part of the plant. In desire, they 
stretched and branched to the extent that there was favorable moisture content in 
the soil, from which it draws strength for its growth. Often such plants show both 
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Figure 5. 
Soil desiccation and cracking (left), aromatic plant root adaptation to arid land (middle), and very fertile 
sinkholes supplied by runoff water (right).

weak growth and progression but manage to survive dry periods. Because water in 
deserts does not stay in one place for long and often drains very quickly, without 
roots penetrating deep into the soil succulents depend on the root network close to 
the surface (the first 5–40 cm below the surface) to collect most of the water after 
rain. Therefore, many species of cactus, agaves, and other succulents’ groups have 
many shallow and extremely widespread roots, which is an adaptation to rains that 
are sudden and short-lived. Within a few hours after the rain comes, many additional 
fast-growing lateral roots appear that have thin walls and increase water absorption. 
When water disappears, they degrade [41, 42]. Often, as an example of a drought-
adapted plant, one specific plant, the Jericho rose or Anastatica hierochuntica, is 
found in the list. In addition, succulents were defined by their morphological char-
acteristics, it is important to define them from an eco-physiological point of view: 
succulents plants have ability to survive in a water-restricted habitat using special 
strategies for water use. Succulents can be in different life forms (annuals or perenni-
als, shrubs, and trees) and from completely different genera and families.

Some economically important plants do not have the ability to adapt to drought 
(Figure 4), such as the aforementioned wild plants of arid areas. In complete lack 
of water or prolonged drought, they dry out completely and die. In addition, during 
periods of water deficits, these plants show a completely different course of develop-
ment, in a way that they often discard their leaves and fruits and slow down growth.

Therefore, it is extremely important that plants receive adequate amounts of 
moisture during growth and development in order to be able to optimize the level 
of expected yield. Moisture from the soil is a much more favorable factor that 
affects the uptake and utilization of water in the plant compared to the moisture 
that the plant receives through precipitation [42, 43]. The biological importance 
of precipitation for the plant itself is questioned, because short-term rainfall does 
not have high efficiency, unlike longer weather conditions or sudden precipitation, 

Figure 4. 
Economically important crop Vitis vinifera L. on plantation under drip irrigation (left: Cover crop system 
with irrigation) and individual farm with open filed crop growing system (right: Consequences of drought).
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and in terms of their effectiveness, same authors have discussed, the distribution of 
precipitation during the growing season when the plant has the greatest moisture 
needs is questioned [43]. Meaning that distribution of rainfall over the vegetation 
season is a key factor in plant productivity because of variability in plant phenol-
ogy requires a suitable frequency of precipitation periods rather than suitable total 
amount during the total year (Figure 5).

5. Soil moisture sources

Soil supplied with moisture from the atmosphere and/or from deeper soil 
layers. The precipitation from atmosphere could be in the form of rainfall, snow, 
ice rain of some other forms in which riches the soil. From the deeper layers of the 
soil, the earth was supplied from groundwater. Groundwater was created by the 
underground discharge of water from precipitation from the hills to the lowlands. 
Sometimes these waters can appear on the surface, which we call natural springs. 
Groundwater varies in its depth. The one located 1–2 m below the soil surface is 
very useful for plants because it protects them from drought. The agroclimatology 
as a science pays more and more attention to temporal and spatial variations of 
moisture as an essential element in the surface distribution of moisture and energy 
source that are reflected in the complete ecosystem influencing the soil-plant-
atmosphere continuum [44].

All soils are water permeable, because water can move through the space of inter-
connected pores between solid particles. Soil moisture behavior due to gravity and 
other factors such as moisture quantity, distribution, and moisture pressure signifi-
cantly affect soil properties. In conditions when the soil was saturated with mois-
ture, all soil pores are filled with water, and gases are expelled, which often results 
in anoxia in plants, especially if the water overloading conditions are prolonged. If 
not, all pores ware filled with water; the soil is partially saturated or unsaturated. 
The highest plant yields are achieved when the most favorable ratio of air and water 
in the soil was achieved and especially in the critical periods of each crop [45]. Since 
different plant species may have different water needs, which also depend on the 
developmental stages of each plant, it is necessary to provide the required amount of 
water in critical periods of plant [44]. Climatic characteristics and soil water regime 
and their interrelationship is hard to have in balance due to the high production 
needs, as the most of the agriculture land is placed in arid area [46]. Regarding the 
arable agriculture land, the total of 1.5 billion hectares were estimated, which about 
250 million are under irrigation or about 17% total used land and for agricultural 
food production is estimated about 40% [47]. It was estimated that between 2000 
and 2500 km3 of water is consumed annually for irrigation. It is a well-known fact 
that on a global scale, about 70% of the affected quantities of water were consumed 
for agriculture [3], and irrigation is the main consumer of that water.

Water uptake relays on the osmotic potential of the soil solution, and the 
decrease in uptake can occur in the summer months on saline soils. At low tem-
peratures, water uptake was reduced and then the plants experience physiological 
drought. This phenomenon can often occur in the spring; when due to the relatively 
high air temperature and low soil temperature, there is an imbalance in the water 
regime of plants, despite the fact that the soil contains sufficient amounts of water.

5.1 Soil water type

Water that results from precipitation or flooding was called surface water 
and it causes erosion and landslides. Free and bound water were most occurred 



Soil Moisture Importance

88

Figure 5. 
Soil desiccation and cracking (left), aromatic plant root adaptation to arid land (middle), and very fertile 
sinkholes supplied by runoff water (right).
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adapted plant, one specific plant, the Jericho rose or Anastatica hierochuntica, is 
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(Figure 4), such as the aforementioned wild plants of arid areas. In complete lack 
of water or prolonged drought, they dry out completely and die. In addition, during 
periods of water deficits, these plants show a completely different course of develop-
ment, in a way that they often discard their leaves and fruits and slow down growth.

Therefore, it is extremely important that plants receive adequate amounts of 
moisture during growth and development in order to be able to optimize the level 
of expected yield. Moisture from the soil is a much more favorable factor that 
affects the uptake and utilization of water in the plant compared to the moisture 
that the plant receives through precipitation [42, 43]. The biological importance 
of precipitation for the plant itself is questioned, because short-term rainfall does 
not have high efficiency, unlike longer weather conditions or sudden precipitation, 
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and in terms of their effectiveness, same authors have discussed, the distribution of 
precipitation during the growing season when the plant has the greatest moisture 
needs is questioned [43]. Meaning that distribution of rainfall over the vegetation 
season is a key factor in plant productivity because of variability in plant phenol-
ogy requires a suitable frequency of precipitation periods rather than suitable total 
amount during the total year (Figure 5).

5. Soil moisture sources

Soil supplied with moisture from the atmosphere and/or from deeper soil 
layers. The precipitation from atmosphere could be in the form of rainfall, snow, 
ice rain of some other forms in which riches the soil. From the deeper layers of the 
soil, the earth was supplied from groundwater. Groundwater was created by the 
underground discharge of water from precipitation from the hills to the lowlands. 
Sometimes these waters can appear on the surface, which we call natural springs. 
Groundwater varies in its depth. The one located 1–2 m below the soil surface is 
very useful for plants because it protects them from drought. The agroclimatology 
as a science pays more and more attention to temporal and spatial variations of 
moisture as an essential element in the surface distribution of moisture and energy 
source that are reflected in the complete ecosystem influencing the soil-plant-
atmosphere continuum [44].

All soils are water permeable, because water can move through the space of inter-
connected pores between solid particles. Soil moisture behavior due to gravity and 
other factors such as moisture quantity, distribution, and moisture pressure signifi-
cantly affect soil properties. In conditions when the soil was saturated with mois-
ture, all soil pores are filled with water, and gases are expelled, which often results 
in anoxia in plants, especially if the water overloading conditions are prolonged. If 
not, all pores ware filled with water; the soil is partially saturated or unsaturated. 
The highest plant yields are achieved when the most favorable ratio of air and water 
in the soil was achieved and especially in the critical periods of each crop [45]. Since 
different plant species may have different water needs, which also depend on the 
developmental stages of each plant, it is necessary to provide the required amount of 
water in critical periods of plant [44]. Climatic characteristics and soil water regime 
and their interrelationship is hard to have in balance due to the high production 
needs, as the most of the agriculture land is placed in arid area [46]. Regarding the 
arable agriculture land, the total of 1.5 billion hectares were estimated, which about 
250 million are under irrigation or about 17% total used land and for agricultural 
food production is estimated about 40% [47]. It was estimated that between 2000 
and 2500 km3 of water is consumed annually for irrigation. It is a well-known fact 
that on a global scale, about 70% of the affected quantities of water were consumed 
for agriculture [3], and irrigation is the main consumer of that water.

Water uptake relays on the osmotic potential of the soil solution, and the 
decrease in uptake can occur in the summer months on saline soils. At low tem-
peratures, water uptake was reduced and then the plants experience physiological 
drought. This phenomenon can often occur in the spring; when due to the relatively 
high air temperature and low soil temperature, there is an imbalance in the water 
regime of plants, despite the fact that the soil contains sufficient amounts of water.

5.1 Soil water type

Water that results from precipitation or flooding was called surface water 
and it causes erosion and landslides. Free and bound water were most occurred 



Soil Moisture Importance

90

states of soil water. The bounded water can occurred as: chemically bound water, 
hygroscopic water, membrane water, water in the form of water vapor and capillary 
water, while the free water includes gravitational, groundwater, and water in the 
form of ice [48]. Water in the soil is bound by various forces that the root system 
must overcome when adopted, so the water in the soil is divided into two classes: 
accessible and inaccessible.

Bound water in the soil is in the following forms:

1. Chemically bound water has no significance for the plant because it was bound 
within a solid lattice of minerals and as such belongs to the solid phase of the 
soil. Chemically bound water does not participate in physical processes and 
does not evaporate at a temperature of 100° C. It is present as constitutive and 
crystallized water. If water in the form of H+ and OH− ions enters the composi-
tion of different minerals, it was called crystal water. If it is bound to minerals 
as a molecule, then it is constitutional water. Chemically bound water is not 
available to the plant.

2. Hygroscopic water is water that is adsorbed on absolutely dry soil by surface 
forces at a relative humidity of less than 100%. The ability of soil particles to 
absorb relative moisture from the air was called hygroscopic water. Hygroscop-
ic water in the soil is held at a high pressure of 50 bar; since the suction force of 
the root system is between 6 and 16 bar, it is inaccessible to plants. Maximum 
hygroscopic water is water constant but has no practical application other than 
being used to calculate other water constants. It is also adsorbed on dry soil by 
surface forces at a relative humidity of 95–100%.

3. Membrane or film water is located around soil particles and is used by plants 
only when the soil dries to membrane moisture. Membrane water binds to the 
surface of the particle after completion, that is, saturation of water binding to 
the maximum hygroscopy, if the particles can attract and to what extent there 
is available water. It was water bound by dipole forces that were weakening 
toward the periphery. Limestone water moves very slowly in the soil. Accord-
ing to Škorić [49], it is possible to divide film water into: stationary film water 
that corresponds to twice the value of hygroscopy and is inaccessible to plants, 
and mobile film water, where the water membrane is thick enough for water 
to move through plants is affordable. There are different zones: hygroscopic, 
which do forces greater than 50 bar, lentocapillary (6.25–50 bar) and mem-
brane water of 0.50–6.25 bar hold, which is accessible to the plant.

4. Water in a gaseous state (water vapor) is physiologically useful if it turns into 
a liquid state by condensation, and it is a constant component of the soil air. 
The air in the soil saturated with water vapor with 98%. Water vapor in the 
soil moves from a warmer to a colder area or from an area of higher tension to 
lower tension.

5. Capillary water is very mobile and is of great importance in providing plants 
with water, as well as for physical and chemical processes in the soil. In dry 
climates, it is the only reserve for the plant, and the measures that allow the 
retention of capillary water were deep tillage, application of mulch, and culti-
vation. Capillary water is water that fills the narrowest pores of the soil due to 
the action of surface tension and occurs by increasing soil moisture. Capillary 
water is the most ecologically important form of water and is a basic factor in 
soil dynamics and fertility.
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Free water in the soil is in the following forms: gravitational, groundwater, and 
ice-shaped water. For all forms of free water, one thing is common and that is when 
they are in liquid form, they move laterally and vertically under the influence of 
inclination or under the influence of gravity. The forces that hold water against soil 
particles are on the one hand the tension of moisture (surface, hydrostatic, and 
gravitational forces), and on the other hand, the osmotic pressure of the aqueous 
phase of the soil. Cohesion forces connect water molecules (hydrogen bridges and 
Van der Waals-London forces), whereas adhesion is responsible for their binding 
to soil particles and the formation of a double layer. Adhesion water is water that 
is located in the surface soil layer and retained by the forces of mutual molecular 
action between the soil particles and the absorbed water.

1. Gravitational or leach water is formed in occasion of fully saturated soil pores 
with water. In such a state of saturation, water seeps through macropores by 
gravity and is not bound to the soil. Gravitational water is the basic form of 
free water in the soil. After the precipitation lager, soil pores were fulfilled 
and, under the gravity, flows into the depth or sideways, down the slope. The 
size of the pores in the soil or soil texture was highly dependent on water flow 
movement in soil profile. If the soil has a lighter mechanical composition and 
contains a higher content of noncapillary pores, gravitational water will pass 
through the soil faster and less water will remain in the soil. There are two 
forms of gravitational water: fast gravitational water (for larger pores) and 
water that gradually drains away (for smaller pores). Gravitational water can 
be retained in the smallest noncapillary pores for several days during the wet 
period. She then swells with the help of her own weight.

2. Groundwater that is under a certain pressure in a water-permeable layer 
between water-impermeable layers. Groundwater is another form of free 
water and it formed if gravitational water encounters an impermeable layer 
of soil. Groundwater can also be associated with river water and then this 
water is close to the surface (1.0–2.5 m). The impact of groundwater on the 
soil depends on its depth and composition. Groundwater has no significance 
for plants if it is at great depth, but if it is located high and too close to the soil 
surfaces, it has a negative effect on plants. Groundwater is useful to plants 
when it is accessible to the roots due to capillary uplift or when the plants can 
absorb water from the deeper layer with long root system. Groundwater has a 
great impact on plants and soil if it contains soluble salts.

3. Ice form water or water in solid form is a special form of free water. This form 
of water is not of great importance for our climatic areas. Freezing and melting 
have a negative effect on the soil.

5.2 Movement of water in the soil

The three basic forms of water movement in liquid form are capillary move-
ment, infiltration, and filtration. The movement of water is possible through 
unsaturated and saturated soil. Movement is possible descending, ascending, and 
lateral. The water direction of movement and speed were highly related to the 
occurrence state of the water, amount, texture, structure, porosity, the amount of 
organic matter, and the forces that cause the movement. The primary causes of soil 
water movement are capillary forces, gravity, and hydrostatic pressure.

The capillary movement of water occurs from the area of higher humidity to the 
area of lower humidity, that is, in unsaturated soil in micropores.
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Free water in the soil is in the following forms: gravitational, groundwater, and 
ice-shaped water. For all forms of free water, one thing is common and that is when 
they are in liquid form, they move laterally and vertically under the influence of 
inclination or under the influence of gravity. The forces that hold water against soil 
particles are on the one hand the tension of moisture (surface, hydrostatic, and 
gravitational forces), and on the other hand, the osmotic pressure of the aqueous 
phase of the soil. Cohesion forces connect water molecules (hydrogen bridges and 
Van der Waals-London forces), whereas adhesion is responsible for their binding 
to soil particles and the formation of a double layer. Adhesion water is water that 
is located in the surface soil layer and retained by the forces of mutual molecular 
action between the soil particles and the absorbed water.

1. Gravitational or leach water is formed in occasion of fully saturated soil pores 
with water. In such a state of saturation, water seeps through macropores by 
gravity and is not bound to the soil. Gravitational water is the basic form of 
free water in the soil. After the precipitation lager, soil pores were fulfilled 
and, under the gravity, flows into the depth or sideways, down the slope. The 
size of the pores in the soil or soil texture was highly dependent on water flow 
movement in soil profile. If the soil has a lighter mechanical composition and 
contains a higher content of noncapillary pores, gravitational water will pass 
through the soil faster and less water will remain in the soil. There are two 
forms of gravitational water: fast gravitational water (for larger pores) and 
water that gradually drains away (for smaller pores). Gravitational water can 
be retained in the smallest noncapillary pores for several days during the wet 
period. She then swells with the help of her own weight.

2. Groundwater that is under a certain pressure in a water-permeable layer 
between water-impermeable layers. Groundwater is another form of free 
water and it formed if gravitational water encounters an impermeable layer 
of soil. Groundwater can also be associated with river water and then this 
water is close to the surface (1.0–2.5 m). The impact of groundwater on the 
soil depends on its depth and composition. Groundwater has no significance 
for plants if it is at great depth, but if it is located high and too close to the soil 
surfaces, it has a negative effect on plants. Groundwater is useful to plants 
when it is accessible to the roots due to capillary uplift or when the plants can 
absorb water from the deeper layer with long root system. Groundwater has a 
great impact on plants and soil if it contains soluble salts.

3. Ice form water or water in solid form is a special form of free water. This form 
of water is not of great importance for our climatic areas. Freezing and melting 
have a negative effect on the soil.

5.2 Movement of water in the soil

The three basic forms of water movement in liquid form are capillary move-
ment, infiltration, and filtration. The movement of water is possible through 
unsaturated and saturated soil. Movement is possible descending, ascending, and 
lateral. The water direction of movement and speed were highly related to the 
occurrence state of the water, amount, texture, structure, porosity, the amount of 
organic matter, and the forces that cause the movement. The primary causes of soil 
water movement are capillary forces, gravity, and hydrostatic pressure.

The capillary movement of water occurs from the area of higher humidity to the 
area of lower humidity, that is, in unsaturated soil in micropores.
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Infiltration is the uneven absorption by vertical and lateral motion into unsatu-
rated soil, by the action of capillary, gravitational, and osmotic forces.

Filtration is the leaching of excess water from saturated soil into deeper layers 
through soil macropores, which causes gravity (and hydrostatic pressure).

Water in the soil moves in three basic directions: descending, ascending, and 
lateral. The descending flow of water is downward, with water draining freely 
through the macropores of the soil, primarily under the influence of gravitational 
force. This steady flow of water in cultural engineering corresponds to the concept 
of filtration. The ascending movement of water is ascending toward the soil surface 
and interpreted by capillary theory, membrane water theory, or potential differ-
ence (suction force—tension). According to capillary theory, water rises in profile 
due to the adhesion force that occurs between soil and water particles. Due to the 
adhesion, the capillaries fill and the water rises with the strength of the meniscus 
(adhesion) and due to the surface tension. According to the theory of membrane 
water, the ions in the outer diffuse shell have a suction power (osmosis) that fills the 
capillaries. Soil particles that have a thinner mantle accept water than those with 
a larger mantle. The last is the potential theory where water moves due to tension 
from a wetter to drier area. Lateral (lateral and radial) movement of water is inter-
preted by capillary theory, the theory of membrane water, and osmotic pressure, 
and the theory of potential.

The supply of soil with water from deeper soil layers depends on the type and 
composition but also on the method of soil cultivation depending on its purpose. 
Precipitation, which falls to the ground, is not equally abundant everywhere. 
Long-term hydrometeorological and agrometeorological measurements determine 
the daily, monthly, and annual average amount of precipitation for a particular 
area, which is logical to vary from place to place. Almost half of the water that 
enters the soil evaporates out into the atmosphere, about 2/6 is lost by leaching and 
runoff into depressions, streams, streams, and various standing waters, while only 
1/6 is absorbed into the soil, which means that about 1/6 of the total precipitation 
and moisture that enters the soil remains available to the plants. Water retention is 
a very important factor in soil composition. This means that, for example, sandy 
soils differ significantly from clay soils in terms of moisture retention, absorption, 
and loss. Every soil has a certain degree of porosity because the soil made up of tiny 
fractions of sand and even tiny dust particles. Depending on the sand fraction, the 
pore size will also vary, or the permeability rate of such soil. Clay soil, on the other 
hand, consists largely of the finest particles of powder and clay, between which a 
very small number and diameter of pores were formed or have the ability to form, 
which limits the porosity of this type of soil.

5.3 Soil water constants

Water or hydrological constants defined as the equilibrium states between the 
suction force of soil particles and water. Most authors include the following in water 
constants:

• Hygroscopic water form

• Soil water capacities

• Maximum water capacity for soil

• Water retention and absolute water capacity for soil
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• Field water capacity for soil

• Minimum water capacity for soil

• Humidity equivalent

• Lento-capillary point (humidity) or wilting point.

Water retention and water movement in soil were characterized by above 
mentioned water constants. Water constants were defined as the concept of water 
content, shape, and form in the soil related to the texture and structure of the soil, 
organic matter content, and applied agrotechnical measures. There were a number 
of water constants and various names were used in the literature and practice. 
Water constants that are of practical importance for the needs of soil hydro meliora-
tion and primarily for irrigation and drainage were listed here.

Hygroscopic water is, as mentioned earlier, the ability of soil particles to absorb 
relative moisture from the air. Humidity in contact with dry soil, allows the absorption 
of moisture that increases the volume of soil particles, until an equilibrium ratio is 
achieved. The established ratio represents the maximum absorption capacity with the 
achieved maximum hygroscopic effect, which for soils with sandy texture is 1%, for 
loamy soil texture up to 7%, and for clay soil texture up to 17% measured on dry matter. 
There is a difference between the maximum hygroscopy (Hm) according to Lebedev 
[50] and the hygroscopy according to Mitscherlich [51] (Hy). If the soil is placed in the 
conditions of complete saturation of the air with water vapor, then it will attract the 
maximum layer of hygroscopic water, this called maximum hygroscopy. Mitscherlich 
hygroscopy [51] corresponds to the moisture content, which is obtained by placing a 
soil sample in an evacuated desiccator above 10% sulfuric acid. The acid creates condi-
tions of 96% relative humidity of the air that the soil absorbs. After establishing the 
equilibrium state by gravimetric method by weighing the moistened sample to hygro-
scopic moisture and completely dry soil, and by calculation in mass percentages, the 
moisture content corresponding to the hygroscopy is obtained. Hygroscopic moisture 
held in the soil, as mentioned earlier, by a suction force of 50 bar and is inaccessible 
to plants because the root of the plant has a suction force between 6 and 16 bar. The 
double value of Mitscherlich hygroscopy corresponds to the equilibrium state between 
the suction force of the plant root and the soil particles called the wilting point.

Soil water capacity presents a soil capacity for water retention in micropores 
after squeezing water from macropores under the influence of gravity. Depending 
on the method of determination, there were retention and absolute, field soil water 
capacity, minimum water capacity, and moisture equivalent according to Briggs and 
McLane [52].

Maximum soil water capacity (MWC) is a constant that represents the water 
content in the soil when water saturation is in maximum fulfilling the micropores 
and they are theoretically equal to the total porosity (Figure 3). When the maximum 
water capacity is then all other water constants were maximally realized. The state 
of maximum water capacity is short, especially in normal soils. Maximum water 
capacity is undesirable because anaerobic conditions occur, which puts the plants in 
a state of stress and puts maximum pressure on the metabolic activities of the plant. 
MWC occurs due to heavy rains and sudden melting of snow. In addition, the soil 
maximally saturated with water both when groundwater reaches the surface and 
during major floods. In rare situations and for a short period, the soil saturated to 
the MWC value. When the soil oversaturated with water, oxygen is lost in the soil 
and anaerobic conditions occur. This phenomenon is very harmful to soil and plants. 
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Water retention and water movement in soil were characterized by above 
mentioned water constants. Water constants were defined as the concept of water 
content, shape, and form in the soil related to the texture and structure of the soil, 
organic matter content, and applied agrotechnical measures. There were a number 
of water constants and various names were used in the literature and practice. 
Water constants that are of practical importance for the needs of soil hydro meliora-
tion and primarily for irrigation and drainage were listed here.

Hygroscopic water is, as mentioned earlier, the ability of soil particles to absorb 
relative moisture from the air. Humidity in contact with dry soil, allows the absorption 
of moisture that increases the volume of soil particles, until an equilibrium ratio is 
achieved. The established ratio represents the maximum absorption capacity with the 
achieved maximum hygroscopic effect, which for soils with sandy texture is 1%, for 
loamy soil texture up to 7%, and for clay soil texture up to 17% measured on dry matter. 
There is a difference between the maximum hygroscopy (Hm) according to Lebedev 
[50] and the hygroscopy according to Mitscherlich [51] (Hy). If the soil is placed in the 
conditions of complete saturation of the air with water vapor, then it will attract the 
maximum layer of hygroscopic water, this called maximum hygroscopy. Mitscherlich 
hygroscopy [51] corresponds to the moisture content, which is obtained by placing a 
soil sample in an evacuated desiccator above 10% sulfuric acid. The acid creates condi-
tions of 96% relative humidity of the air that the soil absorbs. After establishing the 
equilibrium state by gravimetric method by weighing the moistened sample to hygro-
scopic moisture and completely dry soil, and by calculation in mass percentages, the 
moisture content corresponding to the hygroscopy is obtained. Hygroscopic moisture 
held in the soil, as mentioned earlier, by a suction force of 50 bar and is inaccessible 
to plants because the root of the plant has a suction force between 6 and 16 bar. The 
double value of Mitscherlich hygroscopy corresponds to the equilibrium state between 
the suction force of the plant root and the soil particles called the wilting point.

Soil water capacity presents a soil capacity for water retention in micropores 
after squeezing water from macropores under the influence of gravity. Depending 
on the method of determination, there were retention and absolute, field soil water 
capacity, minimum water capacity, and moisture equivalent according to Briggs and 
McLane [52].

Maximum soil water capacity (MWC) is a constant that represents the water 
content in the soil when water saturation is in maximum fulfilling the micropores 
and they are theoretically equal to the total porosity (Figure 3). When the maximum 
water capacity is then all other water constants were maximally realized. The state 
of maximum water capacity is short, especially in normal soils. Maximum water 
capacity is undesirable because anaerobic conditions occur, which puts the plants in 
a state of stress and puts maximum pressure on the metabolic activities of the plant. 
MWC occurs due to heavy rains and sudden melting of snow. In addition, the soil 
maximally saturated with water both when groundwater reaches the surface and 
during major floods. In rare situations and for a short period, the soil saturated to 
the MWC value. When the soil oversaturated with water, oxygen is lost in the soil 
and anaerobic conditions occur. This phenomenon is very harmful to soil and plants. 
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Figure 6. 
Different water soil capacity.

Excess water in the soil causes problems in the plant’s oxygen supply (occurrence of 
anoxia = complete lack of oxygen and occurrence of hypoxia = reduced amounts of 
oxygen). Anoxia occurs more often if the temperature 12°C of the air is above 20°C, 
when the consumption of oxygen by breathing the roots of plants, soil fauna, and 
microorganisms is higher than at lower temperatures. Under such anaerobic condi-
tions or at insufficient oxygen concentration, changes in the metabolism of plant tis-
sue cells occur. Cell intoxication with alcoholic fermentation products and increase in 
cytoplasm acidity occurs. These phenomena can result in cell death. Plants suffering 
from the lack of oxygen show signs of wilting, due to the inability to active transfer 
water, and the leaves show epinastic growth (downward) due to increased ethylene 
synthesis. In such leaves, the concentration of abscisic acid increased, which initiates 
the closure of the shoot. This interrupts the transpiration flow and distribution of 
osmolytes and water to up ground plant parts which resulting in growth retardation.

The absolute soil water capacity according to Kopecky [53] corresponds to the 
water content in the micropores after complete saturation of the sample in a cylinder 
with a volume of 100 cm3 and squeezing of excess water from the soil macropores 
after 24 hours. Horvat et al. [54] introduced the retention capacity of soil for water 
due to certain soil losses in determining the absolute capacity. According to this 
method, the soil sample in the cylinder, according to Kopecky [53] placed on a stand 
with filter papers whose edges immersed in water. The soil absorbs water and holds it 
in the micropores by adhesion, hydration, capillary, and surface tension forces. After 
squeezing, the excess water from the gravitational pores (the soil sample stands on the 
filter paper for half an hour) and the water content in volume % which corresponds 
to the retention capacity of the soil for water are is determined gravimetrically. The 
values of absolute and retention capacity of soil for water correspond to the soil layer 
above the groundwater level and are higher than those determined in field condition.

Field water capacity (FWC) is a condition where micropores are filled with 
water and macropores with air, after maximum saturation and seepage of free water 
under the influence of gravity. Soil moisture at FWC is retaining longer provided 
there is no evaporation or the influence of groundwater (capillary). For field water 
capacity, there are many names such as retention capacity, maximum water capacity, 
capillary capacity, and water retention at 0.33 bar. However, this constant (FWC) is 
determined in field conditions, and therefore, the name filed water capacity is the 
most appropriate (Figure 6). Field water capacity is extremely important because 
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its knowledge used in various calculations in the design and use of hydromeliora-
tion systems. FWC is especially important for irrigation because it is water constant 
without is impossible to accurate calculate the irrigation rate to moisten the active 
rhizosphere. FWC is also the largest amount of water that can be giving during 
irrigation because water above the FWC value is considered harmful to the plant. 
Irrigation practice depends on soil conditions, moisture and plant’s requirements. 
Field capacity corresponds to the state of moisture that occurs in the soil immedi-
ately after rain, before evaporation and transpiration begin. It is expressed as the 
percentage of water in the soil that is found in such a state of humidity. Therefore, it 
corresponds to the water content in the well-drained, permeable soil from which all 
the gravitational water had drained. However, soil moisture that would correspond 
to the absence of gravitational water alone must be determined relatively soon after 
rain. This is possible only with light and well-drained soils, because in others, the 
process of rain infiltration through the ecological profile takes a long time, often 
several days. Meanwhile, after rain, the surface layers lose water by evaporation and 
transpiration, so the field capacity values that obtained after several days do not 
correspond to the actual water content of the soil.

Kramer [55] states that FWC will depend on soil temperature, that is, soil mois-
ture in FWC will decrease as the soil temperature rises. Kirkham et al. [56] cite the 
influence of groundwater level, soil moisture depth, and impermeable layers in the 
soil on the FWC value. The author explains that the depth of soil moisture during 
infiltration will be greater the wetter the soil. Furthermore, the author states that the 
presence of an impermeable or less permeable soil layer increases the value of FWC.

The equivalent of moisture according to Briggs and McLane [52] is the water 
constant obtained by centrifuging a soil sample with a force of thousand times greater 
than the gravitational force. The value roughly corresponds to the field capacity of 
the soil for water. The lentocapillary point (Lkt) was defined as the lower limit of 
optimal soil moisture and corresponds to a soil water pressure of 6.25 bar (pF = 3.8). 
It is obtained by subjecting a saturated fine to the specified pressure in the pressure 
membrane. The wilting point (Tv) is the equilibrium state between the suction force 
of the root system and the soil particles and plants starts to lose turgor. A pressure that 
occurs in soil depends on available water and for this hydropedological constant is 
15 bar (pF = 4.2). The point of wilting can be determined by vegetation experiments, 
using a pressure membrane and calculate from hygroscopy. Plant-accessible water is 
in the range between the value of soil water capacity and the wilting point (Figure 7) 

Figure 7. 
Philodendron in well turgid (left) and in less turgid condition (right).
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and called physiologically active water. Within this interval, not all water is equally 
accessible, so the soil should maintain a moisture state between the water capacity 
and the lentocapillary point, which corresponds to the optimal moisture interval.

6. Drought stress

Drought is a common occurrence for many areas that recurs without notice-
able regularity. Drought is one of the abiotic factors that have the greatest impact 
on agricultural production. It occurs when soil moisture decreases to an amount 
that negatively affects the yield and profitability of agricultural production [57]. 
Drought as an abiotic stress can directly affect agricultural production and even 
in some extreme situations lead to the complete destruction of yields. It is very 
important to distinguish the meaning of drought in agronomy and the definitions 
of drought in meteorology, hydrology, and the socio-economic concept of drought. 
The amount of physiologically active water in the soil, which is the only available 
water for plants, and the ratio of capillary and noncapillary pores in the soil are also 
important. The water content in the soil also depends on the texture of a particular 
soil type (i.e., on the water balance in the soil; fine sand has a lower possibility of 
water retention than clay loam). The ratio of humus in the soil is significant, because 
it has a great ability to absorb water (it acts like a sponge). The term drought should 
not be confused with the term “aridity,” which refers to the permanent property of a 
naturally dry (waterless, arid) climate. A dry or dry area (“aryland”) is an environ-
ment that was constantly, seasonally, or occasionally exposed to a significant lack of 
moisture. It was estimated that about 36% of the planet’s continental surface, which 
is approximately 45 million km2, can be classified as dry area. It is estimated that 
between 15 and 21% of the earth’s population live in this area [4].

Regarding the extreme climatic conditions and rising temperatures, the need for 
irrigation of agricultural land is increasing; according to some statistic report, as 
much as 69% of drinking water is used in agriculture (irrigation of plants, watering 
livestock, etc.). FAO estimates that water consumption for plantation irrigation will 
increase by 5.5% from 2008 to 2050. These data show that the world’s demand for 
water is increasing, and the increase in agricultural production results in higher con-
sumption of drinking water. In order to reduce the need for irrigation, scientists stud-
ied the drought resistance of plants and sought to investigate the associated adaptation 
mechanisms. Geneticists are already creating varieties that contain drought-resistant 
genes; however, drought tolerance is only possible up to a certain percentage of 
moisture reduction. For example, chickpea (Cicero arietinum L.) is extremely drought 
resistant, its root is spindle-shaped and branched, and it reaches a depth of 1 m where 
there is a higher amount of moisture in the soil, and also many Mediterranean plant 
species are resistant to both high temperatures and lack of moisture in the soil.

Different time of drought periods also cause different changes in plants. Some 
plants increases synthesis of secondary metabolite as a response to drought occur-
rence resulting in leaf or fruit abscission and leading a plant cell, tissue, or organs to 
death (Figure 8). Transient wilting occurs during the hottest part of the day, when 
there is increased transpiration in plants. Permanent wilting occurs due to the low 
water content in the soil, root hairs die off, which blocks the plant’s connection with 
nutrients from the soil (lost water can no longer be compensated). It is necessary to 
distinguish: desiccation (delay of drying ability to maintain hydrated tissue), toler-
ance to drying (retention of functions during drying), and avoidance of drought 
completion of the plant life cycle before drought occurs [13]. The point of wilting 
is the phase in which the plant begins to die, resulting in permanent death, and 
the plant when it reaches this stage (critical lack of moisture depends on the plant 
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species and type of cultivar) will not recover after irrigation. When a critical water 
deficit occurs, necrotic changes first appear on the plants, and finally, the lethal 
phase occurs. Plants have the greatest need for water during the growth phase, and 
during fruit formation, when plants are most sensitive to drought. According to 
the requirements of plants against water, they are divided into three main groups: 
hygrophytes (wetland plants), mesophytes (plants of temperate areas, which 
include most agricultural plants), and xerophytes (plants of arid areas).

One of the first defense mechanisms of the plant on drought is the reduction of 
the leaf surface, because with the reduction of water in the soil, the turgor pressure 
in the cells decreases, which ultimately results in a decrease in the concentration 
of cell content and cell volume. Turgor affects cell growth, and by reducing it, 
cell growth also decreases affecting the growth of the leaf surface and thus tran-
spiration. Plants can reduce the surface area of transpiration by leaf scrolling and 
abscission (leaf rejection) or increased secretion of ethylene, which affects cell 
death. One of the most effective adaptations to drought is the closure of the sto-
mata, to prevent further dehydration, this mechanism occurs when the plants have 
already fully developed their leaf surface. However, many plants lose water through 
the stomata because they remain open, and much of the water is lost through the 
epidermis by the cuticle, especially if the cuticle is thin.

Although it can be found in almost all parts of the world, the characteristics 
of drought vary from region to region. Defining drought is therefore difficult and 
depends on regional differences and needs, but also on the perspective from which 
this phenomenon is viewed. Regardless of the needs for which drought is defined, 
it is necessary that this definition includes the deviation of the current relationship 
between precipitation and evapo-transpiration in an area from the normal value of 
this relationship determined for a multi-year data set. It is also important to take 
into account the time distribution (precipitation regime, delay of the beginning of 
the rainy season, the relationship between precipitation, and phenological phases 
of the most important field crops in the observed area), as well as precipitation 
efficiency (precipitation intensity and number of rain episodes). Other climatic 
factors, such as high temperatures, high wind speeds and strengths, and low relative 
humidity, are often associated with drought in many parts of the world and can 
significantly worsen its consequences (Figure 9). Drought is an insidious natural 
disaster that, unlike other natural disasters, occurs slowly, lasts a long time, and 
affects large areas. It can be considered from four aspects (meteorological, hydro-
logical, agricultural, and socio-economic).

Figure 8. 
Citrus fruit abscission under the drought occurrence in critical phase (left) and leaf scrolling in tomato plant to 
avoid excess transpiration rate under stress condition (right).
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rence resulting in leaf or fruit abscission and leading a plant cell, tissue, or organs to 
death (Figure 8). Transient wilting occurs during the hottest part of the day, when 
there is increased transpiration in plants. Permanent wilting occurs due to the low 
water content in the soil, root hairs die off, which blocks the plant’s connection with 
nutrients from the soil (lost water can no longer be compensated). It is necessary to 
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ance to drying (retention of functions during drying), and avoidance of drought 
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Short-term water shortage over a period of several weeks in the surface layer 
of the soil, which occurs at a critical time for plant development, can cause agro-
nomic drought. The agronomic droughts may lag behind meteorological droughts, 
depending on the condition of the surface layer soil. High temperatures, low relative 
humidity, and wind amplify the negative consequences agronomic droughts. 
The agronomic droughts, precipitation deficits are taken into account along with 
the physical and biological aspects of plants, interactions within the soil-plant-
atmosphere system and the balance between plants’ water needs and available water 
reserves, which may result in declining yields. Beside agronomical drought, we can 
also distinct the meteorological and hydrological drought.

Meteorological drought occurs as a consequence of lack or complete absence of 
precipitation over a long period of time in a certain area. This deficiency is defined 
as the deviation of precipitation from normal, that is, from the multi-year average. 
Meteorological drought can develop abruptly and stop abruptly.

Deficit of precipitation over a long period of time affects surface and ground-
water supplies: to the flow of water in rivers and streams, level of water in lakes, 
and level of groundwater. When flows and levels decrease, we talk about hydro-
logical drought. The onset of hydrological drought may lag a few months behind 
the beginning of the meteorological drought, but also continue after the end of 
the meteorological droughts. Finally, socio-economic drought could be defined 
as an event when the need for water is greater than the possibility to provide 
it with agrotechnical measures. The mentioned concept of drought reflects 
a strong connection between drought and human activities. The droughts in 
recent years have had a significant impact on the economies and environment of 
agricultural production, increasing the vulnerability of society as well as a whole 
ecosystem.

6.1 Mechanisms of plant adaptation to drought

The lack of water especially in agricultural sector presents important limitation 
of world food production. The strategies for promoting the mechanisms of plant 
tolerance to drought:

a. Desiccation delay is the ability to maintain hydration of the tissue

b. Desiccation tolerance is the retention of cell functions during drought

c. Drought avoidance is the end of the plant vegetation cycle before drought 
occurs.

Figure 9. 
Current trends of most abundant abiotic stress occurrence in agriculture sector estimated for around 50% of 
world’s arable land.
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It is already clear from this division that the mechanisms and strategies of 
drought resistance may differ. Water deficiency could be explained as amount of 
water in a cell tissue that is lacking until optimal hydration. When water deficit 
gradually occurs, the impact of water scarcity on plant growth and development 
comes to the fore. The basic acclimatization strategies that occur in conditions of 
water scarcity are:

• reduction of leaf area,

• leaf rejection (abscissa),

• increased root growth,

• retaining the stomata,

• osmotic adjustment,

• thickening of the cuticle.

Decrement of water plant status affects the turgor pressure, which also decreases. 
As turgor falls, cell volume decreases, cell contents become more concentrated, and 
cell membrane becomes less tense and thicker. Cell growth if highly influenced by 
turgor and consequently declining of turgor will restrict cell growth. In addition to 
reducing turgor, the lack of water also reduces the elasticity of cell walls, which also 
affects cell growth. Decreased cell growth results in smaller leaves, that is, reduced 
leaf area. Reduced leaf area helps conserve water because smaller leaves breathe less 
(lose water more slowly). Therefore, a plant usually starts to decrease leaves surface 
and afterwards its number as a result on water stress conditions. The leaves age and 
fall off faster (there is an increased synthesis of ethylene, which encourages leafs fall).

Beside leaves, plant root is also susceptible to the lack of water. The balance 
between the uptake of water through the root and the photosynthetic activity of 
the aboveground part influences the ratio of the root mass and aboveground part. 
Simply, the aboveground organs will grow as long as the root supplies them with suf-
ficient water and nutrients, and conversely, the root will grow as long as the aboveg-
round organs supply it with sufficient assimilates. As already mentioned, water 
deficiency cause leaf area and number of leaves decrease in the early phase, while the 
intensity of photosynthesis tends to remain unchanged. Reducing the leaf area allows 
less water consumption, but also energy, so more carbohydrates were translocated 
to the root and allowed it to grow. However, in dry soil, the root tip loses turgor very 
quickly, so the root grows where the soil is still moist. As water scarcity (drought) 
progresses, stress most often occurs. Stress caused by the lack of water due to drying 
out of the upper soil layers so the plants develop deeper roots. The development of 
deeper roots is the also one of the reaction pathways to the drought. Increased root 
elongation during drought requires translocation of assimilates from aboveground 
organs to the root. In the generative phase, a significant outflow is represented 
by fruits (assimilates are spent on fruit growth), so the roots get less assimilates. 
Therefore, if the stress of water deficiency occurs in the generative phase of plant 
development, the effect of enhanced root growth will be less pronounced [10].

In conditions of intense stress (rapid) occurrence as a result of water deficit or 
the phase where plants have already developed the maximum leaf area, other mecha-
nisms activated to prevent the plant from drying out. One of the most important 
such mechanisms is the closure of the stoma, which reduces transpiration, that is, 
water loss. Therefore, the “third line” of drought protection can be considering the 
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• osmotic adjustment,
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Decrement of water plant status affects the turgor pressure, which also decreases. 
As turgor falls, cell volume decreases, cell contents become more concentrated, and 
cell membrane becomes less tense and thicker. Cell growth if highly influenced by 
turgor and consequently declining of turgor will restrict cell growth. In addition to 
reducing turgor, the lack of water also reduces the elasticity of cell walls, which also 
affects cell growth. Decreased cell growth results in smaller leaves, that is, reduced 
leaf area. Reduced leaf area helps conserve water because smaller leaves breathe less 
(lose water more slowly). Therefore, a plant usually starts to decrease leaves surface 
and afterwards its number as a result on water stress conditions. The leaves age and 
fall off faster (there is an increased synthesis of ethylene, which encourages leafs fall).

Beside leaves, plant root is also susceptible to the lack of water. The balance 
between the uptake of water through the root and the photosynthetic activity of 
the aboveground part influences the ratio of the root mass and aboveground part. 
Simply, the aboveground organs will grow as long as the root supplies them with suf-
ficient water and nutrients, and conversely, the root will grow as long as the aboveg-
round organs supply it with sufficient assimilates. As already mentioned, water 
deficiency cause leaf area and number of leaves decrease in the early phase, while the 
intensity of photosynthesis tends to remain unchanged. Reducing the leaf area allows 
less water consumption, but also energy, so more carbohydrates were translocated 
to the root and allowed it to grow. However, in dry soil, the root tip loses turgor very 
quickly, so the root grows where the soil is still moist. As water scarcity (drought) 
progresses, stress most often occurs. Stress caused by the lack of water due to drying 
out of the upper soil layers so the plants develop deeper roots. The development of 
deeper roots is the also one of the reaction pathways to the drought. Increased root 
elongation during drought requires translocation of assimilates from aboveground 
organs to the root. In the generative phase, a significant outflow is represented 
by fruits (assimilates are spent on fruit growth), so the roots get less assimilates. 
Therefore, if the stress of water deficiency occurs in the generative phase of plant 
development, the effect of enhanced root growth will be less pronounced [10].

In conditions of intense stress (rapid) occurrence as a result of water deficit or 
the phase where plants have already developed the maximum leaf area, other mecha-
nisms activated to prevent the plant from drying out. One of the most important 
such mechanisms is the closure of the stoma, which reduces transpiration, that is, 
water loss. Therefore, the “third line” of drought protection can be considering the 
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mechanism of stomata closuring. The change of turgor in the guardian cells regulates 
the opening and closing mechanism of the leaves stomata. The guardian cells are 
modified cells of the leaf epidermis and that is why they can lose turgor as they loss 
of water (transpiration) into the atmosphere. Such a way of holding, stomata (due to 
direct water loss and falling turgor) called hydro-passive stoma detention. The second 
mechanism called hydro-active stomata closuring occurs in conditions when the 
whole leaf and/or root is dried. This mechanism is triggered by metabolic processes 
in the stomata cells. Concentration decrement of osmotic active substances in the 
stomata results in water release in guardian cells and turgor pressure decrease. Hydro-
active detention of the stoma occurs due to a decrease in osmotic potential, which 
leads to the release of water and a decrease in turgor in the guardian cells. The abscisic 
acid (ABA) affects the decrement of concentration in osmotic active substance in the 
stoma. Abscisic acid in very low concentrations is constantly synthesized in meso-
philic cells and accumulates in chloroplasts. Under conditions of mild dehydration of 
mesophylls, two processes activated: (1) part of the abscise acid stored in chloroplasts 
is released into the apoplast (intercellular spaces) of mesophilic cells and then the 
transpiration current of water carries ABA to the guardian cells and (2) the synthesis 
of ABA intensifies and its higher concentrations accumulate in the apoplast of the 
leaf. This second process (ABA synthesis) prolongs, that is, maintains the process of 
coupling retention that occurs due to the release of ABA from the chloroplast. In addi-
tion, during stress caused by the lack of water, chemical signals (ABA) transmitted 
from the root to the leaf, leading to the stomata closing. In fact, the conductivity of 
the shoot indirectly was managed by the soil water status rather than the water status 
of the leaves, afterward root show high sensitivity respond to lac of soil moisture.

As the amount of water in the soil decreases, the water potential of the soil 
decreases. In condition when root water potential is more negative then soil water 
potential plants can receive necessary water. The process of accumulation of solutes 
(osmotic active substances) in cells presents osmotic adaptation. Thus, the cell reduces 
the water potential (the water potential becomes more negative) without a significant 
change in the turgor or volume of the cell. During osmotic adaptation, various solutes 
accumulate in the cell, mainly sugars, organic acids, amino acids, and inorganic ions 
(especially K+). Ions mainly accumulate in the vacuole because their high concentra-
tion in the cytosol can inhibit many enzymes. However, due to the increased concen-
tration of ions in the vacuole, and in the cytoplasm, there must be an increase in the 
concentration of solutes in order to maintain the balance of water potential within the 
cell. Dissolved substances that accumulate in the cytoplasm called compatible osmotic 
active substances and are substances that do not inhibit enzymes. Compatible osmotic 
active substances were proline as amino acids, and sugar alcohols and glycine betaine 
as amine. The synthesis of compatible osmotic substances also occurs under condi-
tions caused by increased salinity. The osmotic adjustment takes place slowly over 
several days. Osmotic adjustment of leaves can provide turgor maintenance with lower 
water potential compared to leaves that have not undergone osmotic adjustment. The 
maintenance of turgor enables the normal course of cell growth (cell elongation) and 
greater stomata conductivity at lower water potential, which leads to the conclusion 
that the osmotic adaptation is actually a process of acclimatization.

The cuticle is a waxy coat located above the epidermal cells, and its function is 
to reduce water loss (cuticular transpiration). In conditions of lack of water, plants 
often synthesize a thicker cuticle. The thicker cuticle also reduces the entry of CO2, 
but photosynthesis usually remains unchanged because the epidermal cells located 
below the cuticle do not conduct photosynthesis (CO2 for photosynthesis enters 
the leaf through the stoma). Cuticular transpiration makes up only 5–10% of the 
total transpiration, so the thickness of the cuticle is important only in conditions of 
more severe drought or when the cuticle is damaged (e.g., due to wind). The lack of 
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water reduces the intensity of photosynthesis although this process does not react 
as pronouncedly to lack of water, as is the case with leaf area. The reason for this is 
that photosynthesis is not as sensitive to turgor decline as cell growth. However, due 
to the detention of the stoma under drought stress conditions, the entry of CO2 into 
the leaf reduced and the intensity of photosynthesis decreases.

Each plant species has its own root growth characteristics, which can be substan-
tially, modify by the plant’s environment. In most arable land used in agriculture, 
the roots occupy the largest volume of soil, although it is dictated by the physical 
and chemical properties of the soil. The main roots and root hairs are responsible for 
transporting water through the conductive elements, while the lateral roots play an 
important role in the absorption of water and minerals [58–60]. The roots are under 
the extremely high influence of soil factors, its buffering abilities, surrounding envi-
ronment as one of the most important parameters that reflected in the development of 
the roots [58]. The soil water and nutrient content, soil type, vegetation, and agrotech-
nical measures strongly reflect root growth [61–63, 60, 64]. In the early growth phase, 
roots behave as sink for assimilates which are distributed in vegetative parts of plant 
until generative phase occurs this role become weaker [61]. Richards [65] found that 
wheat root shows significant changes if grown in water deficit conditions and also this 
state reflects root development. Dry soil my intensify growth of root in depth search-
ing for water [66] but elongation of root cells could be restricted [67].

The balance between the aboveground and underground part of the plant is 
very important in terms of regulating the status of water in the tissue, and it was 
found that some plants tolerate drought conditions better if the ratio between 
aboveground and underground plant parts were lower [68]. Under favorable water 
conditions in the soil and the wheat phase of vegetation, better rooting and increase 
in root volume can occur [69]. Taylor and Klepper [70] found that minor changes in 
water potential did not significantly affect the increase in plant root volume.

A large number of studies regarding the influence of water stress on the plant 
conclude that not only the root results in certain changes but also certain changes 
occur in the aboveground part of the plant. Beside arid area also water saturated 
soil can provide certain changes on root (Figure 10) and affect root development as 

Figure 10. 
Salix sp. root adaptation to water level changing or species tolerant to hypoxic conditions by forming abounded 
fibrous root.
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below the cuticle do not conduct photosynthesis (CO2 for photosynthesis enters 
the leaf through the stoma). Cuticular transpiration makes up only 5–10% of the 
total transpiration, so the thickness of the cuticle is important only in conditions of 
more severe drought or when the cuticle is damaged (e.g., due to wind). The lack of 
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water reduces the intensity of photosynthesis although this process does not react 
as pronouncedly to lack of water, as is the case with leaf area. The reason for this is 
that photosynthesis is not as sensitive to turgor decline as cell growth. However, due 
to the detention of the stoma under drought stress conditions, the entry of CO2 into 
the leaf reduced and the intensity of photosynthesis decreases.

Each plant species has its own root growth characteristics, which can be substan-
tially, modify by the plant’s environment. In most arable land used in agriculture, 
the roots occupy the largest volume of soil, although it is dictated by the physical 
and chemical properties of the soil. The main roots and root hairs are responsible for 
transporting water through the conductive elements, while the lateral roots play an 
important role in the absorption of water and minerals [58–60]. The roots are under 
the extremely high influence of soil factors, its buffering abilities, surrounding envi-
ronment as one of the most important parameters that reflected in the development of 
the roots [58]. The soil water and nutrient content, soil type, vegetation, and agrotech-
nical measures strongly reflect root growth [61–63, 60, 64]. In the early growth phase, 
roots behave as sink for assimilates which are distributed in vegetative parts of plant 
until generative phase occurs this role become weaker [61]. Richards [65] found that 
wheat root shows significant changes if grown in water deficit conditions and also this 
state reflects root development. Dry soil my intensify growth of root in depth search-
ing for water [66] but elongation of root cells could be restricted [67].

The balance between the aboveground and underground part of the plant is 
very important in terms of regulating the status of water in the tissue, and it was 
found that some plants tolerate drought conditions better if the ratio between 
aboveground and underground plant parts were lower [68]. Under favorable water 
conditions in the soil and the wheat phase of vegetation, better rooting and increase 
in root volume can occur [69]. Taylor and Klepper [70] found that minor changes in 
water potential did not significantly affect the increase in plant root volume.

A large number of studies regarding the influence of water stress on the plant 
conclude that not only the root results in certain changes but also certain changes 
occur in the aboveground part of the plant. Beside arid area also water saturated 
soil can provide certain changes on root (Figure 10) and affect root development as 

Figure 10. 
Salix sp. root adaptation to water level changing or species tolerant to hypoxic conditions by forming abounded 
fibrous root.
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a result of anaerobic conditions [71] even some species have adapted to this condi-
tion developing a special root [72]. The reaction of the plant to stressful conditions 
in most cases was reflected in the unfavorable status of water in plant tissues and 
organs. The main mechanism of plant cell resistance to stress is to maintain favor-
able turgor pressure in cells, tissues, and organs (stress is first reflected in important 
physiological processes in the plant such as photosynthesis, respiration, transpira-
tion, nutrient, and water uptake) [64, 73, 74].

The roots of plants are most often adapted to stressful conditions in a way that 
changes the structure of the tissue and changes in root volume occur, which was 
closely related to the reclamation of the osmotic activity of root cells. Cells most often 
try to protect cells from protoplast dehydration through metabolic exchange of water 
molecules and some osmotic active substance that result tissue adaptation to newly 
state that occurred (wall thickness, cell size, osmolite concentration, etc.) [66, 75, 76].

7. Conclusion

Life on earth originated in water and depends on water which is necessary for 
the life of all beings. Plants are constantly receiving and excreting water that has 
a number of biochemical and physiological functions in the plant organism. Plant 
species as well as individual plant parts differ in terms of water demand. Of all the 
factors that affect the growth and development of a plant, water have become the 
most important and common limiting factor. Plant tolerance to abiotic stresses, espe-
cially drought stress is a very complex process consisting of a series of physiological, 
biochemical, and genetic adaptations, that is, evolutionary adaptations of certain 
plant species. The biggest challenge is to determine exactly which genes activate 
certain chemical compounds and substances which control the plant’s response on 
drought stresses and how exactly the plant physiologically manages to respond to 
stimuli. The agricultural production is dependence on weather conditions as of today 
it is becoming more and more pronounced due to the increasingly frequent weather 
extremes caused by the climate changes. The lack of precipitation or their uneven 
distribution, pronounced dry periods almost regularly monitored by above-average 
temperatures, and extreme weather conditions such as hail, floods, and strong 
winds negatively affect agricultural production. Yield drop or total loss of yield and 
financial losses are the main direct consequences of adverse weather conditions. One 
of the most important factors that affect plant habitat and available source of water 
is soil capacity and physical properties of soil. Some agrotechnical measures can 
improve soil water capacity but in fact for all agricultural produces always remain as 
challenge—how to manage water in a way to provide optimal crop yields during the 
vegetation season.
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Abstract

Soil salinity is a growing threat all over the world due to its toxic effect to reduce 
soil fertility and water uptake in the crops. An average of 418 million ha soil is saline 
in nature. Various climatic, geomorphic and rainfall pattern causes which involved 
in saline soil formation. To reduce the toxic effect proper management of saline soil 
is required. Irrigation water also a major concern regarding soil salinity manage-
ment. Saline irrigation water enhances and maintains the severity soil salinity. Crop 
production aspects root zone salinity provides a strong negative impact on soil fertil-
ity. Salinity causes the reduction in nutrient ion, and water uptake has a significant 
negative effect on crop yields. Soil and water salinity interactions and their influence 
on crop growth and management of salinity are deliberated in this chapter.

Keywords: salinity, management, soil fertility, crop growth

1. Introduction

All over the world more than hundred countries approximately 418 million hect-
are of saline soils are present. Asia alone contribute 46% of soils are salt affected 
the world. Arid and semi-arid regions of the word highly affected by salinisation 
6.27 percentage of soil in Asia affected by salinity. In India 10 mha salt affected soil 
or 5.5 mha saline and 3.8 mha are sodic soils [1, 2]. Saline soil mainly consist soluble 
salts like chloride and sulphates of calcium (Ca), magnesium (Mg), sodium (Na), 
potassium (K), bicarbonate (HCO3

−), carbonate (CO3
2−) and nitrate (NO3

−) also 
present. The EC (electrical conductivity) of saline soil is less than 4 dS m−1 (deci 
Siemens/meter), ESP (exchangeable sodium percentage) is less than 15% and pH 
is less than 8. Less soluble salts like calcium carbonate and calcium sulphate also 
present. Saline soil having more ionic salt species like Ca2+ which flocculates the 
soil when its dominated by Na which disperse the soil. Saline soils are mostly Ca2+ 
dominated flocculated and well aerated in nature. Dispersion and flocculation also 
based on clay content of the soil.

2. Process of soil salinisation

There are two forms of salinisation process are present. They are primary or 
natural salinisation and secondary or anthropogenic salinisation. Due to various 
hydropedological, geomorphic and climatic factors involved in primary salinisa-
tion. Hydeopedological factors like weathering of basic rocks like basalt, gabbro 
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There are two forms of salinisation process are present. They are primary or 
natural salinisation and secondary or anthropogenic salinisation. Due to various 
hydropedological, geomorphic and climatic factors involved in primary salinisa-
tion. Hydeopedological factors like weathering of basic rocks like basalt, gabbro 
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and dolerite, etc. Hydrological factors like high annual moisture flux, climatic 
factors like low precipitation and high temperature cause more evapotranspiration 
and geomorphic factor like low relief are the cause of primary salinisation [3–5]. 
Secondary salinisation due to shallow water level, poor quality irrigation water, over 
irrigation with improper drainage make increase in water table and discharge of 
salt near soil surface, over use of ground water in coastal regions sea water intru-
sion takes place. Finally untreated industrial effluents and waste water having high 
dissolved salts are the reasons for secondary salinisation [6–9].

3. Measure of analysing soil salinity

Electrical conductivity (EC) is a measure of soil salinity and it’s measured by 
EC meter. EC is reciprocal to the resistance of the conductor. Resistance is directly 
proportional to the distance between the electrode and inversely proportional to the 
cross sectional area of the conductor. Resistance expressed as ohms cm−1 conductiv-
ity expressed m mhos cm−1. Conductivity depends on concentration of the ions in 
the solution, temperature, valence and length between two electrodes. The conduc-
tivity is directly proportional to the, concentration of the solution, solution tempera-
ture and valance and inversely proportional to length between two electrodes [10].

Resistance is calculated by ohms law.

 R V / I.=  

 G 1 / R.=  

where V is the voltage; I, current (ampere); R, resistance of the solution; G, 
conductance.

Conductance – Reciprocal of electrical resistance of a solution between two 
electrodes [11].

3.1 Saturation extract (ECe)

In this method involves saturation and subsequent extraction of soil water under 
partial pressure in order to quantify the salts in the extracted liquid phase. Crop 
growth response mainly depends on ECe (saturation paste) conversion of EC to ECe 
on different structural soil important in plant growth point of view. Sand particles 
can able to hold or adsorb more ions which leads to concentration of salinity will be 
more in the sandy than clay soil when the amount of salt ion will be the same [12].

3.2 Ranges of soil salinity

4. Irrigation water salinity

Irrigation water salinity also a major concern regarding secondary salinisa-
tion and crop production (Table 1). Saline water highly affects germination, 

Non saline Slightly saline Moderately saline Strongly saline Extremely saline

0–2 2–4 4–8 8–16 >16

Electrical conductivity (EC) in dS m−1 [13].
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chlorophyll content, growth yield characters of the crop. Due to high salinity of 
water osmotic and ion imbalance reduction in activation of enzyme responsible 
for the seed germination and also affects the total chlorophyll due to reduction in 
leaf pigments and membrane stability. Usually saline water highly influence root 
zone salinity [14].

5. Salinity effects

5.1 Effect on plant growth

The deficiency of ions, osmatic stress and oxidative stress to the plants. Under 
high saline condition for plants are not able to maintain osmotic balance leads to 
loss of turgidity, dehydration of cell due to higher saline environment movement of 
water from plant sap to soil in order to reduce the concentration gradient [15]. Due 
to ion toxicity and osmatic stress nutrient absorbed by mass flow greatly reduced. 
Due to high ion concentration affects soil osmatic potential which reduces the plant 
available water [16].

5.2 Effect on soil fertility

Soil nutrient availability and uptake affected by higher saline condition. 
Phosphorus can be affected by fixation of calcium phosphate (Ca-P) due to higher 
saline condition Ca ion activity is high [17]. N bioavailability and accumulation 
affected by soil salinity. The 25% of N requirement is fulfilled by N fixation. Soil 
salinity greatly reduces the N fixing rhizobacterial growth and spread due to lesser 
photosynthesis cause reduction in photoaccumulates [18]. Also, nitrification reduced 
by salinity cause increase in NH4 content which facilitates the loss of NH4 by volatili-
sation. Potassium uptake and assimilation affected by Na/Ca ratio cause reduction 
in K/Na ratio of the plant [19]. Salinity did not have much negative influence on 
micronutrient bio availability but solubility of micronutrients is little decreased in 
some conditions.

5.2.1 Nutrient ratios

More than concentration of the ions ratio of nutrient ions which greatly influ-
ence the bio availability and uptake of nutrient ions ratios like Na/Ca, Na/K, Ca/Mg 
and Cl/NO3 [19].

EC  
(dS m−1)

Status TDS  
(mg l−1)

<0.7 Fresh water – drinking and irrigation <500

0.7–3.0 Slightly saline – irrigation 500–2000

3.0–6.0 Medium saline – suitable for high salt tolerant crops with proper 
management

2000–4000

>6.0 Highly saline – not suitable for irrigation 4000

>14 Very saline – secondary drainage water >9000

>45 Brine – sea and industrial water >30,000

Table 1. 
Irrigation water-salinity based classification.
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 R V / I.=  

 G 1 / R.=  
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Non saline Slightly saline Moderately saline Strongly saline Extremely saline

0–2 2–4 4–8 8–16 >16

Electrical conductivity (EC) in dS m−1 [13].
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6. Saline soil management

6.1 Periodical monitoring and assessment by salinity mapping

Various natural and anthropogenic factors which increase the deterioration, and 
severity of saline soil in order to reduce adverse effect, continuous monitoring and 
prediction is needed. Various quantitative and qualitative mapping done through 
multi-temporal and multi-spectral information from remote sensing is needed. 
Hyper spectral remote sensing: it is having number of narrow and continuous band 
provide a precise information about difference in halophytes and non halophytes 
and used to distinguish various salinity classes [20–22].

Number of indices used for measure salinity.

 ( ) ( )
( )

   
R NIR

NDVI normalised difference salinity index
R NIR
−

=
+

 (1)

  R2 .Brightness index NIR= +  

  Salinity index B R= ×  (2)

where NIR, near infrared reflectance; R, red band; B, blue band.

6.2 Physical management of saline soil

i. Scrapping: Scrapping is followed in minimal land area where removal of salt 
accumulated topsoil in order to minimise the root zone salinity and tempo-
rary toxic effect of salinity.

ii. Subsoiling: soil in deep layers having less salt content compared to above 
layers subsoiling breaks the top custard soil and make more permeable.

iii. Deep ploughing: chisel plough is needed for deep ploughing in order to 
increases the permeability for better leaching.

iv. Levelling: Levelling is to get uniform leaching entire land should be levelled 
avoiding unnecessary wastage of water.

v. Sand mixing: In heavy clay soil permeability was very less. Application and 
mixing of sand in soil having clay content 30–40% increases the permeabil-
ity and get higher leaching efficiency.

vi. Leaching: Dissolve and translocate the soluble salts in downwards below 
45–60 cm. Based on the water availability and soil types the leaching method 
differentiated into two types continuous leaching and intermittent leach-
ing. Intermittent leaching is done by after drain of previous leaching water 
another application takes place which is followed in were the scarcity of good 
quality water.

 ( ) 100iw

dW

ECLeaching requirement LR
EC

= ×  (3)
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where ECiw = electrical conductivity of irrigated water, ECdw = electrical con-
ductivity of drainage water.

vii.  Mulching: Mulching with crop residues or live crops reduces the evaporation 
of moisture from the soil surface compared to barren soil. Its reduces the 
upward pull of salts from ground water table [23–25].

6.3 Chemical method

i. Gypsum application: Gypsum application required only the Na content of 
the soil increased ESP more than 15 or pH more than 8 (saline sodic soil) for 
replaces the Na+ by Ca2+ and subsequent leaching of Na+.

ii. Nutrient addition: Application of nutrient like NPK, magnesium and hor-
mones like salicylic acid which reduces the toxicity effects of saline soil and 
raise optimum crop growth and yield. Nitrate which reduces the uptake of 
chloride, potassium reduces the uptake of Na [26]. Salicylic acid application 
increases Mg uptake which influences the activity of ATP leads to increase in 
H+ATP-ase hydrolytic activity and imports H+ ion in vacuole leads to increase 
in sodium sequestration by vacuole. K+ foliar and soil application signifi-
cantly reduces the toxic effect of saline soil by maintains the water balance 
and ion ratio [27].

6.4 Bio remediation of saline soil

Bioremediation is a sustainable approach in order to reduce and alleviate the 
toxic effect of salinity. Two different types in bio remediation are:

• Phytoremediation

• Microbial remediation

6.4.1 Phytoremediation

Phytoremediation involves using plant species to diminish the concentration 
of the salts or contaminants in the soil. Plant species like halophytes, hyper accu-
mulating plants, salt tolerant and transgenic salt tolerant plants used for phyto 
remediation of saline soil. ex., Tamix chinensis, Lycium chinense, Gossypium hirsutum. 
There are three types of halophytes: (a) salt excluding – filters the salt by specially 
adoptive root system, ex. Rhizophora muaneta; (b) salt excreting – regulate the plant 
internal cell physiology, ex. Avicennia officinalis; salt accumulating – accumulating 
salts in cells and tissues of halophytes, ex. Sonneratia apetala [28].

6.4.2 Microbial remediation

Various salt tolerant rhizosphere microbial community (Halophills) which 
remediate the saline soils. Mechanism of microbial tolerant involves (i) 
maintains cytoplasmic ionic content equal to the medium, (ii) concentrating 
solutes for create osmotic balance, (iii) after cell physiology restrict or control 
movement of water both inside and outside of the cytoplasm [29]. Halobacillus 
sp., like Bacillus gibsonii, Halobacterium salinarum, Staphylococcus succinus, 
Zhihengliuella halotolerans, Oceanobacillus oncorhynchi are the examples of 
halotolerent bacteria (Table 2) [30].
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6.4.3 Plant microbe interaction

Arbuscular mycorrhizal fungi (AMF) which involves in alleviate the detri-
mental effect of saline soil by facilitate to satisfy the plants nutrient and water 
requirement (Table 3). AMF increases the nutrient uptake of P, N, Ca, Mg and 
Zn, maintains the K:Na ratio, accumulate osmolytes like proline, polyamine and 
antioxidents, physiological changes like increase cell permeability and increase 
in photosynthetic efficiency finally molecular changes like maintains the activity 
of transporters like Pht.1 (Phosphorus transpolar) and antiportors of Na+/H+ 
(Figure 1) [27, 32–34].

Halophiles Tolerate up to (M-molar salt content)

Non-halophiles <0.2 M

Slightly halophiles 0.2–0.5 M

Moderately halophiles 0.5–2.5 M

Strongly halophiles 1.5–4.0 M

Extremely halophiles 2.5–5.2 M

Table 2. 
Classification of microorganisms based on salinity tolerance [31].

Figure 1. 
Physical management practices of salinity management: (a) deep ploughing and (b) mulching.

Sensitive
(0-4 d Sm−1)

Moderately sensitive  
(4-6 d Sm−1)

Moderately tolerant  
(6-8 d Sm−1)

Tolerant
(8-12 d Sm−1)

Carrot Onion Oats Asparagus

Cucumber Lettuce Cabbage Beet root

Water melon Potato Safflower Barley

Beans Rice Wheat Rye

Radish Grape Spinach

Pear Soy Bean Cotton

Celery Tomato

Citrus

Table 3. 
Classification of crops based on salinity tolerance.
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7. Conclusion

Salinity is a growing threat mainly by anthropogenic activities like improper 
utilisation of resources. Secondary salinisation cause major factor which decline 
the soil fertility and leads to reduction productivity of cultivable lands. Among the 
various management process leaching considered more economical and efficient 
method. Mulching which greatly reduces further build-up of soil salinity due to 
reduction in evapotranspiration. Irrigation water management like monitoring 
salinity of irrigation water, controlled irrigation and blend with good quality water 
give an acceptable result on salinity management. Salinity of soil is not static, so 
proper monitoring and management of saline soil is required to get towards a step 
of global food security. A sustainable way to remediate a saline soil is still to be 
achievable. The knowledge regards the saline soil is needed for better work on it.
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Chapter 6

Soil Erosion Influencing Factors in
the Semiarid Area of Northern
Shaanxi Province, China
Ning Ai, Qingke Zhu, Guangquan Liu and Tianxing Wei

Abstract

The semiarid loess area in north Shaanxi Province is one of the most serious
areas of water erosion of China. Vegetation, rainfall, soil, and topography are the
most dominant natural factors affecting soil erosion; and land disturbance/restora-
tion is a significant factor influencing runoff and sediment yield in this area.
According to the research, the results showed: (1) the relative impacts of the four
factors on runoff were rainfall > soil > topography > vegetation, and the relative
impacts of the factors on sediment yield were soil > runoff > rainfall > topogra-
phy > vegetation; (2) during a period of the preliminary stage after land distur-
bance, topography was the most critical factor for the runoff, while sediment yield
was soil. During a period of land restoration after land disturbance, runoff was
primarily affected by vegetation, while sediment yield was rainfall; (3) this study
showed Hippophae rhamnoides + Pinus tabulaeformis and Hippophae rhamnoides
were the best vegetation type for reducing runoff and sediment yield, especially if
the slope is less than 20°. Land disturbance is caused by human activities in
semiarid regions, and in order to reduce the runoff and sediment yield quickly and
effectively, artificial measures should be taken for rehabilitation of the disturbed
lands.

Keywords: soil erosion, vegetation, soil and water conservation,
gray relational analysis

1. Introduction

Soil erosion is one of the global environmental problems facing human survival
and development. At present, the global soil erosion area is about 1.643 � 107 km2,
accounting for 10.95% of the total surface area [1, 2]. China is one of the countries
with the most severe soil erosion in the world. Soil erosion has the characteristics of
wide distribution area, high intensity, complex and diverse forms of erosion, and
serious soil loss [3]. According to second remote sensing soil erosion survey data in
China, soil erosion area was 3.56 million km2, accounting for 37% of total land area
in China; the hydraulic erosion area was 1.65 million km2, and the wind erosion area
was 1.91 million km2; all of the erosion causes 5 billion tons of soil loss in China each
year [4]. Shaanxi Province is one of the most serious areas of soil erosion in the
world. Vegetation, rainfall, soil, and topography are the primary factors influencing
soil erosion, although other factors may be involved. The kinetic impact of rain
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hitting the soil causes water erosion [5, 6], and water erosion will occur when
rainfall exceeds a certain value in a single rainfall event. Many scholars have calcu-
lated a rainfall erosion standard based on research in the loess area [7–10]. Vegeta-
tion type and coverage can reduce the soil erosion index, the effectiveness of
rainfall, and the kinetic energy of raindrops and runoff and lead to different soil
bulk densities [11–20]. Splash from raindrops falling on the soil surface may destroy
the structure of soil by causing the displacement of soil particles (splash erosion),
allowing soil movement and transportation with runoff. Therefore, particle size,
bulk density, initial water content, and infiltration properties of soils have impor-
tant roles in water erosion and soil loss [11, 21–26]. Topography restricts the types
and configuration of vegetation and affects soil moisture, runoff production, and
runoff pathways, thus affecting water erosion and soil loss [22, 27–31].

Land use/cover and management are considered to be the most important factors
influencing soil erosion [32–37], especially in the semiarid loess regions [11, 25,
38–41]. However, land disturbance and restoration are key factors influencing land
use/cover and management [42–46]. The vegetation, root system, soil characteristics,
and topography are strongly influenced by land disturbance/restoration, such as
trampling and digging [46–49]. All these factors are critically important regarding
runoff and sediment yield. Other human activities, such as overgrazing and defores-
tation, also increased the possibility of producing runoff and sediment yield
[31, 50–57]. Here, we use trampling as an example to illustrate the importance of land
disturbance or land mismanagement. Trampling can decrease the soil macro-porosity
and the associated hydraulic conductivity, thus increasing runoff production [47, 58].
Trampling can also damage plant root system, reduce vegetation coverage, and
destroy soil structure, thus rendering the soil surface more susceptible to erosion
[48, 49].

In recent years, with the implementation of the Grain for Green Program and
other forestry ecological engineering, a great deal of scientific attentions has been
focused on the land disturbance or/and land mismanagement and their impacts on
runoff production and soil erosion. Zhao et al. studied the dynamic effects of pastures
and crops on runoff production and sediment yield under simulated rainfall condi-
tions and found that vegetation restoration can reduce sediment yield more effec-
tively at the growing stage and can reduce runoff production more effectively at the
mature stage [59]. Pan et al. investigated the influence of grass and moss on runoff
production and sediment yield also under simulated rainfall conditions and found that
the grass and moss can efficiently reduce sediment yield and runoff production [60].
Wei et al. studied the effects of surface conditions and rainfall intensities on runoff
production using micro-runoff plots and rainfall simulation and concluded that the
runoff production varies drastically with different surface conditions and also with
different rainfall intensities [61]. Li et al. investigated the soil detachment capacity
and its relationships with sediment yield and runoff production and found that such
factors as soil aggregate median diameter, organic matter, and root density can affect
soil detachment capacity and thus runoff production and sediment yield [40].

However, the effects of natural rainfall events on runoff and sediment yield
were found strongly different with artificial rainfall simulations [22]. Few scholars
have studied the relative weights of the four primary factors that control runoff and
sediment yield. Moreover, few works in the literature focused on the weights of
various factors on runoff and sediment yield during the process of land disturbance/
restoration under the conditions of natural rainfall. Above all, the specific objectives
of this research were to: (1) Better understand the effects of the four factors—
vegetation, rainfall, soil, and topography—on rainfall-runoff and sediment yield in
the semiarid loess area of Shaanxi, China, and (2) examine the characteristics of
annual runoff and sediment yield under different vegetation types during a period
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of the preliminary stage (PPS) after land disturbance and a period of land restora-
tion after land disturbance (PLR).

2. Materials and methods

2.1 Study area

The study area is located at the field station (Table 1 and Figure 1) in Dajigou
catchment, a typical loess hilly area, at northwestern Loess Plateau, Shaanxi Province,
China (36°33033″–37°24027″N, 107°38037″–l08°32049″E; 1233–1809 MASL). The area
belongs to the semiarid temperate climate zone. The mean annual precipitation is
approximately 464.5 mm (1957–2013), of which approximately 61% falls in the
summer from July to September. The monthly temperature ranges from �28.5°C
(December 1967) to 38.3°C (July 2001), with an annual mean temperature of 7.9°C
(1957–2013). The typical soils in Wuqi County are loess soils with relatively coarse
particles [62]. The original vegetation almost disappeared. In recent years, to protect
the environment in this region, the Chinese government implemented the Grain for
Green Program to restore the ecological environment, namely, by restoring forest and
grass vegetation. The major vegetation types are grasses, Hippophae rhamnoides (a
spiny deciduous shrub), Pinus tabulaeformis, Robinia pseudoacacia (black locust), and
other shrub and tree species. The shrub vegetation contains mixed deciduous broad-
leaved species (i.e., Robinia pseudoacacia + Hippophae rhamnoides) and evergreen
coniferous species (i.e., Hippophae rhamnoides + Pinus tabulaeformis).

2.2 Experimental design

After a complete catchment survey, together with an evaluation of topography
and vegetation types, five plots (20 m � 5 m) were constructed at the study areas in
July 2009. The vegetation types in the five plots are Hippophae rhamnoides + Pinus
tabuliformis (I) (PRa), Hippophae rhamnoides + Pinus tabuliformis (II) (PRb), Pinus
tabuliformis (P), Hippophae rhamnoides (R), and Lespedeza davurica + Leymus

Plot
code

Vegetation type Density High Slope
gradient

Slope
aspect

Elevation Canopy
density
(%)

Pinus
tabuliformis

Hippophae
rhamnoides

PPS PLR

RPa Hippophae
rhamnoides + Pinus
tabuliformis (I)

800/hm2 1500/hm2 1.88 m 12° ES37° 1396 m 48 63

RPb Hippophae
rhamnoides + Pinus
tabuliformis (II)

700/hm2 1400/hm2 1.98 m 29° ES35° 1380 m 32 50

P Pinus tabuliformis 1200/hm2 3000/hm2 3.33 m 17° WS12° 1386 m 40 53

R Hippophae
rhamnoides

2300/hm2 2300/hm2 2.62 m 17° NE34° 1406 m 35 55

G Lespedeza
davurica + Leymus

secalinus

28° WS3° 1398 m 55 81

Table 1.
The specific conditions of five runoff plots.
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secalinus (G) (Table 1). During the preliminary stage of establishing the plots, the
vegetation, soil, and earth surface were severely degraded by the constructors
through trampling and digging. With time, the vegetation and soil conditions in the
plots obviously improved. The runoff and sediment yield during PPS and PLR were
extremely different. This study uses the data measured in 2009 as of PPS and in
2010–2012 as of PLR for analysis. We ultimately drew conclusions regarding the
order of weight for factors affecting runoff and sediment yield during the two
different stages. Figures 2 and 3 show part of the runoff plots during these two
stages.

Figure 1.
The location of the study area and distribution of the five runoff plots.

Figure 2.
The plots and meteorological station conditions during a period of the preliminary stage (PPS) after land
disturbance.
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2.3 Measurement

We monitored the daily runoff and sediment yield during the main rainy season
(July–September) from 2009 to 2013. Table 1 shows the detailed parameters of
these runoff plots. At the lower end of each plot, a sump was used to collect runoff
and sediment yield during each rainfall-runoff event. The sump was composed of
concrete with a dimension of 1 � 1 � 1 m3. The data were measured from July to
September of each year. Following each rainfall event, three samples of approxi-
mately 1.65 L were removed from each sump to estimate the sediment yield.

2.4 Meteorological data

A simple meteorological field station (HOBO Weather Station, Onset Computer
Co., Bourne, MA, USA), including a tilting rain gauge, was installed in the study
area to record year-round meteorological data (Figure 2). The weather station
recorded once 5 min passed. So, we calculated the I5, I10, I15, and I30 values from the
weather station record (I5 = 5-min maximum rainfall intensity; I10 = 10-min
maximum rainfall intensity; I15 = 15-min maximum rainfall intensity; I30 = 30-min
maximum rainfall intensity).

2.5 Soil bulk density

Three soil profiles were excavated at the uphill, middle, and downhill areas
which are near the runoff plots. Soil samples were collected from each profile at the
depths of 0–20, 20–40, 0–60, 60–80, and 80–100 cm. Soil bulk density was tested
using a ring knife (diameter, 5 cm; height, 5 cm).

Figure 3.
Contrast in plot regions and conditions during PPS and a period of land restoration (PLR) after land
disturbance.
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secalinus (G) (Table 1). During the preliminary stage of establishing the plots, the
vegetation, soil, and earth surface were severely degraded by the constructors
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2010–2012 as of PLR for analysis. We ultimately drew conclusions regarding the
order of weight for factors affecting runoff and sediment yield during the two
different stages. Figures 2 and 3 show part of the runoff plots during these two
stages.

Figure 1.
The location of the study area and distribution of the five runoff plots.

Figure 2.
The plots and meteorological station conditions during a period of the preliminary stage (PPS) after land
disturbance.
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2.3 Measurement
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maximum rainfall intensity).
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2.6 Soil steady infiltration rate

An instrument for recording the process of water infiltration into the soil was
employed, and the depth of infiltration was calculated by the empirical equation:

H ¼ 0:19635� h� cos a (1)

where H is the depth of infiltration, h is the change in the standing water level,
and a is the slope gradient. At the beginning of the experiment, data were recorded
every 10 s for 90 s; then, data were recorded every 30 s for 5 min; at the end, data
were recorded once every minute. The experiment was not completed until similar
measurements were observed 5–6 times [63].

2.7 Data processing

We used the Principal Coordinates Analysis (PCoA) method to convert the
qualitative variables, such as vegetation and slope aspect, into quantitative variables
[64]. To reduce the error of the evaluation, we used PCoA for numerical transfor-
mation and calculate the characteristic value of each item, and then we used
characteristic value for analysis.

The Chinese scholar Deng Julong first proposed the gray correlation method.
This method is based on developmental trends of the degree of similarity or dis-
similarity between factors. By comparing a sequence of an established family of
curves and a reference sequence curve, using geometric similarity, one can deter-
mine the degree of connection between the reference sequence and a comparison
sequence set of data. If the shapes are similar, then a greater degree of similarity is
identified. The comparison sequence and the reference sequence include both tem-
poral series and nontemporal series. Therefore, the gray correlation method pro-
vides a quantitative measurement for the development of a system. This method is
highly suitable for the analysis of a dynamic process. The specific method is shown
as below [65]:

1. The parameters are standardized using:

x,i kð Þ ¼ xi kð Þ � min xi kð Þ
maxxi kð Þ � min xi kð Þ (2)

where x,i kð Þ are the new values obtained when the parameters are standardized
by Eq. (2) and x,i kð Þ are the original parameters.

2. Then, the correlation coefficient is calculated using:

γ x,0 kð Þk, x,i kð Þ� � ¼ Δxmin þ εΔxmax

Δx0i kð Þ þ εΔxmax
(3)

Δxmin ¼ min
∀jϵi

min
∀k

x,0 kð Þ � x,j kð Þ
���

��� (4)

Δxmax ¼ max
∀jϵi

max
∀k

x,0 kð Þ � x,j kð Þ
���

��� (5)

Δx0i kð Þ ¼ x,0 kð Þ � x,i kð Þ�� �� (6)

where Δx0i kð Þ is the absolute value of the difference between the comparison
sequence and the reference sequence and ξ is the distinguishing coefficient.
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Runoff Sediment yield

Correlation Rank Proportion Correlation Rank Proportion

Vegetation Vegetation types 0.5791 13 22.28% 0.5851 13 16.85%

Vegetation
coverage

0.5908 12 0.5393 14

Rainfall Rainfall amount 0.7685 1 27.85% 0.6922 4 20.74%

Rainfall duration 0.704 6 0.6474 8

Average rainfall
intensity

0.7526 2 0.8285 2

I5 0.6994 7 0.643 9

I10 0.7112 5 0.6666 7

I15 0.7358 4 0.687 5

I30 0.7482 3 0.6797 6

Soil bulk density 0.6948 8 25.53% 0.8657 1 22.57%Soil

Soil steady
infiltration rate

0.6455 10 0.6411 10

Topography Slope aspect 0.6655 9 24.34% 0.6315 11 18.46%

Slope gradient 0.6124 11 0.6009 12

Runoff 0.7134 3 21.38%

Note: I5, 5-min maximum rainfall intensity; I10, 10-min maximum rainfall intensity; I15, 15-min maximum rainfall
intensity; I30, 30-min maximum rainfall intensity; GRG, gray relational grade

Table 2.
Gray relational grade between runoff and sediment yield and the factors influencing runoff and sediment yield.

PPS PLR

GRG Rank Proportion GRG Rank Proportion

Vegetation Vegetation type 0.6133 6 0.2476 0.6757 2 0.2594

Vegetation cover 0.6023 7 0.6061 8

Rainfall Rainfall amount 0.6417 3 0.2411 0.6415 3 0.2539

Rainfall duration 0.6303 4 0.7443 1

Average rainfall intensity 0.5835 10 0.5675 12

I5 0.5584 12 0.6146 7

I10 0.5662 11 0.6186 5

I15 0.6209 5 0.6032 9

I30 0.5406 13 0.6012 10

Soil Soil bulk density 0.5936 9 0.2539 0.5665 13 0.2408

Soil steady infiltration 0.6524 2 0.6231 4

Topography Slope aspect 0.6681 1 0.2574 0.5995 11 0.2459

Slope gradient 0.5955 8 0.6156 6

Note: I5, 5-min maximum rainfall intensity; I10, 10-min maximum rainfall intensity; I15, 15-min maximum rainfall
intensity; I30, 30-min maximum rainfall intensity; GRG, gray relational grade

Table 3.
Gray relational grade between runoff and its influential factors.
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identified. The comparison sequence and the reference sequence include both tem-
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as below [65]:
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where Δx0i kð Þ is the absolute value of the difference between the comparison
sequence and the reference sequence and ξ is the distinguishing coefficient.
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Vegetation cover 0.6023 7 0.6061 8

Rainfall Rainfall amount 0.6417 3 0.2411 0.6415 3 0.2539
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The value of ξ ranges from 0 to 1, but generally ξ = 0.5. γ x,0 kð Þk, x,i kð Þ� �
is the

correlation coefficient.

3. Lastly, the gray relational grade (GRG, Γ) is calculated using:

Γ ¼ 1
n

Xn

k¼1

γ x,0 kð Þ, x,i kð Þ� �
(7)

We selected runoff and sediment yield as the reference sequences; several indi-
cators were used as comparative sequences, including vegetation type, vegetation
coverage, rainfall amount, rainfall duration, average rainfall intensity (I5, I10, I15,
I30), soil bulk density, soil steady infiltration rate, and slope aspect and gradient.
Then, the gray relational grade was calculated for the reference and comparison
sequences (Tables 2 and 3). Deng pointed out in his book that if the gray relational
grade is large, then a close relationship exists between the sequence and reference
parameters [65].

3. Results

3.1 The relationship between rainfall amount, rainfall-runoff, and sediment
yield

Figures 4 and 5 show that if rainfall conditions are held constant, the runoff and
sediment yield vary among the five runoff plots with different vegetation types. In
the 16 rainfall events, relative to variations in sediment yield, variations in runoff
were smaller, and the coefficient of variation was 88.26%. The coefficient of varia-
tion for sediment yield was 172.70%. Also, at the preliminary stage after runoff plots
had been constructed, vegetation destroyed, and vegetation canopy lowered, the
benefits of soil and water conservation were better in Hippophae rhamnoides + Pinus
tabuliformis and Hippophae rhamnoides vegetation types. With the recovery of veg-
etation, the benefits of soil and water conservation increased in all of the vegetation

Figure 4.
Runoff trend with rainfall amounts in the study area of Wuqi County, Shaanxi Province, China.
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types at rainfall event. However, the Pinus tabuliformiswas more obvious, especially
in low rainfall intensity and long-duration rainfall events; Hippophae
rhamnoides + Pinus tabuliformis was still low at low slope gradient when contrasted
with other vegetation types in runoff plots; Hippophae rhamnoides decreased. Com-
paring grassland and Hippophae rhamnoides + Pinus tabuliformis in the same slope
gradient, we conclude that grass on a slope with a gradient >25° cannot take the
initiative to configure arbors or shrubs and make it natural succession to grow. At
same time, we suggest that some shrubs and arbors should be active configuration
to enhance the effect of soil and water conservation at low slope gradient less than
25 degrees; and considering that soil and water losses in pure Pinus tabuliformis
forest were greater in the early stage of afforestation, we especially recommend
Hippophae rhamnoides + Pinus tabuliformis mixed forests.

Figures 4 and 5 show that vegetation types and rainfall amount had large effects
on runoff and sediment yield; however, the change rule was not obvious. This study
demonstrated that runoff and sediment yield are not solely determined by rainfall
amount or by any single factor but more likely by a combination of vegetation type,
vegetation coverage, rainfall amount, rainfall duration, rainfall intensity (average
and for specified time periods), soil bulk density, soil steady infiltration rate, slope
aspect, and slope gradient. Therefore, this research used the gray correlation
method to comprehensively analyze the factors that influence runoff and sediment
yield from multiple angles.

3.2 The factors affecting runoff and sediment yield based on gray relational
analysis

While selecting runoff and sediment yield as a reference sequence, multiple
indicators were used as comparative sequences, including vegetation type, vegeta-
tion coverage, rainfall amount, rainfall duration, average rainfall intensity, rainfall
intensity for specified times (I5, I10, I15, I30), soil bulk density, soil steady infiltration
rate, slope aspect, and slope gradient. Then the gray relational grade was calculated
for the reference and comparison sequences (Table 2). Scientists generally agree
that if the gray relational grade is large, then a close relationship exists between the
sequence and reference parameters.

Figure 5.
Sediment yield trend with rainfall amounts in the study area of Wuqi County, Shaanxi Province, China.
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The value of ξ ranges from 0 to 1, but generally ξ = 0.5. γ x,0 kð Þk, x,i kð Þ� �
is the

correlation coefficient.

3. Lastly, the gray relational grade (GRG, Γ) is calculated using:

Γ ¼ 1
n

Xn

k¼1

γ x,0 kð Þ, x,i kð Þ� �
(7)

We selected runoff and sediment yield as the reference sequences; several indi-
cators were used as comparative sequences, including vegetation type, vegetation
coverage, rainfall amount, rainfall duration, average rainfall intensity (I5, I10, I15,
I30), soil bulk density, soil steady infiltration rate, and slope aspect and gradient.
Then, the gray relational grade was calculated for the reference and comparison
sequences (Tables 2 and 3). Deng pointed out in his book that if the gray relational
grade is large, then a close relationship exists between the sequence and reference
parameters [65].

3. Results

3.1 The relationship between rainfall amount, rainfall-runoff, and sediment
yield

Figures 4 and 5 show that if rainfall conditions are held constant, the runoff and
sediment yield vary among the five runoff plots with different vegetation types. In
the 16 rainfall events, relative to variations in sediment yield, variations in runoff
were smaller, and the coefficient of variation was 88.26%. The coefficient of varia-
tion for sediment yield was 172.70%. Also, at the preliminary stage after runoff plots
had been constructed, vegetation destroyed, and vegetation canopy lowered, the
benefits of soil and water conservation were better in Hippophae rhamnoides + Pinus
tabuliformis and Hippophae rhamnoides vegetation types. With the recovery of veg-
etation, the benefits of soil and water conservation increased in all of the vegetation

Figure 4.
Runoff trend with rainfall amounts in the study area of Wuqi County, Shaanxi Province, China.

126

Soil Moisture Importance

types at rainfall event. However, the Pinus tabuliformiswas more obvious, especially
in low rainfall intensity and long-duration rainfall events; Hippophae
rhamnoides + Pinus tabuliformis was still low at low slope gradient when contrasted
with other vegetation types in runoff plots; Hippophae rhamnoides decreased. Com-
paring grassland and Hippophae rhamnoides + Pinus tabuliformis in the same slope
gradient, we conclude that grass on a slope with a gradient >25° cannot take the
initiative to configure arbors or shrubs and make it natural succession to grow. At
same time, we suggest that some shrubs and arbors should be active configuration
to enhance the effect of soil and water conservation at low slope gradient less than
25 degrees; and considering that soil and water losses in pure Pinus tabuliformis
forest were greater in the early stage of afforestation, we especially recommend
Hippophae rhamnoides + Pinus tabuliformis mixed forests.

Figures 4 and 5 show that vegetation types and rainfall amount had large effects
on runoff and sediment yield; however, the change rule was not obvious. This study
demonstrated that runoff and sediment yield are not solely determined by rainfall
amount or by any single factor but more likely by a combination of vegetation type,
vegetation coverage, rainfall amount, rainfall duration, rainfall intensity (average
and for specified time periods), soil bulk density, soil steady infiltration rate, slope
aspect, and slope gradient. Therefore, this research used the gray correlation
method to comprehensively analyze the factors that influence runoff and sediment
yield from multiple angles.

3.2 The factors affecting runoff and sediment yield based on gray relational
analysis

While selecting runoff and sediment yield as a reference sequence, multiple
indicators were used as comparative sequences, including vegetation type, vegeta-
tion coverage, rainfall amount, rainfall duration, average rainfall intensity, rainfall
intensity for specified times (I5, I10, I15, I30), soil bulk density, soil steady infiltration
rate, slope aspect, and slope gradient. Then the gray relational grade was calculated
for the reference and comparison sequences (Table 2). Scientists generally agree
that if the gray relational grade is large, then a close relationship exists between the
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Several conclusions can be drawn using 5 years of data with the gray correlation
method that analyzes the factors that affect runoff. First, rainfall is the most critical
factor affecting runoff; it accounted for 27.86% of the total factor weight. This was
followed by soil (25.53%), topography (24.34%), and vegetation (22.28%). Second,
analysis of the specific factors related to rainfall found that the gray relational grade
is 0.7685 for rainfall amount and that rainfall amount has the strongest influence on
runoff of the top seven of 13 indicators analyzed here. Average rainfall intensity and
I30 ranked second and third, respectively. Soil bulk density, another important
factor affecting runoff, had a gray relational grade of 0.6948, which was greater
than that of the soil steady infiltration rate. Slope aspect is the most important of the
topographic factors affecting runoff, and its gray relational grade was 0.6655, larger
than that of slope gradient. Of the vegetation factors, vegetation coverage had the
largest effect on runoff and its gray relational grade, 0.5908, was larger than that of
vegetation type (Table 2).

Several conclusions can be drawn using the gray correlation method to analyze
the factors affecting sediment yield at the loess region study plots during 2009–
2013. First, soil and runoff are the two most critical factors affecting sediment yield,
accounting for 22.57% and 21.38% of the total proportion, while rainfall and topog-
raphy accounted for 20.74% and 18.46%, respectively. Second, for the soil factors,
soil bulk density had the largest effect on sediment yield and was the main factor
among the 14 indicators measured here. Runoff ranked third in affecting sediment
yield among the 14 indicators. Average rainfall intensity had the largest effect on
sediment yield among measures of rainfall and ranked second among the 14 specific
indicators. Rainfall amount also had a large effect on sediment yield, ranking fourth
among the 14 indicators. The gray relational grades of other specific factors related
to rainfall were also large and had dominant effects on sediment yield. The effects
of vegetation type and vegetation coverage on sediment yield were small relative to
other indicators; however, the gray relational grades for vegetation type and vege-
tation coverage were large (0.5851 and 0.5393, respectively); therefore, sediment
yield and vegetation are very closely related.

3.3 Factors affecting runoff

As shown in Table 3, during PPS, it is clear that the slope aspect had the
strongest impact on the runoff, with a GRG of 0.6681. The GRG for the soil steady
infiltration rate was 0.6524, below only the slope aspect. The third factor was the
rainfall amount, with a GRG of 0.6417, followed by rainfall duration, with a GRG of
0.6303. For the rainfall intensity, the GRG for I15 was the largest, and the relation-
ship with runoff was similar. The influences of vegetation type and cover on the
runoff were intermediate among the 13 factors and both with GRG values higher
than 0.6. The smallest GRG value was I30 and the value was 0.5406 for the 13
factors, which is higher than 0.5. Therefore, all the 13 factors were closely related to
runoff.

During PLR (Table 3), the rainfall duration replaced the slope aspect as the
most critical factor affecting the runoff with a GRG of 0.7443. The GRG for
vegetation type was 0.6757 and ranked second among the 13 factors. The rainfall
amount ranked third with a GRG of 0.6415, and its influence on runoff showed no
change in comparison with PLR. The GRG of the soil steady infiltration rate was
ranked fourth (GRG, 0.6231), indicating a strong effect on runoff. I10 was the
most critical factor among the rainfall intensity parameters. The influences of
slope gradient and vegetation cover on runoff showed little changes. The
influence of slope aspect on runoff showed a particularly notable decrease,
ranking only at the 11th.
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3.4 Factors affecting sediment yield

Table 4 shows that during PPS, the influence of soil bulk density was signifi-
cantly higher than that of the other factors, with a GRG of 0.8113. The average
rainfall intensity ranked second, with a GRG of 0.7444, followed by the soil steady
infiltration rate. Among the rainfall intensity factors, I30 had the closest relationship
with sediment yield. The GRG for vegetation type was 0.6487, indicating that this
factor is more closely related to sediment yield than vegetation cover. The smallest
GRG value was 0.5945, indicating that all the factors had close relationships with
sediment yield.

During PLR, I10 replaced the soil bulk density as the most significant factor
affecting the runoff, with a GRG of 0.8012. The GRG values of I5, I15, I30, and
average rainfall density were high among the 14 factors, indicating that rainfall
intensity had the most important relationship with sediment yield during PLR. The
rainfall duration ranked from the 10th to the 5th. In contrast, the soil bulk density
ranked the 10th from the 1st during PPS, illustrating that the influence of the soil
bulk density changed substantially during PLR. At the same time, the rank of soil
steady infiltration rate was down to the eighth from the third. The rank of runoff
moved up in comparison with PPS. The effects of vegetation type and vegetation
cover on sediment yield were reduced according to the GRG analysis. The rank of
slope aspect added, while the rank of slope gradient was down.

3.5 Runoff and sediment yield under different vegetation types

Significant differences were observed among the treatments in terms of runoff
and sediment yield during PPS and PLR (Figure 6). The runoff and sediment yield
during PPS were remarkably larger than during PLR, especially for P. During PPS,
the runoff was 13.55-fold higher than that during PLR, and the sediment yield was
3.13-fold higher than that during PLR. In the analysis of grassland during PPS, the

PPS PLR

GRG Rank Proportion GRG Rank Proportion

Runoff Runoff 0.6129 13 18.62% 0.6323 11 19.32%

Vegetation Vegetation type 0.6487 7 19.31% 0.6119 13 18.73%

Vegetation coverage 0.6229 11 0.6141 12

Rainfall Rainfall amount 0.6198 12 20.22% 0.6627 9 22.54%

Rainfall duration 0.6316 10 0.6926 5

Average rainfall intensity 0.7444 2 0.6758 6

I5 0.6668 5 0.7953 2

I10 0.6595 6 0.8012 1

I15 0.6482 8 0.7779 3

I30 0.689 4 0.7593 4

Soil Soil bulk density 0.8113 1 23.15% 0.6532 10 20.14%

Soil steady infiltration rate 0.7128 3 0.6652 8

Topography Slope aspect 0.6362 9 18.69% 0.6658 7 19.26%

Slope gradient 0.5945 14 0.5949 14

Table 4.
Gray relational grade between sediment yield and its influential factors.
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Several conclusions can be drawn using 5 years of data with the gray correlation
method that analyzes the factors that affect runoff. First, rainfall is the most critical
factor affecting runoff; it accounted for 27.86% of the total factor weight. This was
followed by soil (25.53%), topography (24.34%), and vegetation (22.28%). Second,
analysis of the specific factors related to rainfall found that the gray relational grade
is 0.7685 for rainfall amount and that rainfall amount has the strongest influence on
runoff of the top seven of 13 indicators analyzed here. Average rainfall intensity and
I30 ranked second and third, respectively. Soil bulk density, another important
factor affecting runoff, had a gray relational grade of 0.6948, which was greater
than that of the soil steady infiltration rate. Slope aspect is the most important of the
topographic factors affecting runoff, and its gray relational grade was 0.6655, larger
than that of slope gradient. Of the vegetation factors, vegetation coverage had the
largest effect on runoff and its gray relational grade, 0.5908, was larger than that of
vegetation type (Table 2).

Several conclusions can be drawn using the gray correlation method to analyze
the factors affecting sediment yield at the loess region study plots during 2009–
2013. First, soil and runoff are the two most critical factors affecting sediment yield,
accounting for 22.57% and 21.38% of the total proportion, while rainfall and topog-
raphy accounted for 20.74% and 18.46%, respectively. Second, for the soil factors,
soil bulk density had the largest effect on sediment yield and was the main factor
among the 14 indicators measured here. Runoff ranked third in affecting sediment
yield among the 14 indicators. Average rainfall intensity had the largest effect on
sediment yield among measures of rainfall and ranked second among the 14 specific
indicators. Rainfall amount also had a large effect on sediment yield, ranking fourth
among the 14 indicators. The gray relational grades of other specific factors related
to rainfall were also large and had dominant effects on sediment yield. The effects
of vegetation type and vegetation coverage on sediment yield were small relative to
other indicators; however, the gray relational grades for vegetation type and vege-
tation coverage were large (0.5851 and 0.5393, respectively); therefore, sediment
yield and vegetation are very closely related.

3.3 Factors affecting runoff

As shown in Table 3, during PPS, it is clear that the slope aspect had the
strongest impact on the runoff, with a GRG of 0.6681. The GRG for the soil steady
infiltration rate was 0.6524, below only the slope aspect. The third factor was the
rainfall amount, with a GRG of 0.6417, followed by rainfall duration, with a GRG of
0.6303. For the rainfall intensity, the GRG for I15 was the largest, and the relation-
ship with runoff was similar. The influences of vegetation type and cover on the
runoff were intermediate among the 13 factors and both with GRG values higher
than 0.6. The smallest GRG value was I30 and the value was 0.5406 for the 13
factors, which is higher than 0.5. Therefore, all the 13 factors were closely related to
runoff.

During PLR (Table 3), the rainfall duration replaced the slope aspect as the
most critical factor affecting the runoff with a GRG of 0.7443. The GRG for
vegetation type was 0.6757 and ranked second among the 13 factors. The rainfall
amount ranked third with a GRG of 0.6415, and its influence on runoff showed no
change in comparison with PLR. The GRG of the soil steady infiltration rate was
ranked fourth (GRG, 0.6231), indicating a strong effect on runoff. I10 was the
most critical factor among the rainfall intensity parameters. The influences of
slope gradient and vegetation cover on runoff showed little changes. The
influence of slope aspect on runoff showed a particularly notable decrease,
ranking only at the 11th.
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3.4 Factors affecting sediment yield

Table 4 shows that during PPS, the influence of soil bulk density was signifi-
cantly higher than that of the other factors, with a GRG of 0.8113. The average
rainfall intensity ranked second, with a GRG of 0.7444, followed by the soil steady
infiltration rate. Among the rainfall intensity factors, I30 had the closest relationship
with sediment yield. The GRG for vegetation type was 0.6487, indicating that this
factor is more closely related to sediment yield than vegetation cover. The smallest
GRG value was 0.5945, indicating that all the factors had close relationships with
sediment yield.

During PLR, I10 replaced the soil bulk density as the most significant factor
affecting the runoff, with a GRG of 0.8012. The GRG values of I5, I15, I30, and
average rainfall density were high among the 14 factors, indicating that rainfall
intensity had the most important relationship with sediment yield during PLR. The
rainfall duration ranked from the 10th to the 5th. In contrast, the soil bulk density
ranked the 10th from the 1st during PPS, illustrating that the influence of the soil
bulk density changed substantially during PLR. At the same time, the rank of soil
steady infiltration rate was down to the eighth from the third. The rank of runoff
moved up in comparison with PPS. The effects of vegetation type and vegetation
cover on sediment yield were reduced according to the GRG analysis. The rank of
slope aspect added, while the rank of slope gradient was down.

3.5 Runoff and sediment yield under different vegetation types

Significant differences were observed among the treatments in terms of runoff
and sediment yield during PPS and PLR (Figure 6). The runoff and sediment yield
during PPS were remarkably larger than during PLR, especially for P. During PPS,
the runoff was 13.55-fold higher than that during PLR, and the sediment yield was
3.13-fold higher than that during PLR. In the analysis of grassland during PPS, the

PPS PLR

GRG Rank Proportion GRG Rank Proportion

Runoff Runoff 0.6129 13 18.62% 0.6323 11 19.32%

Vegetation Vegetation type 0.6487 7 19.31% 0.6119 13 18.73%

Vegetation coverage 0.6229 11 0.6141 12

Rainfall Rainfall amount 0.6198 12 20.22% 0.6627 9 22.54%

Rainfall duration 0.6316 10 0.6926 5

Average rainfall intensity 0.7444 2 0.6758 6

I5 0.6668 5 0.7953 2

I10 0.6595 6 0.8012 1

I15 0.6482 8 0.7779 3

I30 0.689 4 0.7593 4

Soil Soil bulk density 0.8113 1 23.15% 0.6532 10 20.14%

Soil steady infiltration rate 0.7128 3 0.6652 8

Topography Slope aspect 0.6362 9 18.69% 0.6658 7 19.26%

Slope gradient 0.5945 14 0.5949 14

Table 4.
Gray relational grade between sediment yield and its influential factors.
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runoff and sediment yield were 8.59-fold and 1.70-fold than those for PLR. In
addition, the fold differences between PPS and PLR for the RPa, RPb, and R
vegetation types in terms of runoff were 4.81, 4.60, and 3.07; the fold differences in
sediment yield were 1.35, 2.17, and 2.03. This result demonstrates that vegetation
recovery can effectively reduce the runoff and sediment yield.

4. Discussion

4.1 Relationship between rainfall amount, rainfall-runoff, and sediment yield

Rainfall, vegetation, soil, and topography are the main factors involved in soil
erosion [66, 67]. Based on the analysis presented here (Table 2), rainfall amount
and rainfall intensity have the greatest effect on runoff in the semiarid loess area of
Shaanxi, China. This occurs because rainfall amount and intensity are closely
related to the force of erosion. If the force of rainfall increases, this can potentially
have a significant effect on soil loss and runoff (Figures 4 and 5). This conclusion,
based on the data in this study, is consistent with the findings of other scholars
[9, 26, 28, 68].

While the gray relational grade values of vegetation factors were large and the
relationship between runoff and sediment yield was close, vegetation had the
smallest influence of all the specific indicators (Tables 2 and 3). This may be
because vegetation coverage was high during this experiment. Vegetation coverage
of runoff plots was at least 32% in 2009 (Table 1). After 5 years of growth, the area
with the least coverage had 57% vegetation cover (Table 1). Therefore, the effect of
vegetation on runoff may be relatively low in this study area. Others have drawn the
same conclusion; that is, an increase in vegetation coverage will result in a reduction
in runoff so that vegetation plays a smaller role in further reducing runoff as
vegetation cover increases [69–74].

In the high runoff year, after rainfall amount and intensity, topography also had
a dominating influence on runoff and sediment yield (Figures 4 and 5 and
Table 2). This mainly occurred because different topographic conditions led to

Figure 6.
Annual runoff and sediment yield during PPS and PLR for five different vegetation types.
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variations in soil water content in the early stage of vegetation recovery and because
surface runoff differed as topography varied (Figure 1 and Table 1). Low soil water
content affects the infiltration capacity of soil water. If soil water content is high,
soil infiltration is slow; therefore, runoff generation from excess rain leads to soil
erosion [25, 26, 75–79]. The effect of rainfall intensity on runoff and sediment yield
in a high runoff year was ranked from high to low, from I5, I10, I15, to I30. However,
the ranking of the effect of rainfall intensity on runoff and sediment yield in most
years was I30, I15, I10, and I5. Both rankings are related to the soil water content
during the early stage of rainfall.

4.2 Effects of land disturbance and restoration on runoff

The weights of different factors on runoff differed significantly during PPS and
PLR (Figures 2 and 3). Table 3 shows that the weight significance order of the
factors was topography>soil>vegetation>rainfall during PPS and the order was
vegetation>rainfall>topography>soil in PLR. During PPS, the plot environments
were severely degraded by trampling and digging (Figure 2). Slight soil distur-
bances do not produce serious runoff or soil erosion problems [80, 81]. In the study
areas, the surface soil was destroyed, and the vegetation was heavily reduced with
low vegetation coverage and canopy. The vegetation growth conditions became
poor and were fragile at this time; however, stable and suitable vegetation was an
effective method for reducing runoff and sediment yield [25, 82, 83].

In this study, we found that trampling and digging quantitatively decreased
plant cover and vegetation, reduced soil aggregate stability, reduced soil fertility,
and therefore lead to increased runoff. When the land was disturbed and the plant
cover decreased, canopy interception of raindrops was low (Figure 2 and Table 1).
All these changes resulted in decreased mulches in the runoff plots, and thus the soil
surface could not be effectively protected. This situation led to decreased rainwater
infiltration and soil moisture content, and the threshold of runoff generation corre-
spondingly decreased [39, 61, 84]. At the same time, vegetation roots were
destroyed; vegetation roots can modify the structure of soil pores and can improve
the soil infiltration capacity, thus reducing runoff [16, 85–88]. It has been noted that
the decrease in water erosion rates with increasing root mass is exponential.

During PPS, the influence of vegetation on runoff is relatively weak, ranking the
third (Table 3). We speculated that the protective function of vegetation on runoff
was small, because during this period, all the runoff plots collected large amounts of
runoff after rainfall events (Figure 6). Rainfall ranked fourth, for the same reason
as vegetation: as long as there are rainfall-runoff events, large amounts of runoff can
be produced at each runoff plot [89].

The soil surface was degraded in an irregular manner by the construction of
runoff plots; therefore, the disturbances in each plot were quite different. Thus, the
soil characteristics were significantly changed, especially the soil bulk density and
soil steady infiltration rate. At the same time, the topography of each plot was also
affected, especially the microtopography. Wilcox et al. noted that disturbances can
modify surface topographical features and change the vegetation patch structure,
eventually decreasing water storage within the hillslope [39]. Mohr et al. found that
the impact of microtopography on surface runoff connectivity and water-repellent
properties is the first-order control for hydrological and erosion processes. There-
fore, during PPS, the weights of soil and topography were greater than those of
vegetation and rainfall. Thus, topography and soil were major influential factors on
runoff [43].

However, due to the different vegetation succession stages, the processes of
runoff and soil loss are complicated and uncertain in terms of the interaction of
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runoff and sediment yield were 8.59-fold and 1.70-fold than those for PLR. In
addition, the fold differences between PPS and PLR for the RPa, RPb, and R
vegetation types in terms of runoff were 4.81, 4.60, and 3.07; the fold differences in
sediment yield were 1.35, 2.17, and 2.03. This result demonstrates that vegetation
recovery can effectively reduce the runoff and sediment yield.

4. Discussion

4.1 Relationship between rainfall amount, rainfall-runoff, and sediment yield

Rainfall, vegetation, soil, and topography are the main factors involved in soil
erosion [66, 67]. Based on the analysis presented here (Table 2), rainfall amount
and rainfall intensity have the greatest effect on runoff in the semiarid loess area of
Shaanxi, China. This occurs because rainfall amount and intensity are closely
related to the force of erosion. If the force of rainfall increases, this can potentially
have a significant effect on soil loss and runoff (Figures 4 and 5). This conclusion,
based on the data in this study, is consistent with the findings of other scholars
[9, 26, 28, 68].

While the gray relational grade values of vegetation factors were large and the
relationship between runoff and sediment yield was close, vegetation had the
smallest influence of all the specific indicators (Tables 2 and 3). This may be
because vegetation coverage was high during this experiment. Vegetation coverage
of runoff plots was at least 32% in 2009 (Table 1). After 5 years of growth, the area
with the least coverage had 57% vegetation cover (Table 1). Therefore, the effect of
vegetation on runoff may be relatively low in this study area. Others have drawn the
same conclusion; that is, an increase in vegetation coverage will result in a reduction
in runoff so that vegetation plays a smaller role in further reducing runoff as
vegetation cover increases [69–74].

In the high runoff year, after rainfall amount and intensity, topography also had
a dominating influence on runoff and sediment yield (Figures 4 and 5 and
Table 2). This mainly occurred because different topographic conditions led to

Figure 6.
Annual runoff and sediment yield during PPS and PLR for five different vegetation types.
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variations in soil water content in the early stage of vegetation recovery and because
surface runoff differed as topography varied (Figure 1 and Table 1). Low soil water
content affects the infiltration capacity of soil water. If soil water content is high,
soil infiltration is slow; therefore, runoff generation from excess rain leads to soil
erosion [25, 26, 75–79]. The effect of rainfall intensity on runoff and sediment yield
in a high runoff year was ranked from high to low, from I5, I10, I15, to I30. However,
the ranking of the effect of rainfall intensity on runoff and sediment yield in most
years was I30, I15, I10, and I5. Both rankings are related to the soil water content
during the early stage of rainfall.

4.2 Effects of land disturbance and restoration on runoff

The weights of different factors on runoff differed significantly during PPS and
PLR (Figures 2 and 3). Table 3 shows that the weight significance order of the
factors was topography>soil>vegetation>rainfall during PPS and the order was
vegetation>rainfall>topography>soil in PLR. During PPS, the plot environments
were severely degraded by trampling and digging (Figure 2). Slight soil distur-
bances do not produce serious runoff or soil erosion problems [80, 81]. In the study
areas, the surface soil was destroyed, and the vegetation was heavily reduced with
low vegetation coverage and canopy. The vegetation growth conditions became
poor and were fragile at this time; however, stable and suitable vegetation was an
effective method for reducing runoff and sediment yield [25, 82, 83].

In this study, we found that trampling and digging quantitatively decreased
plant cover and vegetation, reduced soil aggregate stability, reduced soil fertility,
and therefore lead to increased runoff. When the land was disturbed and the plant
cover decreased, canopy interception of raindrops was low (Figure 2 and Table 1).
All these changes resulted in decreased mulches in the runoff plots, and thus the soil
surface could not be effectively protected. This situation led to decreased rainwater
infiltration and soil moisture content, and the threshold of runoff generation corre-
spondingly decreased [39, 61, 84]. At the same time, vegetation roots were
destroyed; vegetation roots can modify the structure of soil pores and can improve
the soil infiltration capacity, thus reducing runoff [16, 85–88]. It has been noted that
the decrease in water erosion rates with increasing root mass is exponential.

During PPS, the influence of vegetation on runoff is relatively weak, ranking the
third (Table 3). We speculated that the protective function of vegetation on runoff
was small, because during this period, all the runoff plots collected large amounts of
runoff after rainfall events (Figure 6). Rainfall ranked fourth, for the same reason
as vegetation: as long as there are rainfall-runoff events, large amounts of runoff can
be produced at each runoff plot [89].

The soil surface was degraded in an irregular manner by the construction of
runoff plots; therefore, the disturbances in each plot were quite different. Thus, the
soil characteristics were significantly changed, especially the soil bulk density and
soil steady infiltration rate. At the same time, the topography of each plot was also
affected, especially the microtopography. Wilcox et al. noted that disturbances can
modify surface topographical features and change the vegetation patch structure,
eventually decreasing water storage within the hillslope [39]. Mohr et al. found that
the impact of microtopography on surface runoff connectivity and water-repellent
properties is the first-order control for hydrological and erosion processes. There-
fore, during PPS, the weights of soil and topography were greater than those of
vegetation and rainfall. Thus, topography and soil were major influential factors on
runoff [43].

However, due to the different vegetation succession stages, the processes of
runoff and soil loss are complicated and uncertain in terms of the interaction of
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rainfall and land use [90]. Plant growth can reduce raindrop energy and total
runoff depth through canopy interception and stemflow [91, 92]. Vanacker
et al. also indicated that the disturbance of vegetation cover by human activities
can significantly influence erosion [46]. During PLR, the vegetation recovered,
and the vegetation coverage (canopy) improved remarkably (Table 1). The
effects of vegetation, such as the canopy interception of raindrops, the
decreased velocity of raindrops, and overland flow, prevented the rainfall from
directly impacting the soil surface. These effects were stronger during PLR than
in PPS.

As sufficient time elapsed after the disturbance, the soil and topography became
basically stable (Figure 3). The soils of the runoff plots consolidated and became
difficult to detach by runoff. Improvements in soil characteristics such as soil
porosity and organic matter increased the infiltration rate and decreased the runoff.
Vegetation recovery can improve soil conditions, such as soil permeability and soil
water storage after rainfall, and can control runoff loss through root-network
development and litter accumulation [79, 85, 93].

Once the soil and topography were stable, the vegetation restoration and rainfall
features became increasingly important for runoff. Rainfall features such as rainfall
duration and rainfall intensity exhibited a strong influence on runoff generation
[61, 90]. Therefore, when the soil and topography were stable and the weights of
these factors on runoff were low, the weights of vegetation and rainfall on runoff
increased. Vegetation was a key factor in runoff, and rainfall was the second most
important factor during PLR (Table 3).

4.3 Effects of land disturbance and restoration on sediment yield

The weights of the studied factors on sediment yield differed significantly
between PPS and PLR. The weight significance order of the factors was soil > rain-
fall > vegetation>topography>runoff during PPS, and the order was rainfall>-
soil>runoff>topography>vegetation in PLR (Table 4). The sediment yield was
different between PPS and PLR. During PPS, as a result of land disturbance, the
sediment yield was greater than the land restoration. Through the observation on
human activities, the removal of vegetation and disturbance of the soil surface
result in the potential for soil structure degradation and sediment movement [94].
The sediment yield increases significantly for a short time after forest harvesting by
clearcutting, and compared with good forest, the sediment yield is higher in sparse
grass and bare areas which were without good cover [33]. As shown in Table 4, the
effect of soil and rainfall on sediment yield ranked top two at both PPS and PLR.
Table 4 also shows that the weight of vegetation effect on sediment yield was the
lowest at PLR, because during PLR, the vegetation cover in each plot was large
(Table 1). Some scholars have found that a vegetation cover greater than 60% will
significantly stabilize the soil surface and reduce soil erosion [49, 95]. During PPS,
sediment transport capacity of the runoff was high; during PLR, sediment transport
capacity of the runoff was low (Figure 6). Thus, the influence of runoff on sedi-
ment yield during PLR was greater than during PPS.

4.4 Influence of vegetation type on runoff and sediment yield

By estimating the annual runoff and sediment yield data for the five different
vegetation types in each plot, we found that the runoff and sediment yield differed
with respect to the different vegetation types. Similar results have also been
observed by other scholars [25, 38, 61, 96–100].
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During PPS, the order of vegetation types for producing runoff was
P > G > RPb > RPa > R; the order of vegetation types for producing sediment yield
was P > RPb > G > R > RPa. During PLR, the order of vegetation types for
producing runoff was RPb > G > P > R > RPa; the order of vegetation types for
producing sediment yield was P > G > RPb > RPa > R. Ai et al. found similar results
in their investigation of nine natural rainfall events [89].

Although the runoff and sediment yield differed for the different vegetation
types, the variable coefficient for PLR was lower than that for PPS (Figure 6). In
other words, the effect of vegetation type on soil erosion is more important during
land disturbance than during land restoration or a stable vegetation period. In this
study, we concluded that RPa and R were better choices for land restoration or
reforestation in this area, especially for slope gradients of less than 20 degrees. A
study by Chen et al. indicated that pine woodland induced the largest water loss,
followed by sloping cropland, alfalfa, semi-natural grassland, and shrub land, in the
Loess Plateau in China [11]. Wei et al. found that shrub species were better than
grass species for retaining runoff and reducing surface water loss through overland
flow in a loess hilly area in China [61].

5. Conclusion

There are many factors that cause soil erosion; the runoff and sediment
yield process is complicated. According to the research of soil erosion influencing
factors in the semiarid area in Northern Shaanxi Province in China, the results
showed:

1.The order of factors affecting runoff was rainfall > soil > topography >
vegetation. Rainfall amount, average rainfall intensity, and I30 had the greatest
effects on runoff, based on the analysis of specific indices. Rainfall indices
ranked high among the 13 specific indicators. The gray relational grade values
of vegetation type, which had the smallest impact on runoff among the 13
specific indicators, was 0.5791; this large value indicates a very close
relationship between vegetation and runoff in the wettest year.

2.The order of factors affecting sediment yield was soil > runoff > rainfall >
topography > vegetation. Soil bulk density, average rainfall intensity, and
runoff had the greatest effects on sediment yield of 14 specific indicators.

3.Land disturbance and restoration significantly influence the runoff and
sediment yield. The weights of influential factors (vegetation, rainfall, soil,
topography) for runoff and sediment yield were also different during PPS
and PLR. In this work, we determined the order of influential factor
weights during PPS and PLR. This paper identified effective vegetation
types for controlling runoff and reducing sediment yield. Our findings
revealed that the PR and R vegetation types are better plant selections for
reforestation, especially when the slope gradient is less than 20 degrees.
Our research suggests that in cases of land disturbance caused by humans
in semiarid regions, to quickly and effectively reduce the runoff and
sediment yield, artificial measures should be taken for rehabilitation of the
disturbed lands.

The results of this study will provide an important theoretical basis for the
effective reduction of soil erosion during PPS and PLR, the reconstruction of
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rainfall and land use [90]. Plant growth can reduce raindrop energy and total
runoff depth through canopy interception and stemflow [91, 92]. Vanacker
et al. also indicated that the disturbance of vegetation cover by human activities
can significantly influence erosion [46]. During PLR, the vegetation recovered,
and the vegetation coverage (canopy) improved remarkably (Table 1). The
effects of vegetation, such as the canopy interception of raindrops, the
decreased velocity of raindrops, and overland flow, prevented the rainfall from
directly impacting the soil surface. These effects were stronger during PLR than
in PPS.

As sufficient time elapsed after the disturbance, the soil and topography became
basically stable (Figure 3). The soils of the runoff plots consolidated and became
difficult to detach by runoff. Improvements in soil characteristics such as soil
porosity and organic matter increased the infiltration rate and decreased the runoff.
Vegetation recovery can improve soil conditions, such as soil permeability and soil
water storage after rainfall, and can control runoff loss through root-network
development and litter accumulation [79, 85, 93].

Once the soil and topography were stable, the vegetation restoration and rainfall
features became increasingly important for runoff. Rainfall features such as rainfall
duration and rainfall intensity exhibited a strong influence on runoff generation
[61, 90]. Therefore, when the soil and topography were stable and the weights of
these factors on runoff were low, the weights of vegetation and rainfall on runoff
increased. Vegetation was a key factor in runoff, and rainfall was the second most
important factor during PLR (Table 3).

4.3 Effects of land disturbance and restoration on sediment yield

The weights of the studied factors on sediment yield differed significantly
between PPS and PLR. The weight significance order of the factors was soil > rain-
fall > vegetation>topography>runoff during PPS, and the order was rainfall>-
soil>runoff>topography>vegetation in PLR (Table 4). The sediment yield was
different between PPS and PLR. During PPS, as a result of land disturbance, the
sediment yield was greater than the land restoration. Through the observation on
human activities, the removal of vegetation and disturbance of the soil surface
result in the potential for soil structure degradation and sediment movement [94].
The sediment yield increases significantly for a short time after forest harvesting by
clearcutting, and compared with good forest, the sediment yield is higher in sparse
grass and bare areas which were without good cover [33]. As shown in Table 4, the
effect of soil and rainfall on sediment yield ranked top two at both PPS and PLR.
Table 4 also shows that the weight of vegetation effect on sediment yield was the
lowest at PLR, because during PLR, the vegetation cover in each plot was large
(Table 1). Some scholars have found that a vegetation cover greater than 60% will
significantly stabilize the soil surface and reduce soil erosion [49, 95]. During PPS,
sediment transport capacity of the runoff was high; during PLR, sediment transport
capacity of the runoff was low (Figure 6). Thus, the influence of runoff on sedi-
ment yield during PLR was greater than during PPS.

4.4 Influence of vegetation type on runoff and sediment yield

By estimating the annual runoff and sediment yield data for the five different
vegetation types in each plot, we found that the runoff and sediment yield differed
with respect to the different vegetation types. Similar results have also been
observed by other scholars [25, 38, 61, 96–100].
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During PPS, the order of vegetation types for producing runoff was
P > G > RPb > RPa > R; the order of vegetation types for producing sediment yield
was P > RPb > G > R > RPa. During PLR, the order of vegetation types for
producing runoff was RPb > G > P > R > RPa; the order of vegetation types for
producing sediment yield was P > G > RPb > RPa > R. Ai et al. found similar results
in their investigation of nine natural rainfall events [89].

Although the runoff and sediment yield differed for the different vegetation
types, the variable coefficient for PLR was lower than that for PPS (Figure 6). In
other words, the effect of vegetation type on soil erosion is more important during
land disturbance than during land restoration or a stable vegetation period. In this
study, we concluded that RPa and R were better choices for land restoration or
reforestation in this area, especially for slope gradients of less than 20 degrees. A
study by Chen et al. indicated that pine woodland induced the largest water loss,
followed by sloping cropland, alfalfa, semi-natural grassland, and shrub land, in the
Loess Plateau in China [11]. Wei et al. found that shrub species were better than
grass species for retaining runoff and reducing surface water loss through overland
flow in a loess hilly area in China [61].

5. Conclusion

There are many factors that cause soil erosion; the runoff and sediment
yield process is complicated. According to the research of soil erosion influencing
factors in the semiarid area in Northern Shaanxi Province in China, the results
showed:

1.The order of factors affecting runoff was rainfall > soil > topography >
vegetation. Rainfall amount, average rainfall intensity, and I30 had the greatest
effects on runoff, based on the analysis of specific indices. Rainfall indices
ranked high among the 13 specific indicators. The gray relational grade values
of vegetation type, which had the smallest impact on runoff among the 13
specific indicators, was 0.5791; this large value indicates a very close
relationship between vegetation and runoff in the wettest year.

2.The order of factors affecting sediment yield was soil > runoff > rainfall >
topography > vegetation. Soil bulk density, average rainfall intensity, and
runoff had the greatest effects on sediment yield of 14 specific indicators.

3.Land disturbance and restoration significantly influence the runoff and
sediment yield. The weights of influential factors (vegetation, rainfall, soil,
topography) for runoff and sediment yield were also different during PPS
and PLR. In this work, we determined the order of influential factor
weights during PPS and PLR. This paper identified effective vegetation
types for controlling runoff and reducing sediment yield. Our findings
revealed that the PR and R vegetation types are better plant selections for
reforestation, especially when the slope gradient is less than 20 degrees.
Our research suggests that in cases of land disturbance caused by humans
in semiarid regions, to quickly and effectively reduce the runoff and
sediment yield, artificial measures should be taken for rehabilitation of the
disturbed lands.

The results of this study will provide an important theoretical basis for the
effective reduction of soil erosion during PPS and PLR, the reconstruction of
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low-efficiency forests, the management of spatial vegetation, and replanting of
vegetation in abandoned farmlands in the semiarid loess region.
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low-efficiency forests, the management of spatial vegetation, and replanting of
vegetation in abandoned farmlands in the semiarid loess region.
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