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Preface

Grasses and grassland are tools for an integral ecology. Putting this science in
the category of well-being is still relevant today. Whether grasses and grassland 
can meet the present and future challenges requires an update on empirical and 
scientific achievements and the life quality on earth.

Environmental integration into politics has led to experts and decision-makers
facing (1) problem complexity, (2) risk invisibility, and (3) strong future
uncertainties. In light of these certainties on which to base decision-maker’s actions, 
research is needed on social challenges regarding environmental crises.

This book project has been initiated by IntechOpen. It is indeed a privilege to
have this book published. An array of specialists was invited to contribute seven
chapters.

The present volume therefore shows how grasses and grassland can deal with
life issues and meet societal expectations: food, environmental, ecological, 
medicinal, energy, economic, etc. These issues require representation because
of environmental changes and their solutions need to be assessed. However, this
decision-making process must be undertaken in a context of high complexity and 
uncertainty.

Grasses and grassland are multifunctional for society, expressing a great diversity of
flora and fauna, sustainably managed by grazing, and adapted to the objectives of
preserving and restoring diversity, which are ecological and agronomic issues.

By storing carbon and other key nutrients in soils, grasses and grassland provide
biological feedstock for developing agricultural and associated human societies
feeding humans, supporting domestic livestock production for human use, and 
using for biofuel production.

Moreover, grasslands are known for developing and testing ecological theories for
assessing the impacts of global change, including responses to chronic nitrogen
deposition, elevated CO2 concentrations, and climate change. These include
the most threatened ecosystems, such as the North American tall grass prairies. 
Conserving or restoring these ecosystems will require a strong ecological knowledge
base.

In this context, this book aims to provide the reader with a better understanding 
of the achievements of grasses and grassland, values, and the response to
management factors, including grazing, fires, pesticides, fertilization, and 
associated functional consequences using as models of study: (1) degradation of soil 
vegetation and ecosystems; (2) pastoral fires; (3) pastoral use of crops and residues; 
(4) soil–plant–atmosphere continuum; and (5) fodder cropping sustainability.

Varied perspectives on a common interest—the future of grasses and grassland 
science—reinforce the book’s imitative and dominant subject matter. Progress in
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agronomy, ecology, quality, evaluation, and applications is highlighted with new 
directions for future research and development being explored.

Apart from the introductory chapter, most chapters are co-written by scientists 
from various institutions and specialties. Thus, different perspectives on a 
particular subject are highlighted from one chapter to another throughout the 
book. In addition, areas where more information is needed and where new research 
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Finally, I extended my gratitude to all the authors, sponsors, and funders whose 
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his many investments in building and promoting excellence in tropical science; 
Roland Holou (PhD.Agronomy), agro-pastoralist and DiasporaEngager, CEO 
(Georgia, USA); and Ozias Hounkpatin (PhD Agronomy) of the University of 
Uppsala (Sweden) for their collaboration. The Beninese Association for Pastoralism 
(ABEPA), International Society for Silicon in Agriculture (ISSAg), and Grassland 
Society of Southern Africa (GSSA) are also acknowledged as training networks. 
Bishop Barthelemy Tiando Bona and pastors Arnaud Assogba and Mathias Doukpo 
of the Assemblies of God Churches offered supportive prayers. My spouse Irma 
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Gnonannon Kindomihou offered a patient working atmosphere.
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staff, i.e. Iva Simčić, Ivana Spajić, Edi Lipović, Dan Brooker, Sara Uhač, Adrian 
Assad De Marco, Chris Felder, Alex Lazinica (PhD), Vedran Kordić, and Anke Beck 
(PhD), CEO, for their timely effort in the publication of this book.

Valentin Missiakô Kindomihou (Ph.D. Agronomy)
University of Abomey-Calavi,

Benin Republic, Western Africa

Chapter 1

Introductory Chapter: Milestones
in Grasses and Grassland Research
Valentin Missiakô Kindomihou

1. Introduction

In order to understand the significance of changes that have occurred in Grasses
and Grassland Research and utilization, a short summary of the state of knowledge
is required. The purpose of this chapter will be to briefly describe the milestones in
Grasses and Grassland Research that have occurred. Grasses and Grassland are key
links in biological resources. They are the sources of many agricultural productions,
livestock systems, and environmental issues with positive and recognized impacts
on water quality, biodiversity, and landscapes. However, their acreages have been
steadily decreasing for many years.

Otherwise, if the livestock structures trend is accused, there is also the lack of
knowledge of technicians about the potential of these areas so sensitive to climatic
hazards, unproductive, and difficult to be managed. For example, securing fodder
systems in organic ruminants farming remain questionable facing these plagues.
Grassland would interest such systems by making them productive, stable, input-
efficient, and environmentally friendly and guarantee good technological perfor-
mance. In addition, the complexity of understanding the functioning of Grassland
covers requires synergetic interdisciplinary skills (phytosociology, agronomy, ani-
mal technologies, etc.). Optimizing knowledge of Grasses and Grassland at scales of
production systems should help conceiving self-sufficient, resilient, and sustainable
livestock systems, which would meet society’s new expectations.

In order to improve knowledge on these issues, this chapter aims to provide
scientists, students, technicians, decision-makers, and other development actors
with benchmarks for the diagnosis and management of these resources and ecosys-
tem. Topics which were discussed specifically include properties, synthesis, and
some applications of Grasses and Grassland. Ultimately, what is the contribution of
Grasses and Grassland to the sustainable well-being of the living?

A “Property” is either (a) an original trait, concept, area of research leading to a
significant advance in understanding; or (b) a research review acting as a base for
further study and development. A “Synthesis” is a physical milestone or the produc-
tion of a substance by the union of chemical elements, groups, or simpler compounds,
or by the degradation of a complex compound (www.merriam-webster.com); while
“Application” is a use to which Grasses and Grassland and components are put.

2. Some general points

2.1 What is “Grasses and Grassland”?

Grasses refers to the monocotyledonous green plant, mostly world widespread,
rustic over times and circumstances. The Poaceae family as “real Grasses” includes
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cereals, forages, and fodders plants from pastures and lawns. The concept appeared
in the fifteenth century, derived from the root “grow.” Grasses design the climatic
vegetation in large areas of low rainfall.

Grassland is a community of herbaceous plants mainly Grasses, i.e., a grassy area
that last at least several years. It is also a forage crop, mainly composed of Grasses
and legumes, for grazing or mowing.

About 77% of plant species are Grasses on permanent Grassland exceeding 80% in
the spring and only 65% in the fall; the diversity gradient is between 10 and 40 species
[1]. Knowing Grassland typology may help build sustainable production systems [2].

Indeed, about 18 types of Grassland are distinguished [3, 4]:

a. Seven types of Grassland occur based on duration and composition:
(i) Temporary Grassland established on monocropping Grasses or fodder
legumes, by their association for a short or long duration (i.e., 1–3 years
versus 3–10 years); (ii) Artificial Grassland mainly sown with fodder legumes
for 2–5 years, usually in a crop rotation; (iii) Permanent Grassland, long-sown
(˃10 years) with one or various Grasses and legumes species; (iv) Semi-
natural Grassland, i.e., permanent Grassland with native Grasses, herbaceous,
brush, trees, or groves species; (v) Range as wide areas holding native species
that are grazed, fenced, or not; (vi) Natural Grassland enriched by native
Grasses for a long time; (vii) Multi-species Grassland includes at least three
different species from two different families, which ensure more regular
production throughout the year and are more resistant to climatic hazards.

b. Three types of Grassland defined by the objectives: (viii) Grazing meadow;
(ix) Mixed Grassland for grazing and mowing; and (x) Hay meadow for hay
or silage in piles or with wrapping.

c. Four types of Grassland rise by the situation and environment [5], such as:
(xi) Woodland meadows as part of a dense and meshed network of hedges,
i.e., the hedgerows; (xii) Wet meadows rich in biodiversity under moderate
grazing, regulating watercourses, preventing flooding, and maintaining
habitats in open environments; (xiii) Dry meadows of the thermophiles and
dry hillsides, with low agronomic value and high floristic richness, shelter
threatened species; and (xiv) Pharmaceutical meadows, i.e., artificial land
planted for both soil enriching and medicinal resources provision for livestock.

d. Four types of Grassland highlighted on the ecosystem production and service system
perspective: (xv) Agricultural Grassland essentially temporary Grassland with at
least two species, for stock building (mainly silage) and green feeding, but also
including the most fertile permanent mowed Grasslands; (xvi) Environmental
Grassland belong to permanent Grassland grazed by dairy heifers and suckling
herds, including Grasslandsmowed by unfertile environments and used in late
mowing for ground-dried hay; (xvii) Meadows “Close to ecological
intensification” including permanent Grasslands both grazed (by suckled herds,
heifers, and dairy cows) and mowed for hay. Agricultural results are good in all
areas: yield, flexibility, quality; and (xviii) productive meadows, which are part
of the mono-specific, temporary grassy, low-agricultural meadows, lacking
operational flexibility and energy quality, and used for silage, hay, or pasture.

2.2 Some milestones in Grasses and Grassland research

About 60 years of scientific investigations performed in sub-Saharan Africa
resulted in a high biodiversity of Grasses and Grassland. Previously, 9700 grass
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species with higher biomass production were globally reported. But few are more
widely grown to establish Grassland. Their adaptation to thermal, mineral, and
water stress, resistance to diseases and pests, biomasses and productivities, seed
production and nutritional values were studied. Natural and artificial crossings and
new genetic techniques improved the species and offer physiological and morpho-
logical characteristics including leaves and stems rates, duration of vegetative cycle,
sustainability, sexual reproduction, and vegetative and apomictic reproduction.
Grasses provide raw materials for human and animal nutrition, i.e., food grains and
forage. They have reached an advanced stage of development, such in miniaturizing
floral pieces and specialization in various environments.

Globally, 150 Grass species were well investigated in tropical Africa [6]. This
number was completed during the last 30 years (1989–2018). The Laboratory of
Applied Ecology of Professor Brice Sinsin from University of Abomey-Calavi
(Benin) has described about 100 additional Grass species. Two groups of Grasses
exist based on development cycle duration:

• Annual species grown in rainy season wither and die. Their reproduction
requires mature seed, whose formation can be hindered by intense plant
exploitation [7].

• Perennial species with roots and lateral buds located at ground level in tropical
zone [8], persistent for several consecutive years.

Grasses are well defined based on specific biological, agronomic, and nutritional
characters (Figure 1), with three types of morphology, including:

• Erect Grasses showing one single axis with reduced basal branching, no shelf of
tillers and dotted distribution of ground cover [3, 4].

• Bunching Grasses with tillers in many clumps, spots, beaches, or large areas,
reproduced by seed, resisted to drought and burnings throughout leaf sheaths
arrangements that protect the buds and mostly well adapted to intertropical
zone [3, 4, 9]. The most common are Andropogon gayanus, Hyparrhenia rufa,
Panicum maximum, and Pennisetum purpureum.

Figure 1.
Grasses main characters (adapted from [10]).
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• Turfed Grasses with rhizomes, allowing horizontal colonization. It forms a
dense-felted Grass, little fire-resistant, producing little viable seed, and
propagates by vegetative pathway [3]. They are the main wetland pasture
holding mainly Brachiaria humidicola, Brachiaria mutica, and Brachiaria
ruziziensis, which produces many viable seeds, Cynodon dactylon, Digitaria
decumbens, and Stenotaphrum secundatum.

Grasses, (i) require light to develop, growing in full sun or little shaded;
(ii) colonize open fields with high seed production, regenerative capacity, and soil
cover rate; (iii) fast-grow with high leaf-to-shoot ratios. The number of degree days
to issue a sheet belongs to discriminative indicators.

Forage Grasses palatability reflects tissues soft texture, unobtrusive taste, and
odor untainted by unpleasant or repulsive substances, low content of toxic sub-
stances (tannins, alkaloids, cyanides, and nitrates), high digestible carbohydrate
content, nitrogenous matter, easy abilities to be eaten by tearing on the spot, and
their abundance. However, these characters are distributed within the same family.
Some species are abandoned while others are overgrazed in the same Grassland.
Foliar nutritional qualities are low in tropics, less digestible because of higher
contents in lignin and fibers, higher refusal rate than in temperate environments
(i.e., 10–30% versus 5%).

Tropical Grasses differ from temperate at the photosynthesis basic energy
metabolism. Tropical have a C4 carbon cycle and Temperate, a C3 cycle. C4 Grasses
store energy for carbon chains production at night from where they grow faster
while Grasses at C3 produce carbon chains only in light presence.

These cycles lead to carbohydrates mainly cellulose production. The C4 cycle is
efficient in tropics with less nitrogen than in the C3 cycle. Species at C4 optimally
develop at higher temperatures than C3 species (between 30 and 40°C versus
20–25°C) with rapid growth, making maximum use in a short growing season. C4

Grasses produce two to three times more biomass than C3. Otherwise, they produce
more membranes rich in little digestible tissues, with low contents of digestible
nitrogen, hence a much less good food value.

Vegetation steps consist of six phases (Figure 2).

• Grasses can grow in association with other plants based on management
practices limiting interspecific competitive effects. Association with legumes
offers advantages for soil enrichment in nitrogen mobilized by the legume and

Figure 2.
Grasses phenological phases (adapted from [10]).
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N good absorption from soil byGrasses [11]. Rhizobacteria close to some Grasses
roots allow atmospheric N recovering, a modality less effective than legumes
symbiosis.

• Grasses have fasciculate roots from the neck, thatch with nodes, and internodes
wearing leaves. These form a sheath with elongated blade between sheath and
blade, presence of ligule, small and numerous flowers, each wrapped by two
lemmas lower and upper made of two opposite pieces, shells protecting the egg
(seed), spikelets, or elemental inflorescence units composed of flowers
surrounded by a lower and a upper glumes; inflorescences at top of stem, are
composed of spikelets grouped into ears, panicles, digested, or geminated.

3. Grasses and Grassland’ traits from research

About 78 parameters are listed as indicators for describing Grasses and Grassland
(Table 1). However, molecular aspects need more attention as well as their
warming and adaptive responses.

No Indicators No Indicators

1 Ability to compete with weeds 40 Minimum temperature of growth

2 Ability to spread naturally 41 Natural habitat

3 Ability to zerograzing 42 Number of seed per kg

4 Altitude range 43 Nutraceutical properties

5 Allelopathy properties: phytomolecules and
compound released

44 Nutritional composition range with climate
dependence (proteins, lipids, fibers, ash)

6 Amino acid contents (lysine, glutamic acid,
leucine, alanine, proline, aspartic acid, valine,
phenylalanine, serine, isoleucine, arginine,
threonine, glycine, tyrosine, histidine,
methionine, cysteine, tryptophan, phytosterols,
polyconasols)

45 Optimum temperature for growth

7 Animal preference 46 Palatability

8 Animal production 47 Pests

9 Anti-quality elements (Tannins, SiO2) 48 Phenolic acids and phenols contents

10 Bioactive phytochemicals (carbohydrates,
proteins, alkaloids, flavonoids, tannins, phenols,
saponins, glycosides, steroids, terpenoids)

49 Physicochemical characteristics of grains

11 Chemical analysis and digestibility 50 Phytochemicals major families (β-glucan,
phenolic acids, flavonoids, lignans, tocols,
phytosterols, folate)

12 Common names 51 Pigments or coloring agents

13 Compatibility with grasses and legumes 52 Quality index

14 Cultivars 53 Rainfall requirements

15 Description 54 Refusal rate

16 Digestibility 55 Response to defoliation

17 Diseases 56 Response to fire

18 Distribution 57 Response to photoperiod
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4. Grasses and Grassland diversity

4.1 Cereals

A cereal is a plant grown mainly for its seeds (grains, fruits, and caryopses) used
as food and fodder, being consumed in flour or grain form. “Cereal” refers to Grasses
grains. About 43 cereals from nine main tribes have been documented including 17
Paniceae, 16 Triticeae, 2 Cyperaceae, 2 Oryzoideae, 2 Poeae, 1 Aveneae, 1
Chloridoideae, 1 Coccinea, and 1 Eragrostideae. The most world widely grown are
rice, maize, wheat, barley, and sorghum, respectively. Otherwise, about four
pseudo-cereals are also worldwide recognized but not yet well scientifically
supported: buckwheat (Fagopyrum esculentum, Polygonaceae), quinoa
(Chenopodium quinoa, Chenopodiaceae), amaranth (Amaranthus spp.,

No Indicators No Indicators

19 Dormancy 58 Season of growth

20 DRIS norms, i.e., Diagnosis and
Recommendation Integrated System (N/P, N/
Ca, N/Zn, K/P, P/Ca, S/P, Zn/P, K/Ca, S/K, K/
Zn, S/Zn, Ca/Zn, S/Ca).

59 Seed or grain color, shape, size and anatomical
elements

21 Drought tolerance 60 Seed production and harvesting

22 Dry- and green- matter yields 61 Seed treatment before planting

23 Economics 62 Seed vigor

24 Equilibrium moisture of hay 63 Seed yield

25 Fat and fatty acids contents 64 Soil requirements

26 Fertilizer requirements 65 Source of variation levels of compounds
released and effects

27 Frost tolerance 66 Sowing depth and cover

28 Further reading 67 Sowing methods

29 Genetics and reproduction 68 Sowing time and rate

30 Grain composition (energy, DM, lipid, fibers,
ADF, seed, proteins, ash)

69 Suitability for hay and silage

31 Grazing management 70 Therapeutic properties

32 Growing systems 71 Tolerance to flooding

33 Land preparation for establishment 72 Tolerance to herbicides

34 Latitudinal limits 73 Tolerance to salinity

35 Main attributes 74 Toxicity

36 Main deficiencies 75 Value as standover or deferred feed

37 Maximum temperature, low temperature 76 Value for erosion control

38 Minerals content (K, P, Mg, Fe, Ca, Na, Zn, Cu,
Mn, Se)

77 Vigor of growth and growth rhythm

39 Minimum germination and quality required for
commercial sale

78 Vitamins contents (Niacin, Vita E, alpha
tocopherol, Vit BE, pantothenic acid, thianine,
riboflavin, folate, fat, fatty acid)

Adapted from [3, 6–8, 10–14].

Table 1.
Alphabetical fields of information on Grasses species.
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Chenopodiaceae), and sesame (Sesamum indicum, Pedaliaceae). Among the several
cereals that are used in feeding human over the world, only the high-growth and
high-carrying capacity cereals prevent forage shortages in winter. They can also
help controlling weeds. Oats are more forage than wheat, barley, rye, and triticale.
Potential forage biomass depends on crops, varieties, pathology resistance, and
seeding time.

4.2 Native Grasses and Grassland

As for Asia, Europe, America, and Australia Grasses and Grassland, African
landscape offers about six types of wide Grasses and Grassland. Table 2 shows the
values, productivities, and demand for equivalent land (i.e., the opposite of carry-
ing capacities) of Grassland highlighting the main dominant Grass species over the
normal periods, i.e., 30 years.

The southern Sahara reflects a dynamic presence of six Grassland groups
(Table 2, [15]) burst into 50 Grasslands, including 6 Sudanese, 12 Guineo-Sudanese,
9 Sudano-Guinean, 6 Guinea-Sudanese and Sudano-Guinean transitional, 9 North-
ern Sudanese, and 8 Sudano-Sahelian. Apart from the most productive Grasslands,
which are artificial, the most productive native is Andropogon gayanus and

Ecozones Types of Grassland and main
Grasses species

PV
(%)

t DM/ha ELD
(ha/TLU)

Sudanese (S) Aspilia paludosa and Anadelphia
afzeliana (SP1)

51.5 1.08–9.79 2.11–0.23

Hyparrhenia involucrata and
Andropogon pseudapricus (SP2)

37.3 1.21–10.1 1.89–0.23

Loudetia flavidae (SP3) 23.9 0.38–5.21 6.00–0.44

Loxodera ledermanii (SP4) 36.8 0.30–6.91 7.60–0.33

Pennisetum unisetum (SP5) 46.3 0.25–15.76 9.13–0.14

Setaria longiseta and Sporobolus
pyramidalis (SP6)

21.4 0.22–5.58 10.37–0.41

Guineo-Sudanese (GS) Andropogon chinensis (GSP1) 65.82 5.00–5.73 0.46–0.40

Andropogon gayanus and
Hyparrhenia involucrata (GSP2)

74.27 5.70–6.86 0.40–0.33

Andropogon schirensis (GSP3) 50.49 5.40–7.12 0.42–0.32

Andropogon tectorum (GSP4) 35.04 6.06–9.40 0.38–0.24

Andropogon macrophyllus
(artificial) (GSP5)

64.40 9.73–12.46 0.23–0.18

Brachiaria ruziziensis (artificial)
(GSP6)

63.17 6.90–9.15 0.33–0.25

Ctenium newtonii (GSP7) 35.04 6.33–10.8 0.36–0.21

Heteropogon contortus (GSP8) 35.04 6.94–11.4 0.33–0.20

Hyparrhenia smithiana (GSP9) 46.89 5.63–7.10 0.41–0.32

Imperata cylindrica (GSP10) 22.82 0.29–5.12 7.87–0.45

Panicum maximum C1 (artificial)
(GSP11)

84.28 10.30–13.51 0.22–0.17

Sporobolus pyramidalis (GSP12) 56.02 6.53–8.80 0.35–0.26
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Ecozones Types of Grassland and main
Grasses species

PV
(%)

t DM/ha ELD
(ha/TLU)

Sudano-Guinean (SG) Andropogon schirensis and
Andropogon gayanus (SGP1)

45.74 5.26–8.50 0.43–0.27

Andropogon schinensis and
Andropogon chirensis (SGP2)

53 4.70–8.80 0.49–0.26

Brachiaria falcifera (SGP3) 36.88 3.64–7.50 0.63–0.30

Pennisetum polystachion and
Andropogon gayanus (SGP4)

28 3.93–7.20 0.58–0.32

Pennisetum polystachion and
Hyparrhenia involucrata (SGP5)

49.33 7.86–9.80 0.29–0.23

Pennisetum unisetum and Rottboellia
cochinchinensis (SGP6)

36 3.24–6.80 0.70–0.37

Sorghastrum bipennatum and
Schizachyrium sanguineum (SGP7)

50 4.90–7.90 0.47–0.29

Sporobolus pyramidalis and
Hyparrhenia involucrata (SGP8)

32.15 5.70–8.40 0.40–0.27

Schizachyrium sanguineum and
Hyparrhenia rufa (SGP9)

45.53 4.89–7.01 0.47–0.33

Transition Guineo-Sudanese/
Sudano-Guinean (TGS/SG)

Andropogon schirensis and
Hyparrhenia subplumosa (TP1)

45.8 7.01–10.2 0.33–0.22

Andropogon tectorum and
Chromolaena odorata (TP2)

47.6 7.47–10.9 0.31–0.21

Brachiaria falcifera (TP3) 44.8 5.57–8.40 0.41–0.27

Hyptis suaveolens and Hyparrhenia
suplumosa (TP4)

38.2 2.03–5.20 1.12–0.44

Pennisetum polystachion and
Securinega virosa (TP5)

48.15 8.25–11.2 0.28–0.20

Sporobolus pyramidalis and
Hyparrhenia subplumosa (TP6)

33.4 7.00–11.4 0.33–0.20

Northern Sudanese (NS) Andropogon gayanus (NSP1) 46.5 4.40–6.10 0.52–0.37

Andropogon gayanus and
Hyparrhenia involucrata (NSP2)

32.71 7.53–7.98 0.30–0.29

Andropogon gayanus and
Schizachyrium sanguineum (NSP3)

52.5 4.80–5.02 0.48–0.45

Andropogon pseudapricus and
Pennisetum polystachion (NSP4)

16.77 5.36–5.87 0.43–0.39

Andropogon pseudapricus and
Tephrosia pedicellata (NSP5)

14.89 5.64–5.94 0.40–0.38

Hyparrhenia involucrata (NSP6) 36.2 3.95–5.90 0.58–0.39

Hyparrhenia involucrata and
Andropogon gayanus (NSP7)

38 4.80–6.30 0.48–0.36

Loxodera ledermannii (NSP8) 42.69 6.58–7.10 0.35–0.32

Pennisetum pedicellatum (NSP9) 23.9 2.60–5.50 0.88–0.41

Sudano-Sahelian (SS) Andropogon pseudapricus (SSP1) 26.28 2.83–3.21 0.81–0.71

Andropogon pseudapricus and
Panicum pansum (SSP2)

31.56 4.21–5.12 0.54–0.45

Diheteropogon amplectens (SSP3) 28.43 3.45–4.10 0.66–0.56
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Hyparrhenia involucrata from Guineo-sudanese and the lowest is Setaria longiseta
and Sporobolus pyramidalis from Sudanese zone.

5. Grasses and Grassland properties

5.1 Grasses and Grassland food and fodder properties

5.1.1 Native forage grasses

Temperate wild or permanent and extensive Grassland can hold up to 100 plant
species per hectare. More than 120 native tropical forage Grasses in Africa have been
studied and found to less contribute to productivities of respective communities.
Special attention has been given to their ecology for better production and rational
use [3, 4, 12, 16–19].

5.1.2 Introduced fodder grasses

The temperate Grassland cultivated or more intensive breeding include the
following species: Brome (Bromus secalinus), Dactyle (Dactylis glomerata),
Festulolium (more than 40 cultivars), High Fescue (Festuca arundinacea), Meadow
Fescue (Festuca pratensis), Meadow Timothy (Phleum pratense), meadow Pâturin
(Poa pratensis), English Ray-grass (Lolium perenne), Italian Ray-grass (Lolium
multiflorum Lam.), Hybrid Ray-grass (Lolium � hybridum), legumes species such as
Cornish lotier (Lotus corniculatus), cultivated Luzerne (Medicago sativa), cultivated
Sainfoin (Onobrychis viciifolia), White Clover (Trifolium repens), Alexandria Clover
(Trifolium alexandrinum L.), Micheli Clover (Trifolium michelianum Savi.), Hybrid
Clover (Trifolium hybridum), Incarnate Clover (Trifolium incarnatum L.), and
Purple Clover (Trifolium pratense).

About 30 exotic Grasses were introduced from 1987 to 2015 in Southern Sahara,
with 17 mainly fodder [7 Panicum species (6 varieties of P. maximum and P.
coloratum) and 5 species of Brachiaria] [15, 20]. These samples in seagrass beds and
on experimental plots are available in the National Institute of Agricultural
Research (INRAB), the Faculty of Agronomic Sciences, other research institutions
such as ILRI/ILCA (Kenya), FAO (Rome/Italy), CIAT (Colombia), IDESSA
(Bouake/Côte d’Ivoire), Democratic Republic of Congo and ILCA (Nigeria).

Ecozones Types of Grassland and main
Grasses species

PV
(%)

t DM/ha ELD
(ha/TLU)

Panicum subalbidum (SSP4) 31.72 3.35–4.08 0.68–0.56

Pennisetum pedicellatum of
savannahs (SSP5)

35.06 2.42–3.45 0.94–0.66

Pennisetum pedicellatum of fallows
(SSP6)

34.05 4.12–4.76 0.55–0.48

Schoenefeldia gracilis (SSP7) 14.90 3.71–4.01 0.61–0.57

Vetiveria nigritana and Oryza
longistaminata (SSP8)

41.44 6.74–7.24 0.34–0.32

Table 2.
Types of tropical pastures, grazing values, productivities, carrying capacities (1988–2018).
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Ecozones Types of Grassland and main
Grasses species

PV
(%)

t DM/ha ELD
(ha/TLU)
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53 4.70–8.80 0.49–0.26

Brachiaria falcifera (SGP3) 36.88 3.64–7.50 0.63–0.30

Pennisetum polystachion and
Andropogon gayanus (SGP4)

28 3.93–7.20 0.58–0.32

Pennisetum polystachion and
Hyparrhenia involucrata (SGP5)

49.33 7.86–9.80 0.29–0.23

Pennisetum unisetum and Rottboellia
cochinchinensis (SGP6)

36 3.24–6.80 0.70–0.37
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Schizachyrium sanguineum (SGP7)

50 4.90–7.90 0.47–0.29

Sporobolus pyramidalis and
Hyparrhenia involucrata (SGP8)

32.15 5.70–8.40 0.40–0.27

Schizachyrium sanguineum and
Hyparrhenia rufa (SGP9)

45.53 4.89–7.01 0.47–0.33
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45.8 7.01–10.2 0.33–0.22
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Chromolaena odorata (TP2)

47.6 7.47–10.9 0.31–0.21

Brachiaria falcifera (TP3) 44.8 5.57–8.40 0.41–0.27
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suplumosa (TP4)

38.2 2.03–5.20 1.12–0.44

Pennisetum polystachion and
Securinega virosa (TP5)

48.15 8.25–11.2 0.28–0.20

Sporobolus pyramidalis and
Hyparrhenia subplumosa (TP6)

33.4 7.00–11.4 0.33–0.20

Northern Sudanese (NS) Andropogon gayanus (NSP1) 46.5 4.40–6.10 0.52–0.37
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Hyparrhenia involucrata (NSP2)

32.71 7.53–7.98 0.30–0.29
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52.5 4.80–5.02 0.48–0.45

Andropogon pseudapricus and
Pennisetum polystachion (NSP4)

16.77 5.36–5.87 0.43–0.39

Andropogon pseudapricus and
Tephrosia pedicellata (NSP5)

14.89 5.64–5.94 0.40–0.38

Hyparrhenia involucrata (NSP6) 36.2 3.95–5.90 0.58–0.39

Hyparrhenia involucrata and
Andropogon gayanus (NSP7)

38 4.80–6.30 0.48–0.36

Loxodera ledermannii (NSP8) 42.69 6.58–7.10 0.35–0.32

Pennisetum pedicellatum (NSP9) 23.9 2.60–5.50 0.88–0.41

Sudano-Sahelian (SS) Andropogon pseudapricus (SSP1) 26.28 2.83–3.21 0.81–0.71

Andropogon pseudapricus and
Panicum pansum (SSP2)

31.56 4.21–5.12 0.54–0.45

Diheteropogon amplectens (SSP3) 28.43 3.45–4.10 0.66–0.56
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Hyparrhenia involucrata from Guineo-sudanese and the lowest is Setaria longiseta
and Sporobolus pyramidalis from Sudanese zone.
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Panicum maximum C1 and Pennisetum purpureum are adopted and grown on seed-
ling in density ranging from 30 cm � 30 cm to 40 cm � 40 cm. Several introduced
species such as cereals, forage, ornamental and medicinal plants, have already
become part of local flora like Bambusa vulgaris.

Grasses are for several uses: food, fodder, industrial, medicinal, etc. Smaller local
cereals are Digitaria exilis, Oryza glaberrima, Eleusine coracana, and Digitaria iburua.
Eleusine coracana, quite recent expansion is mostly grown in mountains. Digitaria
spp. are famine consumed, mainly D. exilis in West Africa, D. debilis and D. iburua
in East Africa (Cameroon). Industrial cereals are rice (Oryza sativa) grown in plains
and valleys. Wheat (Triticum aestivum) is grown on plates in batch production.
Oryza longistaminata and O. barthii are not yet cultivated. Panicum laetum and
Cenchrus biflorus are eaten locally as well as Brachiaria xantholeuca, Dactyloctenium
aegyptium, Echinochloa colona, E. pyramidalis, E. stagnina, Setaria pumila, and
Sorghum arundinaceum. Sugar cane (Saccharum officinarum) is grown in rural
gardens from the south of West Africa (Benin, Cameroon, Sierra Leone, Ghana,
Nigeria, Togo, and Guinea) and mainly used for sucking. Sorghum, which is not a
new crop, is a regional cereal, subjected to large international commercial trans-
actions. It is one of the most important cereals grown especially in arid and semi-
arid land ecosystems. Holding multiple-use properties, all Grasses are browsed by
livestock, mostly at juvenile stages and recent is Grasses and Grassland develop-
ments. Grassland improvement by livestock farming and forage stations is based
on species such as Brachiaria ruziziensis, Cenchrus ciliaris, Panicum varieties,
Pennisetum clandestinum, Pennisetum purpureum, and Tripsacum laxum. Pennisetum
clandestinum is found on some mountain Grassland. Ischaemum timorense and I.
indicum belong to introduced species.

A cultivated forage species is selected based on the following criteria:

1.Ability to produce good seeds, spread by runners, rhizomes, or stem cuttings;

2.Being vigorous, high-yielding, palatable and nutritious, leafy, good foliar
quality and late flowering;

3.Resistant under intensive grazing;

4.Ability to survive a dry season, provide pasture for a good part of the dry
season;

5.Intended for temporary use, being capable of being eradicated with relative
ease.

5.1.3 Cereals

Cereals belong to Grasses family. Following are some of their feeding properties:
A natural fuel: Cereals hold 70–80% carbohydrates especially starch. They are
complex or slow carbohydrates, gradually intestine absorbed, and diffusing
energy over time, unlike simple sugars. In its complete form, their shell and
fibers slow down this absorption even further. The glycemic index (GI)
measures a food ability to increase blood sugar levels within 2 h of ingestion.
The higher this GI is, the faster the food is assimilated, and the sooner the
feeling of hunger can manifest itself. Whole grains have a low GI, which
increases when grains are processed (ground, mixed, blown, extruded… )
because their sugars are then more quickly and easily assimilated.
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Vegetable bricks: Cereals are well provided with protein a little less than meat (7–
14%), the richest being wheat and oats). Optimizing them require
combination with legumes (chickpeas, lentils, soya… ), one providing each
other with the essential amino acid that they lack to cover human needs
(cereals are deficient in lysine, well represented in legumes, which are lacking
methionine). Hence, traditional associations are corn + red beans in Mexico,
rice + lentils in India, wheat semolina + chickpeas in couscous, and rice + peas
in Cantonese rice.

Smooth transit: Unrefined cereals are naturally rich in fibers, which, when
indigestible, increases stool volume and promotes stool elimination. These
fibers also contribute to satiety through a mechanical effect on the stomach.

Mineral wealth: Cereals contain good quantities of vitamins of the B group,
beneficial for the nervous system, but also vitamin E, antioxidant and many
minerals, with mainly magnesium and calcium. Table 3 highlights some main
advantages.

An important cereal food property is Gluten availability. Gluten or prolamin is a
protein fraction. Cereals mainly contain it, especially wheat, oat, and barley flour
while rice flour is almost exempt from it. Cereals hold sugar (Starch) and protein

Cereals Characteristics Use

Barley Low energy and fat
Rich in fibers, Vitamin B12,
Gluten

Interesting for vegans
Beaded, crushed, flakes, flour

Corn Sweet taste
High glycemic index,
energetics

Grains, starch, flakes, flour, syrup
Thyroid moderator

Millet Rich in iron, high vitamin A
and phosphorus

Anti-asthenic, invigorating, stimulant infection
control, cooked, sprouted

Oats Richest in proteins (14.2 g),
lipids, Ca, Cu
Most energetic
Gluten light
Digestive, diuretic, tonic,
hypoglycemic
Lower bad cholesterol
Thyroid gland stimulators

Flakes + soy milk, soup, porridge
Bread, pancakes, Muesli cakes

Rice Richest in carbohydrates
Low in proteins (about 7 g)
and lipids
Silicon, Vitamins B, fibers

Risottos, pilaf, entremets
Flakes, flour

Rye High proteins (about 12 g)
Rich in K and B vitamins
Less “dirty” than wheat
Contains gluten

Bread, whole, crushed, flakes, flour
Soft laxative and depurative
Blood thinner

Spelt (primitive
wheat)

8 essential amino acids
11–16% of proteins, high Mg
Highly digestible
Less gluten than wheat

Hypotoxic diet
Anti-stress
Sensitive stomach and intestines
Flour, soups, cakes, coffee substitute

Wheat Rich in Mg, vitamins B1, PP, E
Gliadin

Good for nervous balance
Flakes, flour, bread, syrup

Table 3.
Cereals feeding properties.
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(Gluten). Gluten contains glutellins and prolamins. There are different types of
prolamins and glutellins: wheat, for example, is composed of glutenin (glutin side)
and gliadin (prolamin side). It is these combined elements that give elasticity to the
bread dough and allow the air bubbles to be enclosed. The higher the prolamin
content, the higher the leaven on bread. Several cereals are used in feeding human
over the world.

Grasses contain toxic prolamins such as rye secalin, orange hordein, corn zenin,
oat avenin, or wheat prolamin (gliadin), which are well known for toxicity. For this
reason, these cereals are generally banned from the diet of people more sensitive to
gluten toxicity. All cereal Grasses contain gluten (Table 4). However, prolamin
levels are sometimes so low that prolamin intolerants may consume some of them.

Wheat, Kamut, and Spelt are the richest in gluten while rice contains insignifi-
cant amounts, as well as buckwheat. These cereals could perfectly fit intolerant
persons as gluten-free flours in shops and supermarkets.

Fonio (Digitaria exile and D. iburua) as the oldest cereal of ethical minorities in
arid sub-Saharan Africa is of nutritional properties as the richest in Mg, Ca, Fe, and
Zn, which contributes to properly functioning of the immune system. It is gluten-
free and contains twice as many amino acids as other cereals. It can be consumed by
coeliac disease victims or wheat allergy, as it contains less protein than others and
similar to white rice in composition. No major scientific studies have looked specif-
ically at Fonio. However, being considered as a whole grain, we know about their
positive impacts on the risk of cardiovascular disease, type 2 diabetes, constipation,
overweight, cancers including colorectal cancer.

5.2 Grasses and Grassland anti-erosive properties

Anti-erosive practices favor mounts terraces and foothills covering massifs.
Terraces create fields on slopes and among blocks. Millet stalks retain elements
from disintegration in place of granite rock slabs of walls sealed with gravel.

Rank Cereal Scientific name Gluten type
(prolamin)

Prolamin content
(%)

1 Wheat Triticum aestivum L. subsp. spelta (L.)
Thell.

Alpha gliadin 69

2 Spelt Triticum spelta L. Alpha gliadin 69

3 Kamut Triticum turanicum D. Love Alpha gliadin 69

4 Corn Zea mays L. Zenin 55

5 Sorghum Sorghum bicolor (L.) Moench Cafirin 52

6 Barley Hordeum vulgare L. Hordenin 46–52

7 Rye Secale cereale L. Secalin 30–50

8 Millet Pennisetum glaucum (L.) R.Br. Panicin 40

9 Oat Avena sativa L. Avenin 20–30

10 Tef Eragrotis abyssinica (Jacq.) Link Not identified 12

11 Fonio Digitaria exilis(Kippist) Stapf
Digitaria iburua Stapf

Not identified ˂10

12 Rice Oryza sativa L. Oryznin 5

Table 4.
Classification of food grasses according to gluten content.
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Gradually, these elements rise until an arena beach becomes a field. Bundles
of millet stalks and certain Grasses (Table 5) are arranged to also retain fine
elements [21].

Terraces are maintained by particular crops in the blocks interstices, including
Stoloniferous Grasses such as Cynodon dactylon and Adiantum philipensis, i.e., a small
fern. Rottboellia cochinchinensis and Digitaria argillacea are cutting and offer 2–3 cuts
for cattle feeding in rainy seasons.

Facing foothills and plains land insecurity, new intensive and elaborate anti-
erosive practices help to recover hard land (halomorphic soils), which have often
been abandoned as a village cattle parking lot. Farmers dig holes 1.5–2 m apart and
35–40 cm in diameter with as much depth in the compacted horizon. They spread
all around the manure, fill the holes in the second or third year, and cultivate a first
time with the plow, early sorghum. Seasoned sorghums are grown annually. At this
stage, a grid of bunds of 30 cm height is mounted for better water contention.
Planting Setaria pumila and Setaria sphacelata improve fallow lands [22].
Halomorphous soils restoration occurs between 4 and 6 years. In such context,
clusters of rocks, as well as halomorphic areas deemed uncultivated, can give fields.
The anti-erosive aspect serves essential crops, Sorghums of Lithosols Mountain and
transplanted Sorghums, all of which are free from fallow.

5.3 Grasses and Grassland ornamental properties

Grasses from wetlands mostly grew for ornamental purposes in dryland irriga-
tion systems (Table 6). Axonopus compressus, Cynodon dactylon, and Paspalum
conjugatum grew in urban and peri-urban areas, particularly in South Africa (Cape
Town, Johannesburg, Pretoria), Benin (Cotonou, Ouidah, Parakou, Porto-Novo),
Cameroon (Ngaoundé, Bertoua, Yaounde, Douala), Sierra Leone (Freetown, Njala),
Liberia (Monrovia), Senegal (Dakar, Saint Louis, Ziguinchor), Congo (Kisangani,
Kinshasa, Brazzaville), Ethiopia (Addis Ababa), Ghana (Cape Coast, Tema,
Kumasi, Accra), Nigeria (Abuja, Abeokuta, Shagamu, Idjebu-Ode, Lagos, Ibadan,
Ogbomosho, Oyo, Iseyin, Makurdi, Awka, Kaduna, Maiduguri, Yenagoa, Asaba,

Anti-erosive practices Grasses species used Organs used Localities

Terraces Adiantum philippense L. (Ferns)
Cynodon dactylon (L.) Persoon
Digitaria argillacea (Hitchcock and Chase)
Rottboellia cochinchinensis (Lour.) W.
Clayton

Stoloniferous
roots

Mountains

Rock slabs Pennisetum typhoides (Burm.) Stapf. and
Hubb.

Stems Walls

Improved fallow lands Setaria pumila (Poir.) Roem. and Schult.,
1817
Setaria sphacelata (Schumach.) Stapf and
C.E.Hubb.

Roots, stolons Uplands

Plant defensive
systems

Sorghum caudatum (Hack.) Stapf.
Sorghum durra (Forssk.) Trab.

Stems, stolons Plains and
foothills

Pseudo-terraces
Restored halomorphic
floors

Sorghum caudatum (Lithosols Sorghums)
Sorghum durra (Transplanted Sorghums)

Stems Mountains

Bunds gridding Off- seasoned Sorghums Stems Uplands

Table 5.
Anti-erosive grasses (adapted from IRD1995–1996).
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Table 4.
Classification of food grasses according to gluten content.
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Gradually, these elements rise until an arena beach becomes a field. Bundles
of millet stalks and certain Grasses (Table 5) are arranged to also retain fine
elements [21].

Terraces are maintained by particular crops in the blocks interstices, including
Stoloniferous Grasses such as Cynodon dactylon and Adiantum philipensis, i.e., a small
fern. Rottboellia cochinchinensis and Digitaria argillacea are cutting and offer 2–3 cuts
for cattle feeding in rainy seasons.

Facing foothills and plains land insecurity, new intensive and elaborate anti-
erosive practices help to recover hard land (halomorphic soils), which have often
been abandoned as a village cattle parking lot. Farmers dig holes 1.5–2 m apart and
35–40 cm in diameter with as much depth in the compacted horizon. They spread
all around the manure, fill the holes in the second or third year, and cultivate a first
time with the plow, early sorghum. Seasoned sorghums are grown annually. At this
stage, a grid of bunds of 30 cm height is mounted for better water contention.
Planting Setaria pumila and Setaria sphacelata improve fallow lands [22].
Halomorphous soils restoration occurs between 4 and 6 years. In such context,
clusters of rocks, as well as halomorphic areas deemed uncultivated, can give fields.
The anti-erosive aspect serves essential crops, Sorghums of Lithosols Mountain and
transplanted Sorghums, all of which are free from fallow.

5.3 Grasses and Grassland ornamental properties

Grasses from wetlands mostly grew for ornamental purposes in dryland irriga-
tion systems (Table 6). Axonopus compressus, Cynodon dactylon, and Paspalum
conjugatum grew in urban and peri-urban areas, particularly in South Africa (Cape
Town, Johannesburg, Pretoria), Benin (Cotonou, Ouidah, Parakou, Porto-Novo),
Cameroon (Ngaoundé, Bertoua, Yaounde, Douala), Sierra Leone (Freetown, Njala),
Liberia (Monrovia), Senegal (Dakar, Saint Louis, Ziguinchor), Congo (Kisangani,
Kinshasa, Brazzaville), Ethiopia (Addis Ababa), Ghana (Cape Coast, Tema,
Kumasi, Accra), Nigeria (Abuja, Abeokuta, Shagamu, Idjebu-Ode, Lagos, Ibadan,
Ogbomosho, Oyo, Iseyin, Makurdi, Awka, Kaduna, Maiduguri, Yenagoa, Asaba,

Anti-erosive practices Grasses species used Organs used Localities

Terraces Adiantum philippense L. (Ferns)
Cynodon dactylon (L.) Persoon
Digitaria argillacea (Hitchcock and Chase)
Rottboellia cochinchinensis (Lour.) W.
Clayton

Stoloniferous
roots

Mountains

Rock slabs Pennisetum typhoides (Burm.) Stapf. and
Hubb.

Stems Walls

Improved fallow lands Setaria pumila (Poir.) Roem. and Schult.,
1817
Setaria sphacelata (Schumach.) Stapf and
C.E.Hubb.

Roots, stolons Uplands

Plant defensive
systems

Sorghum caudatum (Hack.) Stapf.
Sorghum durra (Forssk.) Trab.

Stems, stolons Plains and
foothills

Pseudo-terraces
Restored halomorphic
floors

Sorghum caudatum (Lithosols Sorghums)
Sorghum durra (Transplanted Sorghums)

Stems Mountains

Bunds gridding Off- seasoned Sorghums Stems Uplands

Table 5.
Anti-erosive grasses (adapted from IRD1995–1996).
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Calabar, Enugu, Akure, Port Harcourt, Bonny, Ahoada, South and North Sokoto,
Lafia, Kano, Owerri, Minna, Ilorin, Gombe, Ado Ekiti, Dutse, Katsina, Benin-City,
Abakaliki, Lokoja, Osogbo, Jos, Jalingo, Donga, Damaturu and Gusau), Morocco
(Casablanca, Tanger, Marrackech, Raba). In addition, two cosmopolitan seal
(Axonopus compressus and Paspalum conjugatum) with Chrysopogon aciculatus mark
lawns of African, Asian, European, American and Australian coastal cities. C.
aciculatus outcrops gardens of East and West African airports.

African landscapes are dominated by bamboo (Phyllostachys aurea) while those of
northern cities (Europe, America, Australia, and Asia) are distinguished by cultiva-
tion of Oxythenantera abyssinica. Cymbopogon citratus is dominant in ornamental and
medicinal gardens. Stenotaphrum secundatum marks lawns of East African marine
coasts, and Polytrias diversiflora, Municipal and University botanical gardens. Linear
foliage and flowers in form of ears sometimes feathery appear in autumn and bring a
graceful and light touch. Near a resting place or water garden, the rustling and
swaying of leaves and ears of corn bring into Morpheus’ arms. Moreover,Miscanthus
(Miscanthus), Panic (Panicum) and Calamagrostis (Calamagrostis) are other values.

5.4 Grasses and Grassland aromatic properties

5.4.1 Aromatic properties

Several aromatic species are grown mostly for oils i.e. lemongrass Cymbopogon
citratus and Melinis minutiflora grown in African gardens (Table 7). Vetiveria

Species Locations Utilizations Ecoregions

Axonopus compressus (Sw.) P.
Beauv.
Chrysopogon aciculatus (Retz.)
Trin.
Paspalum conjugatum P.J.
Bergius
Vetiveria nigritana (Benth.)
Stapf

Cities bordering African
marine Coast

Ornamental, fodder
and, medicinal

Tropical wet
and dry

Axonopus compressus (Sw.) P.
Beauv.
Cynodon dactylon (L.) Persoon
Paspalum conjugatum P.J.
Bergius

Cosmopilites Ornamental, fodder
and medicinal

Tropical dry
and wet

Chrysopogon aciculatus (Retz.)
Trin.

Airports — Cosmopolites

Cymbopogon citratus (D.C)
Stapf.

Home gardens Ornamental and
medicinal

Tropical wet,
dry

Oxythenantera abyssinica A.
Rich. Munro

Botanical Gardens, Southern
Cities (Wetlands)

Fences and medicinal Tropical wet,
dry
Temperate

Phyllostachys aurea Koï Gardens of northern cities
(drylands)

Fences and handcrafts Tropical wet
and dry

Polytrias diversiflora (Steud.)
Nash
Stenotaphrum secundatum
(Walter) Kuntze

Botanical Gardens Ornamental and
medicinal

Tropical,
temperate

Table 6.
Main ornamental grasses.
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zizanioides, Cymbopogon schoenanthus and C. densiflorus, cultivated in Cameroon’s
Adamaoua region, offer essential oils which are widely used in crop protection,
storages, veterinary and human medicines.

5.4.2 Grasses and Grassland essential oils composition

Ninety-five volatile compounds, representing 75.4% of the total area, were
identified in essential oils from Grasses and Grassland plants, with each of remaining
peaks accounting for less than 0.01%. Terpenoid family is mostly abundant with 14
monoterpenes, 24 monoterpene derivatives, 18 sesquiterpenes, and 11 sesquiter-
pene derivatives, together accounting for 61.1% of total peak area. Besides, were
seven benzenic compounds accounting for 12%. Benzenic compounds dill apiole
and carvacrol were mostly abundant in essential oil after sesquiterpene germacrene
D. The other compounds (1 ketone, 6 aldehydes, 4 alcohols, 3 esters, and 7 alkanes)
accounted for 2.3%. Essential oil from Grasses and Grassland contained the usual
terpenes [32–34].

5.4.3 Grasses and Grassland medicinal properties

All organs from Grasses are found with specific medicinal virtues for human and
animal well-being (Table 8).

Grass seeds generally exert a particular action on the nervous system, which
result in dizziness, and a body tremor as the case for ryegrass and Festuca

Grass species Aromes Utilizations References

Cymbopogon citratus
(D.C) Stapf.
Cymbopogon
densiflorus (Steud.)
Stapf
Cymbopogon
schoenanthus (L.)
Spreng., 1815

Essential oil
Citral

Burnt panicles with odoriferous fumes for
ceremonials, anti-amoebic, antibacterial,
antidiarrheal, antifilarial, antifungal, antioxidants,
antimalarial, hypoglycemic, anti-inflammatory,
antimutagenicity, antimycobacterial,
neurobehaviorial

[23, 24]

Melinis minutiflora
P. Beauv.

Cumin
aroma,
essential oil

Pesticids, acaricids, ovycids [25]

Vetiveria zizanoides
(L.) Nash

Essential oil Tenacious smell, perfumery, cosmetics, strong,
pleasant and lasting notes from flavors, insecticides,
herbicides, anti-microbial, antioxidant

[26]

Miscanthus spp.
Miscanthus
sacchariflorus
(Maxim.) Franch

Essential oil Bio-energy, biofuel, bio-crude oil, diesel [27]

Arundo donax L.
A. phragmites L.

Oils, lignin,
alkaloids

Biogas, construction, medicinal [28]

Nardus stricta L.,
1753
Anthoxantum
odoratum L., 1753

Coumarins Medicinal, culinary, cosmetic and economic
properties, cultivation

[29]

Bromus catharticus
Vahl, 1791

Aroma Purgative, spines, burrs, toxics, pest host [30, 31]

Table 7.
Some aromatic grasses, aromes and usages.
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Scientific
name

Common
name

Part used Dosage form Medicinal properties References

Andropogon
spp

True
lemon grass

Leaf, root,
stem

Oil, paste Anti-arthritic [35, 36]

Cenchrus
ciliaris L.

Buffel grass Aerial and
root part

Oil Anti-cancer [37]

Cymbopogon
spp

Melissa
grass,
Geranium
grass

Leaves Oil Anti-amoebic, antibacterial,
anticancer, antidiarrheal,
anti-filarial, antifungal and
anti-inflammatory,
antimalarial, anti-
mutagenicity, antioxidants,
anti-arthritic, anti-
mycobacterial,
hypoglycemic,
neurobehavioral

[24, 38]

Cynodon
dactylon Pers.

Bahama
grass

Plant,
Rhizome

Extract Anti-arthritic [36]

Eleusine
indica Gaertn

Wiregrass Leaves Oil Anti-inflammatory,
antioxidants, anti-arthritic

[39]

Imperata
cylindrica (L.)
Raeusch.

Thatch
grass,
Cogon
grass

Rhizome,
leaves,
flowers

Decoction,
powder

Diuretic, anti-
inflammatory, antioxidant,
immunomodulatory,
neuroprotective

[40–42]

Lolium
temulentum L.

Darnel Seed Powder Anti-arthritic [36]

Panicum
italicum L.

Italian
millet

Seed Extract Anti-arthritic [35]

Setaria italic
Beauv.

Foxtail
millet

Grain Parching Anti-arthritic [35]

Hordeum
vulgare L.

Barley Grain Hydroalcoholic
extract

Anti-chronic diseases,
promote sleep, antidiabetes,
enhance immunity,
protective liver, beauty anti-
acne, antioxidants,
antidepressant, anticancer,
improve gastrointestinal,
anti-inflammation,
hypolipidemic, preventive
heart diseases, preventive
constipation, improve
cognition

[43, 44]

Triticum
aestivum L.
subsp. spelta
(L.) Thell.

Wheat
grass

Cotyledons,
leaves

Extract, juice Immunoprophylactic, anti-
anemia, anti-leukemia, anti-
inflammatory, diuretic,
antioxidant, laxative, anti-
aging anticarcinogenic;
astringent,
immunomodulatory,
phosphorus, antibacterial,
anti-venomous, sources of
vitamins A and C, calcium,
magnesium, potassium

[45, 46]

Table 8.
Forage grasses and cereals specific medicinal properties.
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quadridentata seeds in Peru. Grasses stems contain sugar before the seeds mature,
which gradually disappears. It is especially abundant in sorghum, corn, and optimal
only in sugar cane (Saccharum officinarum). Fresh sugar cane contains 18% of his
sugar weight. However, these odorless stems show aromatic properties in some
grasses, such as Cymbopogon schoenanthus (sweet rush), Anthoxanthum odoratum
(sweet rush), Cymbopogon nardus (Ceylon citronella), and Cymbopogon citratus
(Citronella and Indian verbena).

Aromatic Grasses are known to be responsible for benzoic acid presence and an
associated essential oil in herbivores urine. More specifically, Saccharum fatuum
from Otahiti (French Polynesia) and Bromus catharticus from Peru are used to
intoxicate fishes.

Grasses roots are sometimes used in medicine. Most are odorless, providing only
little sugar and gum to the water. Main ones are: Carex arenaria (fake sarsaparilla),
dogs: Panicum repens (Torpedo grass), Imperata cylindrica (Spear grass), Cynodon
dactylon (Couch grass), and Arundo donax (cane root).

Some Grass roots are aromatic. This is the case with Vetiveria odorata, which
contains a resin with a myrrh smell associated with volatile oil. Vetiveria’ roots from
Brazil served as a powerful sudorific.

Grass seeds provide a viscous drink in water; this seed decoction contains sugar,
and gluten which dissolves with acetic and phosphoric acids. An herbal tea is made
by mixing rice seed, oatmeal and barley. This drink contains grape sugar, dextrin,
starch and gluten. The cane and quackgrass root are used to prepare soft drinks:
quackgrass scales washed in cold water, contoured in a mortar and boiled for a
quarter of an hour. Quackgrass (Imperata cylindrica) extracts are also obtained by
roots leaching. Grass starch is used in many preparations to treat some humans and
animals’ diseases.

5.5 Grasses and Grassland ecological properties

Evidently, restoring native Grasses and Grassland is highly desirable. To that end,
scientists might build models predicting human disturbance on global Grassland
and assessing the climate-biosphere feedbacks as light grazing promoted soil C and
N sequestration whereas moderate and heavy grazing significantly accelerated C
and N losses. Indeed, light grazing also increase the above and belowground bio-
mass, stimulate more fixed C allocated to roots and increase root exudates and
biomass [47]. This enhances soil C accumulation as well N inputs into soils [48].
Meanwhile, light grazing also stimulate soil respiration by increasing temperature
and moisture, enhancing ground cover, decreasing compaction, stimulating plant
growth and microbial activities [49, 50]. However, both moderate and heavy
grazing markedly decrease soil carbon pool and soil nitrogen pool as grazing
decrease litter biomass, root C pool and microbial biomass and then lower C
inputs to soils [51].

Fire remains a major disruption to evolution and management as well as deter-
mining Grasses and Grassland ecosystems. Fire is known for improving framework
and resource environments, i.e., animal and livestock habitat. Prescribed fire is a
tool for modern pasture management. Seasonal uses of fires, herbicide and nitrogen
applications become promising, as desirable grass biomass increases while invasive
plant biomass decreases. About three types of fires are mostly used in Tropics [52]
for example, i.e. (a) early fires applied when the soil moisture degree is still suffi-
cient to produce grass regrowth that is highly valued by livestock and covers their
forage needs during the dry season. It cleans the straw left on the ground at the
end of dry season. Its ignition date coincides with the end of the rainy season
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Common
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tool for modern pasture management. Seasonal uses of fires, herbicide and nitrogen
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end of dry season. Its ignition date coincides with the end of the rainy season

17

Introductory Chapter: Milestones in Grasses and Grassland Research
DOI: http://dx.doi.org/10.5772/intechopen.90770



(mid-November to end of December, depending on the case). As results, it stimu-
lates the growth of hemicryptophytes, improves primary biomass production of
pastoral ecosystems and allows better land cover. (b) Off-season fires lit in the
middle wet season and depends on: (i) the effort to conserve standing straw used as
combustible for fire, (ii) the biomass ratio of “green matter/straw,” which must be
less than or equal to 1; where perennial Grasses abound, prescribed fires provide
livestock with tender and palatable forage in a forage-deficit season. (c) Late fires
applied when the degree of drying is maximum, very violent, compromising the
regeneration of forest recruits and chamephytes species often despised by animals.
It reduces woody plants density, promotes Grass growth, and accelerates bare
beaches reducing by the way the pastures’ carrying capacity.

But, using fire for sustainable Grasses and Grassland require optimal ecological
conditions as well as specific well trained staffs.

Some species are important in regards to their roots which were highly used for
human and animal medicine. These species (Andropogon spp., Cenchrus spp.,
Cynodon dactylon and Imperata cylindrica) appeared to be highly threatened and
thus, their culture should be encouraged in order to make them more available for
all needs.

It appears that all the listed Grasses are heavily attacked by a multitude of
diseases and parasites (Table 9). Although efforts have been made to enable each of
these plant species to provide the expected yields (productivity, food quality… ),
from another point of view, it is important to highlight their overall major ecological

Grasses Model species Number
diseases

Main foliar diseases Economic parasites References

Wheat-
grasses

Agropyron spp.
Hordeum spp.
Triticum spp.

70 Rusts, smuts,
blotches, spots, scald,
scolecotrichum stripe,
powdery mildew

Erisyphe graminis [53]

Needle-
grasses

Stipa spp. >50 Spots (septoria,
selenophoma, stem),
stagonospora .blotch,
stripes

Scolecotrichum
graminis

[53]

Blue-grasses Poa spp. 50 Rusts, stripe, spots,
powdery mildew,
anthracnose, smut,
fairy ring, melting-
out, silvertop, slime
molds

Laetisaria spp,
Entyloma spps,
Clitocybe, Lycoperdon,
Psalliota,Typhula,
mites, Drechslera,
Fusarium, Erysiphe
graminis

[53]

Smutgrasses
dropseeds

Sporobolus
spp.

36 Rusts, spots, powdery
mildew, mold, Smut

Helminihosporium
ravenelii

[54]

Grama
grasses

Bouteloua spp.
Aristida spp.

30 Rust, spots, choke,
scald, black ring

Balansia strangulans,
Balansia hemicrypta

[55]

Canary
grasses

Phalaris spp. 30 Tawny spot on leaves Pseudomonas
coronajaciens

[53]

Brome
grasses
(Mountain,
meadow,
smooth)

Bromus spp. 38 Spots, anthracnose,
powdery mildew,
mold, scalds, rot,
speckle, blotch,
stripes, rusts, Smut,
Silvertop, Blight,
Node

Pseudomonas, Ustilago
bullata, Fusarium,
Pyrenophora sp,
Selenophoma
bromigena,
Xanthomonas
translucens, Alternaria
spp., Claviceps spp,
Erysiphe graminis

[56]
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interest. Indeed, these species also serve as shelters and refuges or habitats as well as
food resources for many of these parasites, i.e., insects, bacteria, fungi, etc. They
therefore participate in the development of ecological niches in a context of habitat
fragmentation, an overall major role. Therefore, how can we perpetuate the useful-
ness of Grasses in the midst of various plagues and attacks from grasshoppers, striga,
cantharids and anthracnose?

Conservation and enhancement for the majority of introduced forage species are
aimed at scientific, cultural, and touristic purposes. Herbarium and ex situ conser-
vation, i.e., laboratories, are still on a very small scale in Central and West Africa.

Some tropical native Grasses deserve special attention such as:

• Fire-sensitive species that, lose fruit-bearing performance. These are therophytes
Grasses, mainly Hyparrhenia involucrata and Pennisetum polystachion [61].

Grasses Model species Number
diseases

Main foliar diseases Economic parasites References

Foxtail
Millet

Setaria itálica 22 Spots (Cercospora,
helminthosporium,
bacterial, gray),
downy mildew

Piricularia grísea,
Sclerospora
graminicola

[53]

Meadow
Foxtail

Alopecurus
pratensis

19 Stripe, water-soaked,
blotches, scalds,
streak, rust

Rhynchosporium spp,
Drechslera sp.,
Sclerotinia borealis;
Puccinia graminis

[53, 56]

Buffalo grass Buchloë
dactyloides

11 Spots, false smut Cercospota seminalis [53]

Beardgrass/
Bluestem

Andropogon
spp.

— Rusts, choke,
anthracnose, cattail,
spots

Phyllachora
luteomaculata

[57]

Wild-rye
grasses
Junegrass

Elymus spp.
Koeleria
cristata

14 Rusts, smuts,
powdery mildew,
spots, blight, stripe,
speckle

Epichloe typhina [53]

Bentgrass Agrostis spp. 13 Patchs, molds, spots,
leaf blotch, Pythium
Blight, red thread

Rhizoctonia solani,
Typhula spp, Coprinus
spp, Drechslera,
Sclerotinia,
Leptosphaeria korrae,
Fusarium, Pythium,
Laetisaria spp

[58]

Fescue, Red Festuca rubra 14 Anthracnose, molds,
red thread, silver top,
spots, scald, smuts,
Brown stripe, blotch,
powdery mildew, rust

Colletotrichum
graminicola,Typhula
spp, Coprinus spp,
Fusarium spp,
Clitocybe spp
Marasmius spp,
Lycoperdon spp,
Psalliota

[59]

Timothy
grass

Phleum spp. 06 Spot, blight, rot,
mold, ergot, snow
scald

Heterosporium
phleum, Drechslerai,
Pythium, Claviceps
purpurea, Sclerotinia
boreali

[60]

Table 9.
Grasses and Grassland pressures and extents of diseases.
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• Forage sensitive to trampling, i.e., Aristida kerstingii, Urochloa indica.

• Rare genera: Elymandra androphyla, Loxodera ledermannii, Hyperthelia
dissoluta, which require further attention

• Grazing-sensitive including Hyparrhenia smithiana and Pennisetum unisetum
[3, 4, 9], Setaria sphacelata, Anadelphia afzeliana, Brachiaria falcifera, and
Loxodera ledermannii, less silicified under grazing pressure making them more
vulnerable [12].

• Site indicator, i.e., Brachiaria brachylopha for dry sites and B. falcifera for
subhumid sites [62].

Grasses and Grassland biodiversity conservation requires (i) a comprehensive
census to define the biodiversity conservation strategy; (ii) programming and
planning to regulate grazing pressure; (iii) updating revision of herbaria; (iv) in situ
conservation, and (v) wild Grasses domestication.

However, a specialist look is requiring for following concerns: (i) Are livestock
grazing and burning compatible? (ii) How to reduce invasive species impact on
Grasses and Grassland facing biodiversity erosion? (iii) What alternatives to issues
in temperate environments as well as facing pests’ damage extent? (iv) What
would be Grasses and Grassland’ contribution to agricultural and environmental
services in a variety of systems that value permanent Grassland in the forage
system?

5.6 Grasses and Grassland cultural properties

Grasses are important both in everyday life and during mourning ceremonies,
links, knot of all kinds (portage, forbidden, calendars, stubble or signs of fallow
land ...) [63]. They are surrounded by several spells, superstitions, myths, legends
as well as popular beliefs. Among 15 of these properties reported for example on the
wheat are the following:

• Wheat is a tool in religious rites of ancient Egyptians, Assyrians, Chaldeans,
Romans, Greeks, as well as in India. Its bread has become the central mystery
of Christianity. As a symbol of food, fertility and the annual rebirth of life,
wheat is the offering of the Harvest Day in Luna sad, Ireland (August 1 in the
Northern Hemisphere, February 1 in the Southern Hemisphere).

• Wheat is a symbol of fertility often used newlyweds’ home decoration [64],
offering happy inspiration, gratitude, prudence united to goodness, legitimate
acquisition [65].

• Lucky sheaves: for hares, partridges and farmers because of the Wheat genius
which embodies a last sheaf shaped like a wolf.

• Uncompromising guardians: Other wheat geniuses such as Polievik in Russia or
Polevik in Poland hunt pests and weeds and promote harvests. But he will
strangle those who would take a nap instead of plowing their land! Poludnica
ensures breaks observance. Polednice in Czechoslovakia and Slovakia
prevents damage before harvest while Polednicek prevents fields from being
ransacked.
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6. Grasses and Grassland syntheses

Grasses hold a lot of syntheses as about 27 have been partly listed from the main
cereals (sorghum, oat, barley, wheat, maize, Spelt). These chemicals and biologicals
act as anticancer [37, 66], increasing milk production [67], antifungal, antibacterial
[37], anthelmintic, anti-amoebic, cyclooxygenase (COX) I and II inhibitory activity
[68], dysmenorrheal and uterine relaxing activities.

Among the Sorghum synthesis (Table 10), very little is still known on the
Dhurrin genetic control. However, Dhurrin content was recently found in consis-
tent association with biosynthetic genes in N-fertilized environments, while with
catabolic loci in the controls [78]. Several phenolic compounds also accumulated
radioactivity.

Engineering strategies targeting plant biomass lignin develop sustainable bio
economy. Tricin native monocots lignin polymer initiate the lignin chains polymer-
ization. Its bio-synthesis requires two methylation reactions involving the pathway
intermediate selgin. O-methyltransferase is producing S lignin units as in the lignin-
linked tricin synthesis [79].

The 1,3-propanediol is bio-produced from white sorghum starch and glycerol
inoculated by a mixture culture of Escherichia coli and Klebsiella species [80].

Meeting the human nutrition balance needs require improving protein and
amino acids relative contents in rice grain.

The use of genetic engineering strategy can improve essential amino acids con-
tents, and nutritional quality of rice grain. But, how to regulate lipid metabolism
pathway in rice grains remains questionable.

Species Bio-synthesis Characteristics References

Sorghum Dhurrin • Cyanogenic glucoside in early grain development
• Low-juveniles vs. high-older plants contents
• Highest in Caudatum and lowest in Guinea
• Shift from leaves to stem

[13]

Rice Amino acid in
grains

• Lysine, first limiting amino acid in cereals
• Lysine, methionine, threonine and isoleucine

[69]

Aromatic amino-
acids

• Increasing tryptophan and phenylalanine rates
• Cysteine, serine, methionine change into isoleucine

[70]

Vitamins in
grains

• Foliar β-carotenoid synthesize humans vitamin A
• Transgenic produce β-carotenoids in endosperm.
• Transgenic folic acid as 1.5 times of original
• Thiamine/vitamin B1 low in plastids causing beriberi
• Vitamin E as tocopherol, trienol family
• Vitamin E as anti-oxidative damage protection
• Vitamin C as antioxidant, antiatherosclerosis, anti-cancer

[71, 72]

Oat Avenancins as
saponins

• Protective properties, i.e. anti-inflammatory, antifungals,
anti-bacterial, anti-parasitism, anti-cancers and anti-viral

[73]

Wheat Storage protein • Prolamin gene stimulation at storage onset [74]

Gluten • Gluten proteins heredity by starch gel electrophoresis
• No gluten effect on Canthatch variety D genome

[75]

Antioxidants • Antioxidant by reducing glycoside, polyphenolics [76]

Barley Starch and
amino acid in
grains

• Less starch, dry weight in transgenic endosperms [77]

Table 10.
Some cereals synthesis.
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Little is known about Vitamin C biosynthesis in monocotyledonous plants.
Therefore, solving low vitamin content in rice grains, require increasing vitamin of
rice seeds and improving nutritional quality by making rice, full use of its genes.
Achieving this might consider the introduction of exogenous genes, metabolic
engineering, genetic engineering and other modern technical methods.

7. Grasses and Grassland applications

Ecosystem services ofGrasses and Grassland are expressed through grazing areas,
watershed water, biodiversity reserves, tourist sites, recreation areas, religious sites,
wild food sources, and natural medicine sources, mainly through the sequestration
and storage of C.

Several species of large Grasses are also very important for the manufacture of
mats and for the roof. Normally, they are protected against fire and grazing, but
rarely cultivated. For the manufacture of mats along the Logone, Hyparrhenia rufa
is planted. Vetiveria nigritana is used for the fields’ demarcation on floodplains,
and anti-erosion. Vetiver’s thatch is traditionally used to cover the roofs of straw
huts, and to make basketry or carpets. Bambusa vulgaris is planted for timber in
southern countries while Oxytenanthera abyssinica is often more notable in
the north.

Miscanthus from Asia as well as sweet sorghum (Sorghum bicolor) and switch-
grass (Panicum virgatum) from USA [81] are material for biofuel and buildings.
Ciments Calcia and Alkern as Industrial company substitute’s traditional aggregates
with crushed to reach 60% Miscanthus in the concrete; a prototype block of
20 � 50 � 20 cm weighing 17 kg is three times more insulating than conventional
concrete [82]. Insulating panels and biomaterial in term of acoustic comfort with
noise attenuation, it is 4 h fire resistance. First experimental use of concrete in early
2018 deployed on 1700 m2 of facade of 46 social housing units in Chanteloup-en-
Brie (France) requires 50 tons of Miscanthus.

These are biosourced materials, grown without pesticides and irrigation, adapts
to polluted, degraded or abandoned land, out of competing food agriculture, offer-
ing additional resources and economic opportunities for farmers. Production is
spread over 15–20 years without reseeding or fertilizing. In addition, Miscanthus is
sterile, rhizome and non-invasive, yielding 10 tons/ha per year. It reduces the
building’s carbon footprint by saving on the transport of aggregates over long
distances.

Figure 3.
Applications from the rice.
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Arundo donax provides all-lignocellulosic fiberboards without synthetic binders,
raw good material for fiberboard production and its pulp is rich in cellulose and
moderate in lignin.

Figures 3 and 4 highlight some applications from Rice and Fonio, respectively.

8. Concluding remarks

This chapter highlights some milestones in Grasses and Grassland research:
(1) 18 types of Grassland identified; (2) only 250 tropical grass species among 9700,
i.e., 2.58% studied before 1990 and 100 over the last 30 years; (3) Grasses have been
field characterized throughout 78 parameters; (4) biodiversity results in 43 cereals
and 50 tropical Grasslands; (5) mostly, Grassland of Andropogon gayanus and
Hyparrhenia involucrata (74% PV, 6.28 tons DM/ha; 0.37 ha/TLU) from Guineo-
Sudanese opposed Setaria longiseta and Sporobolus pyramidalis (21% PV; 2.9 tons
DM/ha; 5.4 ha/TLU) from Sudanian zone; (6) cultivated grasses belong to Panicum
spp., Brachiaria spp. and Pennisetum spp.; (7) cereals contain gluten from 5% in rice
to 69% in wheat; (8) properties result in 7 anti-erosive, 10 ornamental, 17 medici-
nal, 15 cultural and 11 aromatic with 95 oil volatile compounds; (8) Twenty-seven
bio-syntheses recorded with Dhurrin genetic control, mechanism of lipid metabo-
lism pathway and vitamin C biosynthesis remaining concerns; (9) applications are
bioenergetic, cosmetic, industrial and environmental with sequestering carbon and
nitrogen into soil.

Otherwise, most of cereals’ syntheses are found in fighting century diseases
including cancers, high blood pressure, etc. that devastate human resources and
thus negatively impact Nations economies.

So many virtues for more or less demanding resources like Grasses and Grass-
land! The whole world can certainly make a big profit from its. In a context of
increasing difficulties in adequately feeding a growing world population threatened
by major plagues, interest in these natural resources must certainly be attracted.
Given the rapid precariousness of the food and health situation in some parts of the
world, would it be too much to consider Grasses and Grassland as a hope for
sustainable well-being? Whether ecological intensification is a pastoral contribution
to agricultural and environmental services in a variety of systems that value

Figure 4.
Applications from the Fonio.
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Little is known about Vitamin C biosynthesis in monocotyledonous plants.
Therefore, solving low vitamin content in rice grains, require increasing vitamin of
rice seeds and improving nutritional quality by making rice, full use of its genes.
Achieving this might consider the introduction of exogenous genes, metabolic
engineering, genetic engineering and other modern technical methods.

7. Grasses and Grassland applications

Ecosystem services ofGrasses and Grassland are expressed through grazing areas,
watershed water, biodiversity reserves, tourist sites, recreation areas, religious sites,
wild food sources, and natural medicine sources, mainly through the sequestration
and storage of C.

Several species of large Grasses are also very important for the manufacture of
mats and for the roof. Normally, they are protected against fire and grazing, but
rarely cultivated. For the manufacture of mats along the Logone, Hyparrhenia rufa
is planted. Vetiveria nigritana is used for the fields’ demarcation on floodplains,
and anti-erosion. Vetiver’s thatch is traditionally used to cover the roofs of straw
huts, and to make basketry or carpets. Bambusa vulgaris is planted for timber in
southern countries while Oxytenanthera abyssinica is often more notable in
the north.

Miscanthus from Asia as well as sweet sorghum (Sorghum bicolor) and switch-
grass (Panicum virgatum) from USA [81] are material for biofuel and buildings.
Ciments Calcia and Alkern as Industrial company substitute’s traditional aggregates
with crushed to reach 60% Miscanthus in the concrete; a prototype block of
20 � 50 � 20 cm weighing 17 kg is three times more insulating than conventional
concrete [82]. Insulating panels and biomaterial in term of acoustic comfort with
noise attenuation, it is 4 h fire resistance. First experimental use of concrete in early
2018 deployed on 1700 m2 of facade of 46 social housing units in Chanteloup-en-
Brie (France) requires 50 tons of Miscanthus.

These are biosourced materials, grown without pesticides and irrigation, adapts
to polluted, degraded or abandoned land, out of competing food agriculture, offer-
ing additional resources and economic opportunities for farmers. Production is
spread over 15–20 years without reseeding or fertilizing. In addition, Miscanthus is
sterile, rhizome and non-invasive, yielding 10 tons/ha per year. It reduces the
building’s carbon footprint by saving on the transport of aggregates over long
distances.

Figure 3.
Applications from the rice.
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Arundo donax provides all-lignocellulosic fiberboards without synthetic binders,
raw good material for fiberboard production and its pulp is rich in cellulose and
moderate in lignin.

Figures 3 and 4 highlight some applications from Rice and Fonio, respectively.

8. Concluding remarks

This chapter highlights some milestones in Grasses and Grassland research:
(1) 18 types of Grassland identified; (2) only 250 tropical grass species among 9700,
i.e., 2.58% studied before 1990 and 100 over the last 30 years; (3) Grasses have been
field characterized throughout 78 parameters; (4) biodiversity results in 43 cereals
and 50 tropical Grasslands; (5) mostly, Grassland of Andropogon gayanus and
Hyparrhenia involucrata (74% PV, 6.28 tons DM/ha; 0.37 ha/TLU) from Guineo-
Sudanese opposed Setaria longiseta and Sporobolus pyramidalis (21% PV; 2.9 tons
DM/ha; 5.4 ha/TLU) from Sudanian zone; (6) cultivated grasses belong to Panicum
spp., Brachiaria spp. and Pennisetum spp.; (7) cereals contain gluten from 5% in rice
to 69% in wheat; (8) properties result in 7 anti-erosive, 10 ornamental, 17 medici-
nal, 15 cultural and 11 aromatic with 95 oil volatile compounds; (8) Twenty-seven
bio-syntheses recorded with Dhurrin genetic control, mechanism of lipid metabo-
lism pathway and vitamin C biosynthesis remaining concerns; (9) applications are
bioenergetic, cosmetic, industrial and environmental with sequestering carbon and
nitrogen into soil.

Otherwise, most of cereals’ syntheses are found in fighting century diseases
including cancers, high blood pressure, etc. that devastate human resources and
thus negatively impact Nations economies.

So many virtues for more or less demanding resources like Grasses and Grass-
land! The whole world can certainly make a big profit from its. In a context of
increasing difficulties in adequately feeding a growing world population threatened
by major plagues, interest in these natural resources must certainly be attracted.
Given the rapid precariousness of the food and health situation in some parts of the
world, would it be too much to consider Grasses and Grassland as a hope for
sustainable well-being? Whether ecological intensification is a pastoral contribution
to agricultural and environmental services in a variety of systems that value

Figure 4.
Applications from the Fonio.
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permanent Grasslands in the forage system, what would life on earth really be
without these Grasses and Grassland? Facing array of properties, synthesis and
applications which force the hope, politicians would science-based manage for
ensuring secured future for humanity, even in the increasingly alarming global
warming; because Grasses and Grassland could be solutions to eventualities. In this
debate, however, government officials, policy makers, professionals, and the gen-
eral public would ensure that proactive and sustained production, processing and
development, as well as commercialization of Grasses and Grassland are for the
sustainable well-being of the respective communities; Decisions needed for sus-
tainably managing these properties, synthesis, and applications so that serious
threats can be mitigated. This includes students, teachers, and operators, who are
tracking accurate and updated inventories of Grasses and Grassland’ knowledge.
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Chapter 2

Soil Moisture Regime and Mound 
Position Effects on Soil Water and 
Vegetation in a Native Tallgrass 
Prairie in the Mid-Southern 
United States of America
Tyler J. Durre, Kristofor R. Brye, Lisa S. Wood  
and Edward E. Gbur

Abstract

Prairie mounds are unique soil surface features that will become increasingly 
scarce as native tallgrass prairies are continually lost. This study aimed to evalu-
ate (i) whether the soil moisture regime (SMR), mound position, and soil depth 
affect soil volumetric water content (VWC) and (ii) whether the SMR and mound 
position affect vegetation over time. Soil VWC was measured continuously from 
April 2017 to June 2018, and vegetation was sampled in June and August 2017 and in 
May and August 2018. Maximum VWC for selected rainfall events was ~ 2.5 times 
greater at 10 cm in the aquic inter-mound than the udic mound position at 30 cm. 
Soil dry-down rates were four times greater in the udic soil at 10 cm than the aquic 
soil at 30 cm. Aboveground plant biomass was numerically largest (8489 kg ha−1) 
at the aquic summit in August 2018 and smallest (1280 kg ha−1) at the aquic inter-
mound in May 2018. Results clearly demonstrate the effects that prairie mound 
topography and differing SMRs have on soil water dynamics and prairie vegetation 
and suggest that management efforts need to account for mound topography and 
SMR in order to be most successful.

Keywords: Ozark Highlands, Arkansas, udic, aquic, prairie mounds

1. Introduction

Before the onset of European agriculture, 1.62 × 108 ha of prairie covered the 
vast area of land from Canada to Mexico and from the Rocky Mountains to western 
Indiana, known as the Great Plains [1, 2]. Tallgrass prairies once encompassed  
6.0 × 107 ha from Canada and Minnesota south to Texas and were the dominant pre-
settlement vegetation type in the eastern third of the Great Plains [2, 3]. Since 1830, 
tallgrass prairie loss in the United States is estimated between 82 and 99%, exceeding 
the loss of any other major ecosystem in North America [2]. Due to the substantial 
prairie loss, tallgrass prairies are now considered to be North America’s most endan-
gered ecosystem [3]. Factors including conversion to farmland, introduction of 
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vast area of land from Canada to Mexico and from the Rocky Mountains to western 
Indiana, known as the Great Plains [1, 2]. Tallgrass prairies once encompassed  
6.0 × 107 ha from Canada and Minnesota south to Texas and were the dominant pre-
settlement vegetation type in the eastern third of the Great Plains [2, 3]. Since 1830, 
tallgrass prairie loss in the United States is estimated between 82 and 99%, exceeding 
the loss of any other major ecosystem in North America [2]. Due to the substantial 
prairie loss, tallgrass prairies are now considered to be North America’s most endan-
gered ecosystem [3]. Factors including conversion to farmland, introduction of 
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non-native forage crops, woody plant encroachment, overgrazing, and urban expan-
sion have contributed to the reduction of tallgrass prairies in North America [2, 4].

Tallgrass prairies are the most mesic prairie variety, and as a result, multiple 
resources, including soil moisture, may control net primary productivity (NPP) 
in this ecosystem [5]. Evidence of differing soil moisture dynamics in mounded 
and inter-mound soil have been described in various field studies [6–8]. Research 
has generally concluded that inter-mound soils are wetter, often possessing greater 
water contents, than mounded soil profiles [6–8]. Water content measurements 
conducted by Ross et al. [8] on a silt loam surface in northwestern Minnesota 
indicated that mounded soils contained lower water contents at respective depths 
than the inter-mound soil. Profile descriptions of mounded and inter-mound soils 
have noted that redoximorphic (redox) concentrations and depletions occur at 
shallower depths in inter-mound soils, further substantiating that inter-mound 
soils are wetter than mounded soil [6, 9]. Common depletions were identified in 
the surface horizon of an inter-mound profile, whereas depletions were absent 
in the corresponding mounded profile in the top 85 cm in the Arkansas River 
Valley within the Ouachita physiographic province [9]. Crayfish (Cambarus spp.) 
chimneys are commonly reported in inter-mound soils, but are rarely present in 
mounded soils, which again suggests that inter-mounds contain more moisture 
than mounded soils [7, 9]. Additionally, studies have indicated that water is retained 
longer in inter-mound profiles than in mounded soils [7]. Water is likely retained in 
the inter-mound for longer periods of time because mounded positions have greater 
permeability and internal drainage and lower clay contents than inter-mound soils, 
which increases water movement through the mounded soil profile [7].

The differing water dynamics between mounded and inter-mound soil profiles 
described in previous studies would likely lead to differences in biomass produc-
tion and differing plant communities between the mound positions. Studies have 
characterized herbage production on mounds compared with inter-mounds, differ-
ences in vegetation composition (i.e., grass or forb dominated), as well as similari-
ties between plant composition of mounds and inter-mounds [8, 10–12]. Studies 
conducted by Allgood and Gray [10] on a silt loam surface in eastern Oklahoma 
and McGinnies [12] on a silt loam soil in Colorado analyzed herbage production 
of mounds compared with inter-mound mound positions and concluded that 
mounds generally produce more biomass than inter-mounds. A study conducted by 
McGinnies [12] in Colorado on a silt loam mounded soil and a loam inter-mound 
soil noted that the air-dry herbage yields were 94, 180, 323, 358, and 542% greater 
on seeded mounds than on seeded inter-mounds for intermediate wheatgrass 
(Thinopyrum intermedium), crested wheatgrass [Agropyron cristatum (L.) Gaertn.], 
smooth brome (Bromus inermis Leyss.), Russian wildrye [Psathyrostachys juncea 
(Fisch.) Nevski], and big bluegrass (Poa secunda J. Presl), respectively.

Studies analyzing whether grasses or forbs were more abundant on mounded 
positions have yielded mixed results [8, 10]. Scientists have hypothesized that 
mounds containing pocket gophers (Geomys bursarius) will tend to be dominated 
by grasses, as pocket gophers primarily feed on forb species [10, 13]. Additionally, 
mound size may determine whether grasses or forbs are the dominant form of 
vegetation [8]. At the Waubon Prairie in northwestern Minnesota on a silt loam 
surface, small mounds were generally dominated by grasses, whereas medium-sized 
mounds were forb-dominant and large mounds were comprised mostly of shrubs 
[8]. Additionally, vegetation differences between mounds and the surrounding 
prairie occur because mounded soils exhibit increased biological soil disturbance 
compared with inter-mound soils [11]. As soil is continually disturbed, vegetation 
succession occurs, which promotes the abundance of pioneer forb species and other 
disturbance-tolerant plants [8, 11].
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Studies determining whether plant species richness was greater on mound or 
inter-mound mound positions have also provided mixed results. Brotherson [11] 
concluded that the species richness on the mound was only slightly larger than the 
species richness of the corresponding inter-mound in Iowa, with 51 plant species 
identified on the mounds and 48 species identified in the inter-mound on soils with 
loam, clay loam, and silty clay loam soil textures [11, 14]. Of the 51 plant species 
present on the mounds, 38 were also present in the adjacent prairie [11]. Conversely, 
Allgood and Gray [10] noted that 18 plant species were identified on inter-mound 
soils, whereas 13 plant species were identified on mounded soils on a silt loam soil 
in eastern Oklahoma. Of the 18 species located on inter-mound soils, 6 were also 
located on mounded soils [10]. Although the studies may disagree on whether 
species richness was greater in mound or inter-mound soils, both studies demon-
strated that a degree of dissimilarity between plant species comprising mounds and 
inter-mounds exists. Scientists have hypothesized the reason for the dissimilarity 
between mounds and inter-mounds is due to the microtopographic variation of the 
mounds compared with inter-mound soils [11, 15].

Studies analyzing soil moisture with time and vegetation in tallgrass prairies 
within the Ozark Highlands are of interest as the Ozark Highlands occupies a 
topographic, climatic, and botanical transition zone from the grassland-dominated 
Great Plains to the west and northwest to the warm and wetter forest to the east and 
southeast [1, 16, 17]. The Ozark Highlands Major Land Resource Area (MLRA) 116A 
occupies portions of eastern Oklahoma, northwestern and north-central Arkansas, 
and southwestern to south-central Missouri and is approximately 85,720 km2 [18]. 
The Ozark Highlands land cover distribution is characterized as approximately 54% 
forest, 33% grasslands, 5% cropland, 4% urban development, 3% water, and 1% 
other [19]. The forested region of the Ozark Highlands is inhabited by oak (Quercus 
spp.), hickory (Carya spp.), and shortleaf pine (Pinus echinata Mill.) [19]. Common 
grassland species present in the Ozark Highlands include fescue (Festuca L.), big 
bluestem (Andropogon gerardii V.), little bluestem [Schizachyrium scoparium (Michx.) 
Nash], indiangrass [Sorghastrum nutans (L.) Nash], and dropseeds (Sporobolus spp.) 
[19]. Corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] are agronomic crops 
typically grown in the Ozark Highlands.

Alfisols and Ultisols are the dominant soil orders present in the Ozark Highlands 
[20]. Limestone, dolomite, and occasionally sandstone are common parent materi-
als in the region [20]. Argillic horizons have developed over time as physical and 
chemical weathering has caused the cherty limestone parent material to disintegrate 
into chert and clay [20]. Soils in the Ozark Highlands are shallow to very deep, 
moderately to excessively well-drained, and medium- to fine-textured [20].

Prairie mounds have been described as soils with special scientific value, but rel-
atively little research has been conducted on undisturbed prairie mounds in native 
tallgrass prairies [21]. Most research of prairie mounds has occurred on the west 
coast [15, 22, 23], but few studies have been performed in the mid-southern region 
of the United States. Additionally, most prairie mound research has focused on 
determining valid hypotheses for mound formation, while various aspects of prairie 
mounds have been studied specifically in northwest Arkansas [24, 25], in northeast 
Arkansas [26], and in central and southern Arkansas [9, 27]. Though various stud-
ies have reported soil moisture differences between mound and inter-mound areas, 
none of the studies evaluated soil moisture dynamics over extended time periods 
and multiple seasons. In additional, potential vegetation differences in mounded 
ecosystems in Arkansas have not been researched. Therefore, the objective of this 
field study was twofold: (i) characterize soil volumetric water content (VWC) dif-
ferences between landscape positions (i.e., mound summit and inter-mound) over 
time and among soil depths (i.e., 10, 20, 30, and 50 cm) in contrasting soil moisture 
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non-native forage crops, woody plant encroachment, overgrazing, and urban expan-
sion have contributed to the reduction of tallgrass prairies in North America [2, 4].

Tallgrass prairies are the most mesic prairie variety, and as a result, multiple 
resources, including soil moisture, may control net primary productivity (NPP) 
in this ecosystem [5]. Evidence of differing soil moisture dynamics in mounded 
and inter-mound soil have been described in various field studies [6–8]. Research 
has generally concluded that inter-mound soils are wetter, often possessing greater 
water contents, than mounded soil profiles [6–8]. Water content measurements 
conducted by Ross et al. [8] on a silt loam surface in northwestern Minnesota 
indicated that mounded soils contained lower water contents at respective depths 
than the inter-mound soil. Profile descriptions of mounded and inter-mound soils 
have noted that redoximorphic (redox) concentrations and depletions occur at 
shallower depths in inter-mound soils, further substantiating that inter-mound 
soils are wetter than mounded soil [6, 9]. Common depletions were identified in 
the surface horizon of an inter-mound profile, whereas depletions were absent 
in the corresponding mounded profile in the top 85 cm in the Arkansas River 
Valley within the Ouachita physiographic province [9]. Crayfish (Cambarus spp.) 
chimneys are commonly reported in inter-mound soils, but are rarely present in 
mounded soils, which again suggests that inter-mounds contain more moisture 
than mounded soils [7, 9]. Additionally, studies have indicated that water is retained 
longer in inter-mound profiles than in mounded soils [7]. Water is likely retained in 
the inter-mound for longer periods of time because mounded positions have greater 
permeability and internal drainage and lower clay contents than inter-mound soils, 
which increases water movement through the mounded soil profile [7].

The differing water dynamics between mounded and inter-mound soil profiles 
described in previous studies would likely lead to differences in biomass produc-
tion and differing plant communities between the mound positions. Studies have 
characterized herbage production on mounds compared with inter-mounds, differ-
ences in vegetation composition (i.e., grass or forb dominated), as well as similari-
ties between plant composition of mounds and inter-mounds [8, 10–12]. Studies 
conducted by Allgood and Gray [10] on a silt loam surface in eastern Oklahoma 
and McGinnies [12] on a silt loam soil in Colorado analyzed herbage production 
of mounds compared with inter-mound mound positions and concluded that 
mounds generally produce more biomass than inter-mounds. A study conducted by 
McGinnies [12] in Colorado on a silt loam mounded soil and a loam inter-mound 
soil noted that the air-dry herbage yields were 94, 180, 323, 358, and 542% greater 
on seeded mounds than on seeded inter-mounds for intermediate wheatgrass 
(Thinopyrum intermedium), crested wheatgrass [Agropyron cristatum (L.) Gaertn.], 
smooth brome (Bromus inermis Leyss.), Russian wildrye [Psathyrostachys juncea 
(Fisch.) Nevski], and big bluegrass (Poa secunda J. Presl), respectively.

Studies analyzing whether grasses or forbs were more abundant on mounded 
positions have yielded mixed results [8, 10]. Scientists have hypothesized that 
mounds containing pocket gophers (Geomys bursarius) will tend to be dominated 
by grasses, as pocket gophers primarily feed on forb species [10, 13]. Additionally, 
mound size may determine whether grasses or forbs are the dominant form of 
vegetation [8]. At the Waubon Prairie in northwestern Minnesota on a silt loam 
surface, small mounds were generally dominated by grasses, whereas medium-sized 
mounds were forb-dominant and large mounds were comprised mostly of shrubs 
[8]. Additionally, vegetation differences between mounds and the surrounding 
prairie occur because mounded soils exhibit increased biological soil disturbance 
compared with inter-mound soils [11]. As soil is continually disturbed, vegetation 
succession occurs, which promotes the abundance of pioneer forb species and other 
disturbance-tolerant plants [8, 11].
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Studies determining whether plant species richness was greater on mound or 
inter-mound mound positions have also provided mixed results. Brotherson [11] 
concluded that the species richness on the mound was only slightly larger than the 
species richness of the corresponding inter-mound in Iowa, with 51 plant species 
identified on the mounds and 48 species identified in the inter-mound on soils with 
loam, clay loam, and silty clay loam soil textures [11, 14]. Of the 51 plant species 
present on the mounds, 38 were also present in the adjacent prairie [11]. Conversely, 
Allgood and Gray [10] noted that 18 plant species were identified on inter-mound 
soils, whereas 13 plant species were identified on mounded soils on a silt loam soil 
in eastern Oklahoma. Of the 18 species located on inter-mound soils, 6 were also 
located on mounded soils [10]. Although the studies may disagree on whether 
species richness was greater in mound or inter-mound soils, both studies demon-
strated that a degree of dissimilarity between plant species comprising mounds and 
inter-mounds exists. Scientists have hypothesized the reason for the dissimilarity 
between mounds and inter-mounds is due to the microtopographic variation of the 
mounds compared with inter-mound soils [11, 15].

Studies analyzing soil moisture with time and vegetation in tallgrass prairies 
within the Ozark Highlands are of interest as the Ozark Highlands occupies a 
topographic, climatic, and botanical transition zone from the grassland-dominated 
Great Plains to the west and northwest to the warm and wetter forest to the east and 
southeast [1, 16, 17]. The Ozark Highlands Major Land Resource Area (MLRA) 116A 
occupies portions of eastern Oklahoma, northwestern and north-central Arkansas, 
and southwestern to south-central Missouri and is approximately 85,720 km2 [18]. 
The Ozark Highlands land cover distribution is characterized as approximately 54% 
forest, 33% grasslands, 5% cropland, 4% urban development, 3% water, and 1% 
other [19]. The forested region of the Ozark Highlands is inhabited by oak (Quercus 
spp.), hickory (Carya spp.), and shortleaf pine (Pinus echinata Mill.) [19]. Common 
grassland species present in the Ozark Highlands include fescue (Festuca L.), big 
bluestem (Andropogon gerardii V.), little bluestem [Schizachyrium scoparium (Michx.) 
Nash], indiangrass [Sorghastrum nutans (L.) Nash], and dropseeds (Sporobolus spp.) 
[19]. Corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] are agronomic crops 
typically grown in the Ozark Highlands.

Alfisols and Ultisols are the dominant soil orders present in the Ozark Highlands 
[20]. Limestone, dolomite, and occasionally sandstone are common parent materi-
als in the region [20]. Argillic horizons have developed over time as physical and 
chemical weathering has caused the cherty limestone parent material to disintegrate 
into chert and clay [20]. Soils in the Ozark Highlands are shallow to very deep, 
moderately to excessively well-drained, and medium- to fine-textured [20].

Prairie mounds have been described as soils with special scientific value, but rel-
atively little research has been conducted on undisturbed prairie mounds in native 
tallgrass prairies [21]. Most research of prairie mounds has occurred on the west 
coast [15, 22, 23], but few studies have been performed in the mid-southern region 
of the United States. Additionally, most prairie mound research has focused on 
determining valid hypotheses for mound formation, while various aspects of prairie 
mounds have been studied specifically in northwest Arkansas [24, 25], in northeast 
Arkansas [26], and in central and southern Arkansas [9, 27]. Though various stud-
ies have reported soil moisture differences between mound and inter-mound areas, 
none of the studies evaluated soil moisture dynamics over extended time periods 
and multiple seasons. In additional, potential vegetation differences in mounded 
ecosystems in Arkansas have not been researched. Therefore, the objective of this 
field study was twofold: (i) characterize soil volumetric water content (VWC) dif-
ferences between landscape positions (i.e., mound summit and inter-mound) over 
time and among soil depths (i.e., 10, 20, 30, and 50 cm) in contrasting soil moisture 
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regimes (SMR) (i.e., aquic and udic) and (ii) determine the effect of landscape 
position (i.e., mound and inter-mound), soil moisture regime (i.e., aquic and udic), 
and time on vegetative properties [i.e., total productivity, total diversity, species 
evenness, species richness, vegetation similarity, and grass abundance compared 
with other species abundance (i.e., sedges, rushes, and forbs)] in a native tallgrass 
prairie in the Ozark Highlands region of northwest Arkansas. It was hypothesized 
that numerous differences in soil moisture, vegetation, and soil morphology would 
exist with depth among the various mound positions across soil moisture regimes.

2. Materials and methods

2.1 Site description

Research for this field study began in April 2017 at the Chesney Prairie Natural 
Area, hereafter referred to as Chesney Prairie, located near Siloam Springs, Benton 
County, Arkansas (36°13′12″ N lat., 94°28′57″ W long., Figure 1). Chesney Prairie is 
part of the Ozark Highlands (MLRA 116A) [18].

The Chesney Prairie (Figure 1) is a tallgrass prairie that has been managed by 
the Arkansas Natural Heritage Commission (ANHC) since 2000 [28]. Chesney 
Prairie is a 33-ha remnant of prairie ecosystems that formerly encompassed over 
30,000 ha of the Ozark Plateau and is one of the few prairie remnants on the 
Arkansas portion of the Springfield Plateau [29]. In addition, Chesney Prairie 
and the nearby Stump Prairie are the two remaining native prairie remnants of 
Lindsley’s Prairie, which once encompassed approximately 6200 ha around present-
day Siloam Springs, AR [30].

Chesney Prairie is a diverse prairie that supports over 450 plant species, including 
290 native plant species and 18 rare plant species [29]. Big bluestem (Andropogon 
gerardii V.), little bluestem [Schizachyrium scoparium (Michx.) Nash], indiangrass 
[Sorghastrum nutans (L.) Nash], and switchgrass (Panicum virgatum) are typical 
prairie grasses present at Chesney Prairie [30]. Common forb species inhabit-
ing Chesney Prairie include large flower tickseed (Coreopsis grandiflora), prairie 

Figure 1. 
Map depicting the approximate location of Chesney prairie (represented with oval) located in Benton County, 
Arkansas.
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grayfeather (Liatris pycnostachya), and rattlesnake master (Eryngium yuccifolium). 
Periodic prescribed burns and invasive species eradication are management practices 
currently used to increase the native plant population [30]. Prescribed burning has 
occurred approximately every 3 years, with the last burn occurring in January 2017.

Chesney Prairie contains two soil series: Jay silt loam (fine-silty, mixed, active, 
thermic Oxyaquic Fragiudalf), which is in a udic soil moisture regime, and Taloka 
silt loam (fine, mixed, active, thermic Mollic Albaqualfs), which is in an aquic soil 
moisture regime [31, 32]. The macroscale slope is approximately 4%, and the land 
surface undulates some throughout the entire Chesney Prairie area. However, slopes 
are ≤2% within each soil mapping unit [1]. Numerous prairie mounds are present at 
Chesney Prairie, and the prairie is divided by Sager Creek, an ephemeral stream. The 
prairie mounds are ~20.9 m in diameter and ~0.7 m in height and are roughly circular.

The mean average air temperature throughout the region containing the 
Chesney Prairie over the past 30 years was 14.9°C, with an average January mini-
mum of 2.9°C and an average July maximum of 26.1°C [33]. The mean annual 
precipitation over the past 30 years was 1203 mm, with approximately 64% of the 
rainfall occurring during the growing season from April to October [33].

2.2 Soil water content monitoring

To continuously monitor changes in soil VWC with depth over time, two promi-
nent mounds were identified in both the Jay and Taloka soil series, and the distance 
from summit to summit was measured. The inter-mound position, defined as the 
midpoint between the mound summits, was marked. On 8 April 2017, at both the 
inter-mound positions between the two mound summits and at one of the adjacent 
mound summits in both soil series, a small trench was manually excavated after 
cutting and removing the top layer of sod. Water content reflectometers (model 
CS615, Campbell Scientific, Inc., Logan, UT) were installed horizontally at depths 
of 10, 20, 30, and 50 cm below the soil surface. The small trench was filled back 
in with soil from the appropriate natural horizon, and the intact piece of sod was 
placed back on top where it was removed from to maintain a minimally disturbed 
appearance (Figure 2). The water content reflectometer wires were shallowly 
buried and connected to a datalogger (model CR10X, Campbell Scientific, Inc.) to 
record data every 5 minutes and output mean volumetric soil water contents hourly. 
Approximately weekly, data were manually transferred to a storage module (model 
SM16M, Campbell Scientific, Inc.) using a keyboard display (model CR10KD, 
Campbell Scientific, Inc.) and transferred to a desktop computer. Volumetric soil 
water contents were measured and recorded through 30 June 2018.

To determine the effects of mound position (i.e., mound summit and inter-
mound), depth below the soil surface (i.e., 10, 20, 30, and 50 cm), and soil moisture 
regime (i.e., aquic and udic) on soil volumetric water content dynamics, dry-down 
periods were determined for each major rainfall event between 1 June 2017 and 
31 May 2018. Dry-down periods for each depth were identified as the linear phase 
between the maximum and minimum soil water content measured for each event 
before the next wetting event occurred. The maximum and minimum soil water con-
tents for each depth were also recorded for each rainfall event for subsequent analy-
ses. Water content maxima and the soil water content 2 days after the maximum was 
achieved were used to calculate the rate of dry-down for selected rainfall events.

2.3 Weather station

A micrometeorological weather station was erected on-site on 15 April 2017 in 
the Jay soil series area at Chesney Prairie to measure rainfall, air temperature, and 
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regimes (SMR) (i.e., aquic and udic) and (ii) determine the effect of landscape 
position (i.e., mound and inter-mound), soil moisture regime (i.e., aquic and udic), 
and time on vegetative properties [i.e., total productivity, total diversity, species 
evenness, species richness, vegetation similarity, and grass abundance compared 
with other species abundance (i.e., sedges, rushes, and forbs)] in a native tallgrass 
prairie in the Ozark Highlands region of northwest Arkansas. It was hypothesized 
that numerous differences in soil moisture, vegetation, and soil morphology would 
exist with depth among the various mound positions across soil moisture regimes.

2. Materials and methods

2.1 Site description

Research for this field study began in April 2017 at the Chesney Prairie Natural 
Area, hereafter referred to as Chesney Prairie, located near Siloam Springs, Benton 
County, Arkansas (36°13′12″ N lat., 94°28′57″ W long., Figure 1). Chesney Prairie is 
part of the Ozark Highlands (MLRA 116A) [18].

The Chesney Prairie (Figure 1) is a tallgrass prairie that has been managed by 
the Arkansas Natural Heritage Commission (ANHC) since 2000 [28]. Chesney 
Prairie is a 33-ha remnant of prairie ecosystems that formerly encompassed over 
30,000 ha of the Ozark Plateau and is one of the few prairie remnants on the 
Arkansas portion of the Springfield Plateau [29]. In addition, Chesney Prairie 
and the nearby Stump Prairie are the two remaining native prairie remnants of 
Lindsley’s Prairie, which once encompassed approximately 6200 ha around present-
day Siloam Springs, AR [30].

Chesney Prairie is a diverse prairie that supports over 450 plant species, including 
290 native plant species and 18 rare plant species [29]. Big bluestem (Andropogon 
gerardii V.), little bluestem [Schizachyrium scoparium (Michx.) Nash], indiangrass 
[Sorghastrum nutans (L.) Nash], and switchgrass (Panicum virgatum) are typical 
prairie grasses present at Chesney Prairie [30]. Common forb species inhabit-
ing Chesney Prairie include large flower tickseed (Coreopsis grandiflora), prairie 
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Map depicting the approximate location of Chesney prairie (represented with oval) located in Benton County, 
Arkansas.
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grayfeather (Liatris pycnostachya), and rattlesnake master (Eryngium yuccifolium). 
Periodic prescribed burns and invasive species eradication are management practices 
currently used to increase the native plant population [30]. Prescribed burning has 
occurred approximately every 3 years, with the last burn occurring in January 2017.

Chesney Prairie contains two soil series: Jay silt loam (fine-silty, mixed, active, 
thermic Oxyaquic Fragiudalf), which is in a udic soil moisture regime, and Taloka 
silt loam (fine, mixed, active, thermic Mollic Albaqualfs), which is in an aquic soil 
moisture regime [31, 32]. The macroscale slope is approximately 4%, and the land 
surface undulates some throughout the entire Chesney Prairie area. However, slopes 
are ≤2% within each soil mapping unit [1]. Numerous prairie mounds are present at 
Chesney Prairie, and the prairie is divided by Sager Creek, an ephemeral stream. The 
prairie mounds are ~20.9 m in diameter and ~0.7 m in height and are roughly circular.

The mean average air temperature throughout the region containing the 
Chesney Prairie over the past 30 years was 14.9°C, with an average January mini-
mum of 2.9°C and an average July maximum of 26.1°C [33]. The mean annual 
precipitation over the past 30 years was 1203 mm, with approximately 64% of the 
rainfall occurring during the growing season from April to October [33].

2.2 Soil water content monitoring

To continuously monitor changes in soil VWC with depth over time, two promi-
nent mounds were identified in both the Jay and Taloka soil series, and the distance 
from summit to summit was measured. The inter-mound position, defined as the 
midpoint between the mound summits, was marked. On 8 April 2017, at both the 
inter-mound positions between the two mound summits and at one of the adjacent 
mound summits in both soil series, a small trench was manually excavated after 
cutting and removing the top layer of sod. Water content reflectometers (model 
CS615, Campbell Scientific, Inc., Logan, UT) were installed horizontally at depths 
of 10, 20, 30, and 50 cm below the soil surface. The small trench was filled back 
in with soil from the appropriate natural horizon, and the intact piece of sod was 
placed back on top where it was removed from to maintain a minimally disturbed 
appearance (Figure 2). The water content reflectometer wires were shallowly 
buried and connected to a datalogger (model CR10X, Campbell Scientific, Inc.) to 
record data every 5 minutes and output mean volumetric soil water contents hourly. 
Approximately weekly, data were manually transferred to a storage module (model 
SM16M, Campbell Scientific, Inc.) using a keyboard display (model CR10KD, 
Campbell Scientific, Inc.) and transferred to a desktop computer. Volumetric soil 
water contents were measured and recorded through 30 June 2018.

To determine the effects of mound position (i.e., mound summit and inter-
mound), depth below the soil surface (i.e., 10, 20, 30, and 50 cm), and soil moisture 
regime (i.e., aquic and udic) on soil volumetric water content dynamics, dry-down 
periods were determined for each major rainfall event between 1 June 2017 and 
31 May 2018. Dry-down periods for each depth were identified as the linear phase 
between the maximum and minimum soil water content measured for each event 
before the next wetting event occurred. The maximum and minimum soil water con-
tents for each depth were also recorded for each rainfall event for subsequent analy-
ses. Water content maxima and the soil water content 2 days after the maximum was 
achieved were used to calculate the rate of dry-down for selected rainfall events.

2.3 Weather station

A micrometeorological weather station was erected on-site on 15 April 2017 in 
the Jay soil series area at Chesney Prairie to measure rainfall, air temperature, and 
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relative humidity. The weather station contained a 25-cm-diameter tipping bucket 
rain gauge (model TR-525 M, Texas Electronics, Inc., Dallas, TX) and a combined 
air temperature/relative humidity sensor (model HMP50, Campbell Scientific, 
Inc., Logan, UT). Both sensors were connected to a datalogger (model CD10X, 
Campbell Scientific, Inc.), which recorded data every 2 minutes and output data 
summaries every hour. Approximately weekly, data were manually collected on a 
storage module (model SM16M, Campbell Scientific, Inc.) using a keyboard display 
(model CR10KD, Campbell Scientific, Inc.) and transferred to a desktop computer. 
Precipitation, air temperature, and relative humidity were measured and recorded 
through 30 June 2018.

2.4 Vegetation sampling and analysis

Vegetation samples were collected on 2–3 June and 17–18 August 2017 and 19 May 
and 16 August 2018 from mound summit and inter-mound positions in the Jay and 
Taloka soil series. At each position, all vegetation within a 0.25-m2 metal frame was 
cut to approximately a height of 2 cm. Stem by stem, the cut vegetation was bagged 
separately as either a grass or other (i.e., a sedge, rush, shrub, etc.). In total, three veg-
etation samples were collected at mound summit and inter-mound positions in each 
soil series on each sample date. Vegetation samples were oven dried at 55°C for at least 
5 days and weighed to determine dry matter by vegetation type (i.e., grasses or other).

Dry matter data in May 2018 were used to determine vegetation diversity using 
the Shannon-Wiener index [34]. Each plant species within the 0.25 m2 metal frame 
was identified to determine the species richness for the site. The number of a given 
plant species was recorded and divided by the total number of plants observed to 
calculate the relative abundance for each species. The relative abundance of each 
plant species was used in the Shannon-Wiener equation to calculate the diversity 
index. The resulting diversity index and species richness were then used to calculate 
evenness. The Shannon-Wiener and evenness equations are outlined below:

Figure 2. 
Satellite imagery depicting the locations of the aquic and udic volumetric water content dataloggers and all 
mounds sampled within the aquic (i.e., ToA) and udic (i.e., JaB) soil moisture regimes at Chesney prairie. 
Data downloaded from Arkansas GIS Office [48].
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  H   =   −  ∑ i=1  n    (pi)  ln  (pi)   (1)

where H is the Shannon-Wiener Index, s is the number of species, and pi is the 
proportion of total sample belonging to the ith species, and

  EH   =   H / ln  (s)    (2)

where EH is evenness, H is the Shannon-Wiener Index, and s is the number 
of species. Additionally, a Sorenson coefficient was calculated using Eq. (3) to 
determine the similarity of vegetation comprising the mounded and inter-mound 
positions within and across soil moisture regimes:

  Ss   =   2a /  (2a + b + c )    (3)

where a is the number of species both locations have in common, b is the num-
ber of species present in only location one, and c is the number of species present in 
only location two.

2.5 Statistical analysis

Based on a completely random design, an analysis of variance (ANOVA) was 
conducted using PROC MIXED in SAS 9.4 to evaluate the effects of soil moisture 
regime (i.e., udic and aquic), mound position within soil moisture regime (i.e., 
mound summit and inter-mound within the aquic and udic soil moisture regimes), 
time (i.e., wet and dry season), depth (i.e., 10, 20, 30, and 50 cm) and their interac-
tion on soil water content maxima and minima achieved, and the rate of dry-down 
during drying events. Multiple drying events isolated over time served as temporal 
replication for these analyses.

Based on a split-split plot, completely random experimental design, a three-
factor ANOVA was conducted using PROC MIXED in SAS 9.4 to evaluate the effects 
of soil moisture regime (i.e., aquic and udic), mound position (i.e., mound summit 
and inter-mound), time (i.e., sample date), and their interactions on aboveground 
dry matter production. The whole-plot factor was soil moisture regime, the split-
plot factor was mound position, and the split-split-factor was time. A four-factor 
ANOVA was conducted in SAS 9.4 to evaluate the effects of soil moisture regime 
(i.e., aquic and udic), mound position (i.e., mound summit and inter-mound), time 
(i.e., sampling date), biomass type (i.e., grasses or other species), and their interac-
tions on total dry matter production. Lastly, a two-factor ANOVA was conducted 
in SAS 9.4 to determine the effects of soil moisture regime (i.e., aquic and udic), 
position (i.e., mound summit and inter-mound), and their interaction on Shannon-
Wiener diversity and species richness and evenness. For all analyses, the least 
significant difference (LSD) was used to separate means at the 0.05 level.

3. Results and discussion

3.1 Water content dynamics

Soil water contents exhibited distinct trends with time at both mound positions 
(i.e., summit and inter-mound) within both soil moisture regimes (i.e., aquic and 
udic). Precipitation totaled 117.5 cm at the field site from 1 June 2017 to 31 May 2018 
and was within 10% of the 30-year normal annual precipitation (120.3 cm) for the 
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relative humidity. The weather station contained a 25-cm-diameter tipping bucket 
rain gauge (model TR-525 M, Texas Electronics, Inc., Dallas, TX) and a combined 
air temperature/relative humidity sensor (model HMP50, Campbell Scientific, 
Inc., Logan, UT). Both sensors were connected to a datalogger (model CD10X, 
Campbell Scientific, Inc.), which recorded data every 2 minutes and output data 
summaries every hour. Approximately weekly, data were manually collected on a 
storage module (model SM16M, Campbell Scientific, Inc.) using a keyboard display 
(model CR10KD, Campbell Scientific, Inc.) and transferred to a desktop computer. 
Precipitation, air temperature, and relative humidity were measured and recorded 
through 30 June 2018.

2.4 Vegetation sampling and analysis

Vegetation samples were collected on 2–3 June and 17–18 August 2017 and 19 May 
and 16 August 2018 from mound summit and inter-mound positions in the Jay and 
Taloka soil series. At each position, all vegetation within a 0.25-m2 metal frame was 
cut to approximately a height of 2 cm. Stem by stem, the cut vegetation was bagged 
separately as either a grass or other (i.e., a sedge, rush, shrub, etc.). In total, three veg-
etation samples were collected at mound summit and inter-mound positions in each 
soil series on each sample date. Vegetation samples were oven dried at 55°C for at least 
5 days and weighed to determine dry matter by vegetation type (i.e., grasses or other).

Dry matter data in May 2018 were used to determine vegetation diversity using 
the Shannon-Wiener index [34]. Each plant species within the 0.25 m2 metal frame 
was identified to determine the species richness for the site. The number of a given 
plant species was recorded and divided by the total number of plants observed to 
calculate the relative abundance for each species. The relative abundance of each 
plant species was used in the Shannon-Wiener equation to calculate the diversity 
index. The resulting diversity index and species richness were then used to calculate 
evenness. The Shannon-Wiener and evenness equations are outlined below:

Figure 2. 
Satellite imagery depicting the locations of the aquic and udic volumetric water content dataloggers and all 
mounds sampled within the aquic (i.e., ToA) and udic (i.e., JaB) soil moisture regimes at Chesney prairie. 
Data downloaded from Arkansas GIS Office [48].
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where H is the Shannon-Wiener Index, s is the number of species, and pi is the 
proportion of total sample belonging to the ith species, and

  EH   =   H / ln  (s)    (2)

where EH is evenness, H is the Shannon-Wiener Index, and s is the number 
of species. Additionally, a Sorenson coefficient was calculated using Eq. (3) to 
determine the similarity of vegetation comprising the mounded and inter-mound 
positions within and across soil moisture regimes:

  Ss   =   2a /  (2a + b + c )    (3)

where a is the number of species both locations have in common, b is the num-
ber of species present in only location one, and c is the number of species present in 
only location two.

2.5 Statistical analysis

Based on a completely random design, an analysis of variance (ANOVA) was 
conducted using PROC MIXED in SAS 9.4 to evaluate the effects of soil moisture 
regime (i.e., udic and aquic), mound position within soil moisture regime (i.e., 
mound summit and inter-mound within the aquic and udic soil moisture regimes), 
time (i.e., wet and dry season), depth (i.e., 10, 20, 30, and 50 cm) and their interac-
tion on soil water content maxima and minima achieved, and the rate of dry-down 
during drying events. Multiple drying events isolated over time served as temporal 
replication for these analyses.

Based on a split-split plot, completely random experimental design, a three-
factor ANOVA was conducted using PROC MIXED in SAS 9.4 to evaluate the effects 
of soil moisture regime (i.e., aquic and udic), mound position (i.e., mound summit 
and inter-mound), time (i.e., sample date), and their interactions on aboveground 
dry matter production. The whole-plot factor was soil moisture regime, the split-
plot factor was mound position, and the split-split-factor was time. A four-factor 
ANOVA was conducted in SAS 9.4 to evaluate the effects of soil moisture regime 
(i.e., aquic and udic), mound position (i.e., mound summit and inter-mound), time 
(i.e., sampling date), biomass type (i.e., grasses or other species), and their interac-
tions on total dry matter production. Lastly, a two-factor ANOVA was conducted 
in SAS 9.4 to determine the effects of soil moisture regime (i.e., aquic and udic), 
position (i.e., mound summit and inter-mound), and their interaction on Shannon-
Wiener diversity and species richness and evenness. For all analyses, the least 
significant difference (LSD) was used to separate means at the 0.05 level.

3. Results and discussion

3.1 Water content dynamics

Soil water contents exhibited distinct trends with time at both mound positions 
(i.e., summit and inter-mound) within both soil moisture regimes (i.e., aquic and 
udic). Precipitation totaled 117.5 cm at the field site from 1 June 2017 to 31 May 2018 
and was within 10% of the 30-year normal annual precipitation (120.3 cm) for the 
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region, designating the current year as a typical/average year for the region encom-
passing the study site (Figure 3). In total, 112 independent precipitation events (i.e., 
periods of precipitation of any magnitude separated by half a day without precipita-
tion) occurred from mid-April 2017 to 31 May 2018. Of the 112 precipitation events, 
95 occurred during 1 June 2017 to 31 May 2018. Approximately 59% of the precipita-
tion events within the study period caused a clear response (i.e., a response that 
could be easily differentiated from normal fluctuations in VWC) in the 10-cm sensor 
for each mound position within both soil moisture regimes, while only 14 of the 95 
precipitation events caused a clear response in all 16 sensors (Figures 4 and 5).

Seasonal wet-up and dry-down trends resulting from precipitation patterns 
were evident at each mound position within both soil moisture regimes and were 
most pronounced at the aquic inter-mound (Figures 4 and 5). Seasonal dry-down 
periods began in early summer [approximately day of year (DOY) 170] with the 
subsequent wet-up period beginning in late fall (approximately DOY 300), con-
tinuing through spring (Figures 4 and 5). Noticeable wet-up and dry-down periods 
have been recorded in previous research by Briggs and Knapp [5], who observed 
seasonal dry-down periods beginning in late summer and wet-up periods occurring 
in spring and early summer at depths of 25 and 100 cm over an 11-year period at the 
Konza Prairie. Additionally, the annual soil volumetric water content (VWC) fluc-
tuations in the current study roughly followed the four phases of annual soil mois-
ture as described by Illston et al. [35]. In Oklahoma, the statewide soil fractional 
water index (FWI) entered a moist plateau phase from November to mid-March, 
a transitional drying phase from mid-March to mid-June, an enhanced drying 
phase from mid-June to late August, and ending with the recharge phase from late 
August to November [35]. In the current study, the moist plateau period occurred 
between mid-February and May (Figures 4 and 5). During the moist plateau phase, 
volumetric water contents were at their largest and were relatively consistent due 
to reduced evaporation and evapotranspiration from low sun angles and dormant 
vegetation [35]. The transitional drying phase, characterized by a gradual decrease 
in VWC from increased evapotranspiration from growing vegetation [35], occurred 
from June to early July, followed by the enhanced drying stage from early July to 
early October. During the enhanced drying stage, soil VWCs decline sharply to their 
seasonal low due to continued evapotranspiration and limited inputs of water from 

Figure 3. 
Monthly precipitation recorded at the study site compared to the 30-year normal monthly precipitation for the 
region encompassing the study site from June 2017 to May 2018.
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precipitation [35]. Lastly, the soil VWC gradually increased from early October to 
early February during the recharge phase, as a result of decreased evapotranspira-
tion due to low sun angles and inputs of water from precipitation [35].

In general, the mound positions within the aquic soil had larger VWCs over time 
at respective depths than the corresponding mound position in the udic soil mois-
ture regime (Figures 4 and 5). Additionally, the inter-mound positions generally 
contained larger VWCs at respective depths than the mound summit of the same 

Figure 4. 
Volumetric water content and precipitation over time with depth (10, 20, 30, and 50 cm) for the udic and aquic 
mound summit. Precipitation events denoted with an asterisk were used for statistical analysis.

Figure 5. 
Volumetric water content and precipitation over time with depth (10, 20, 30, and 50 cm) for the udic and aquic 
inter-mound. Precipitation events denoted with an asterisk were used for statistical analysis.
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in spring and early summer at depths of 25 and 100 cm over an 11-year period at the 
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a transitional drying phase from mid-March to mid-June, an enhanced drying 
phase from mid-June to late August, and ending with the recharge phase from late 
August to November [35]. In the current study, the moist plateau period occurred 
between mid-February and May (Figures 4 and 5). During the moist plateau phase, 
volumetric water contents were at their largest and were relatively consistent due 
to reduced evaporation and evapotranspiration from low sun angles and dormant 
vegetation [35]. The transitional drying phase, characterized by a gradual decrease 
in VWC from increased evapotranspiration from growing vegetation [35], occurred 
from June to early July, followed by the enhanced drying stage from early July to 
early October. During the enhanced drying stage, soil VWCs decline sharply to their 
seasonal low due to continued evapotranspiration and limited inputs of water from 
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precipitation [35]. Lastly, the soil VWC gradually increased from early October to 
early February during the recharge phase, as a result of decreased evapotranspira-
tion due to low sun angles and inputs of water from precipitation [35].

In general, the mound positions within the aquic soil had larger VWCs over time 
at respective depths than the corresponding mound position in the udic soil mois-
ture regime (Figures 4 and 5). Additionally, the inter-mound positions generally 
contained larger VWCs at respective depths than the mound summit of the same 

Figure 4. 
Volumetric water content and precipitation over time with depth (10, 20, 30, and 50 cm) for the udic and aquic 
mound summit. Precipitation events denoted with an asterisk were used for statistical analysis.

Figure 5. 
Volumetric water content and precipitation over time with depth (10, 20, 30, and 50 cm) for the udic and aquic 
inter-mound. Precipitation events denoted with an asterisk were used for statistical analysis.
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soil moisture regime, as expected based on the soil morphological characteristics 
(Figures 4 and 5). The results of the study agree with observations [6, 7, 9] and 
measurements [8] of water content in mounded and inter-mound profiles from 
past research. In the Arkansas River Valley, in a silt loam surface, redox depletions 
were identified at the soil surface in inter-mound pedons, whereas depletions were 
not present in mounded soil profiles until a depth of 85 cm, indicating that inter-
mound soils are generally wetter than mounded profiles [9]. Soil moisture was 
likely greater and retained longer in inter-mound soil profiles due to greater clay 
concentrations and lower saturated hydraulic conductivities typical of inter-mound 
soils than in mounded profiles [7, 36].

Volumetric water contents in the udic mound were generally largest at the 10-cm 
depth and lowest at the 30-cm depth, whereas VWCs were generally largest at 
either the 30- or 50-cm depths and smallest at the 10-cm depth in the aquic mound 
(Figure 4). Additionally, seasonal dry-down was more pronounced in the udic 
mound, in which VWCs at all depths fell below 0.1 cm3 cm−3, than the aquic mound, 
which recorded no VWCs lower than 0.1 cm3 cm−3 (Figure 4). Volumetric water 
contents in the udic inter-mound were generally largest at either the 10- or 20-cm 
depth and lowest at 30 cm, whereas VWCs were generally largest at the 10-cm 
depth during wet-up periods and at the 50-cm depth during periods of dry-down in 
the aquic inter-mound positions (Figure 5). As with the udic inter-mound, VWCs 
were generally lowest at 30 cm in the aquic inter-mound (Figure 5). The seasonal 
dry-down period was more pronounced in the aquic inter-mound than in the udic 
inter-mound, with exception of the 50-cm depth in the aquic inter-mound, which 
was not impacted by dry-down as dramatically as the 10-, 20-, and 30-cm depths 
(Figure 5).

The magnitude and frequency of response to precipitation events appeared to be 
larger for the surface sensors (i.e., 10 and 20 cm) than for the 30- and 50-cm sensors 
for each mound position (Figures 4 and 5). Additionally, the magnitude of response 
to a precipitation event was generally larger in the udic soil moisture regime than 
in the aquic soil moisture regime when similar mound positions were compared 
(Figures 4 and 5). Similar soil water content trends were noted in Briggs and Knapp 
[5], in which larger and more numerous maxima were observed over time in the 
25-cm sensor than in the 100-cm sensor, indicating that soil near the surface was 
more influenced by wet-up and dry-down events than soil deeper in the profile. 
Surface soil layers likely exhibited larger decreases in VWC during dry-down events 
than subsurface layers due to losses of water through evapotranspiration and/or ver-
tical drainage. Additionally, surface sensors likely responded to rainfall events more 
frequently than subsurface sensors due to redistribution of water in the soil profile. 
Most of the water that infiltrates into the soil surface from a precipitation event 
will likely percolate through the surface soil layers (i.e., 10 and 20 cm). However, 
the amount of water reaching the subsurface (i.e., 30 and 50 cm) soil layers may 
be diminished as water is extracted by plants, which would then require a larger 
precipitation event to occur before water contents at lower soil depths increase. In 
addition, subsurface soils may respond to fewer precipitation events because they 
are more influenced by additions of water from deeper in the soil profile (i.e., a 
seasonal high water table) as opposed to additions of water from the soil surface. 
The effect of a seasonal high water table on soil volumetric water content was clearly 
demonstrated at the 50-cm depth in the aquic inter-mound from approximately 
DOY 46 to 130 (Figure 5). From DOY 46 to 130, soil water contents in the 10-, 20-, 
and 30-cm depth fluctuated from multiple wet-up and dry-down events, whereas 
the 50-cm depth gradually increased with no distinct peaks, indicating that the 
50-cm depth was more influenced by water moving upwards from deeper in the soil 
profile than from water moving downward from precipitation events.
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3.2 Soil hydraulic properties

All soil hydraulic properties were affected by one or more or a combination of 
treatment factors evaluated (i.e., SMR, mound position within SMR, season, and/
or soil depth). Maximum and minimum soil VWCs differed (P < 0.05) by depth 
within respective mound positions across SMRs (Table 1). Maximum soil VWC was 
numerically largest (0.39 cm3 cm−3) at the 10-cm depth in the aquic inter-mound 
and was significantly smallest (0.16 cm3 cm−3) at the 30-cm depth in the udic 
mound (Figure 6). Additionally, maximum soil VWCs were at least numerically 
greater in the aquic and udic inter-mound positions than in the corresponding 
mound summits at each depth (Figure 6). When respective mound positions were 
compared across SMRs, the maximum VWC was at least numerically greater in 
the aquic mound position than that of the udic mound position for a given depth, 
excluding the mound summit at the 10-cm depth (Figure 6).

The mean minimum soil VWC was numerically largest (0.29 cm3 cm−3) at the 
50-cm depth in the aquic inter-mound and numerically smallest (0.11 cm3 cm−3) 
at the 30-cm depth in the udic mound (Figure 6). Additionally, the minimum soil 
VWC was at least numerically larger at respective depths at the inter-mound posi-
tion than at the mound summit within the same SMR (Figure 6). When respective 
mound positions were compared across SMRs, the minimum VWC was at least 
numerically greater in the aquic than that of the udic mound position for a given 
depth (Figure 6).

Averaged over mound position within SMR and season, both maximum and 
minimum soil VWCs differed (P < 0.05) with depth across SMRs (Table 1). Mean 
maximum VWC was numerically largest (0.32 cm3 cm−3) at the 10-cm depth in the 
udic SMR and smallest (0.23 cm3 cm−3) in the udic SMR at the 30-cm depth. The 
maximum VWC was greater at each depth interval in the aquic than udic SMR, 
with exception of at the 10-cm depth, in which maximum VWC in the SMRs did 

Source of variation Max VWC Min VWC DDR

______________________________P ______________________________

Soil moisture regime 0.001 0.003 0.016

Position within SMR 
[Pos(SMR)]

<0.001 0.005 0.714

Season (S) 0.959 0.062 0.355

Depth (D) <0.001 0.001 <0.001

SMR × S 0.299 0.419 0.424

Pos × S(SMR) 0.667 0.310 0.852

SMR × D <0.001 0.004 <0.001

SMR × D(Pos) <0.001 0.001 0.122

S × D 0.003 0.561 0.014

SMR × S × D 0.765 0.142 0.850

Pos × S × D(SMR) 0.933 0.854 0.906

Table 1. 
Summary of the combined effects of soil moisture regime (aquic and udic) position within soil moisture regime 
(summit or inter-mound within the aquic and udic soil moisture regime), season (wet and dry), and depth (10, 
20, 30, and 50 cm) on soil maximum volumetric water content after a rainfall event (max VWC), minimum 
volumetric water content after a rainfall event (min VWC), dry-down rate (DDR), and lag time (LT) in a 
mounded native tallgrass prairie in the Ozark highlands region of Northwest Arkansas.
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soil moisture regime, as expected based on the soil morphological characteristics 
(Figures 4 and 5). The results of the study agree with observations [6, 7, 9] and 
measurements [8] of water content in mounded and inter-mound profiles from 
past research. In the Arkansas River Valley, in a silt loam surface, redox depletions 
were identified at the soil surface in inter-mound pedons, whereas depletions were 
not present in mounded soil profiles until a depth of 85 cm, indicating that inter-
mound soils are generally wetter than mounded profiles [9]. Soil moisture was 
likely greater and retained longer in inter-mound soil profiles due to greater clay 
concentrations and lower saturated hydraulic conductivities typical of inter-mound 
soils than in mounded profiles [7, 36].

Volumetric water contents in the udic mound were generally largest at the 10-cm 
depth and lowest at the 30-cm depth, whereas VWCs were generally largest at 
either the 30- or 50-cm depths and smallest at the 10-cm depth in the aquic mound 
(Figure 4). Additionally, seasonal dry-down was more pronounced in the udic 
mound, in which VWCs at all depths fell below 0.1 cm3 cm−3, than the aquic mound, 
which recorded no VWCs lower than 0.1 cm3 cm−3 (Figure 4). Volumetric water 
contents in the udic inter-mound were generally largest at either the 10- or 20-cm 
depth and lowest at 30 cm, whereas VWCs were generally largest at the 10-cm 
depth during wet-up periods and at the 50-cm depth during periods of dry-down in 
the aquic inter-mound positions (Figure 5). As with the udic inter-mound, VWCs 
were generally lowest at 30 cm in the aquic inter-mound (Figure 5). The seasonal 
dry-down period was more pronounced in the aquic inter-mound than in the udic 
inter-mound, with exception of the 50-cm depth in the aquic inter-mound, which 
was not impacted by dry-down as dramatically as the 10-, 20-, and 30-cm depths 
(Figure 5).

The magnitude and frequency of response to precipitation events appeared to be 
larger for the surface sensors (i.e., 10 and 20 cm) than for the 30- and 50-cm sensors 
for each mound position (Figures 4 and 5). Additionally, the magnitude of response 
to a precipitation event was generally larger in the udic soil moisture regime than 
in the aquic soil moisture regime when similar mound positions were compared 
(Figures 4 and 5). Similar soil water content trends were noted in Briggs and Knapp 
[5], in which larger and more numerous maxima were observed over time in the 
25-cm sensor than in the 100-cm sensor, indicating that soil near the surface was 
more influenced by wet-up and dry-down events than soil deeper in the profile. 
Surface soil layers likely exhibited larger decreases in VWC during dry-down events 
than subsurface layers due to losses of water through evapotranspiration and/or ver-
tical drainage. Additionally, surface sensors likely responded to rainfall events more 
frequently than subsurface sensors due to redistribution of water in the soil profile. 
Most of the water that infiltrates into the soil surface from a precipitation event 
will likely percolate through the surface soil layers (i.e., 10 and 20 cm). However, 
the amount of water reaching the subsurface (i.e., 30 and 50 cm) soil layers may 
be diminished as water is extracted by plants, which would then require a larger 
precipitation event to occur before water contents at lower soil depths increase. In 
addition, subsurface soils may respond to fewer precipitation events because they 
are more influenced by additions of water from deeper in the soil profile (i.e., a 
seasonal high water table) as opposed to additions of water from the soil surface. 
The effect of a seasonal high water table on soil volumetric water content was clearly 
demonstrated at the 50-cm depth in the aquic inter-mound from approximately 
DOY 46 to 130 (Figure 5). From DOY 46 to 130, soil water contents in the 10-, 20-, 
and 30-cm depth fluctuated from multiple wet-up and dry-down events, whereas 
the 50-cm depth gradually increased with no distinct peaks, indicating that the 
50-cm depth was more influenced by water moving upwards from deeper in the soil 
profile than from water moving downward from precipitation events.
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3.2 Soil hydraulic properties

All soil hydraulic properties were affected by one or more or a combination of 
treatment factors evaluated (i.e., SMR, mound position within SMR, season, and/
or soil depth). Maximum and minimum soil VWCs differed (P < 0.05) by depth 
within respective mound positions across SMRs (Table 1). Maximum soil VWC was 
numerically largest (0.39 cm3 cm−3) at the 10-cm depth in the aquic inter-mound 
and was significantly smallest (0.16 cm3 cm−3) at the 30-cm depth in the udic 
mound (Figure 6). Additionally, maximum soil VWCs were at least numerically 
greater in the aquic and udic inter-mound positions than in the corresponding 
mound summits at each depth (Figure 6). When respective mound positions were 
compared across SMRs, the maximum VWC was at least numerically greater in 
the aquic mound position than that of the udic mound position for a given depth, 
excluding the mound summit at the 10-cm depth (Figure 6).

The mean minimum soil VWC was numerically largest (0.29 cm3 cm−3) at the 
50-cm depth in the aquic inter-mound and numerically smallest (0.11 cm3 cm−3) 
at the 30-cm depth in the udic mound (Figure 6). Additionally, the minimum soil 
VWC was at least numerically larger at respective depths at the inter-mound posi-
tion than at the mound summit within the same SMR (Figure 6). When respective 
mound positions were compared across SMRs, the minimum VWC was at least 
numerically greater in the aquic than that of the udic mound position for a given 
depth (Figure 6).

Averaged over mound position within SMR and season, both maximum and 
minimum soil VWCs differed (P < 0.05) with depth across SMRs (Table 1). Mean 
maximum VWC was numerically largest (0.32 cm3 cm−3) at the 10-cm depth in the 
udic SMR and smallest (0.23 cm3 cm−3) in the udic SMR at the 30-cm depth. The 
maximum VWC was greater at each depth interval in the aquic than udic SMR, 
with exception of at the 10-cm depth, in which maximum VWC in the SMRs did 

Source of variation Max VWC Min VWC DDR

______________________________P ______________________________

Soil moisture regime 0.001 0.003 0.016

Position within SMR 
[Pos(SMR)]

<0.001 0.005 0.714

Season (S) 0.959 0.062 0.355

Depth (D) <0.001 0.001 <0.001

SMR × S 0.299 0.419 0.424

Pos × S(SMR) 0.667 0.310 0.852

SMR × D <0.001 0.004 <0.001

SMR × D(Pos) <0.001 0.001 0.122

S × D 0.003 0.561 0.014

SMR × S × D 0.765 0.142 0.850

Pos × S × D(SMR) 0.933 0.854 0.906

Table 1. 
Summary of the combined effects of soil moisture regime (aquic and udic) position within soil moisture regime 
(summit or inter-mound within the aquic and udic soil moisture regime), season (wet and dry), and depth (10, 
20, 30, and 50 cm) on soil maximum volumetric water content after a rainfall event (max VWC), minimum 
volumetric water content after a rainfall event (min VWC), dry-down rate (DDR), and lag time (LT) in a 
mounded native tallgrass prairie in the Ozark highlands region of Northwest Arkansas.
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not vary. Minimum soil VWC was numerically largest (0.27 cm3 cm−3) at the 50-cm 
depth in the aquic and smallest (0.16 cm3 cm−3) at the 30-cm depth in the udic SMR 
(Figure 7). Compared across SMRs, the aquic soil contained a minimum VWC that 
was, on average, 1.4 times larger than that of the udic soil (Figure 7).

Averaged over mound position, SMR, and position within SMR, maximum 
VWC differed (P = 0.003) between seasons by depth (Table 1). Maximum soil 
VWC was largest (0.33 cm3 cm−3) during the dry season at 10 cm and numerically 

Figure 6. 
The effects of soil depth averaged over mound position and soil moisture regime on maximum volumetric 
water content (Max VWC) and minimum volumetric water content (Min VWC) for selected precipitation 
events in aquic and udic soils in a mounded native tallgrass prairie in the Ozark highlands region of Northwest 
Arkansas. Means with different letters are significantly different at the 0.05 level.

Figure 7. 
Soil depth effects on maximum volumetric water content (max VWC) and minimum volumetric water 
content (Min VWC) for selected precipitation events in aquic and udic soils in a native tallgrass prairie 
containing prairie mounds in the Ozark highlands region of Northwest Arkansas. Means for a soil property 
with different letters are significantly different at the 0.05 level.
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smallest (0.27 cm3 cm−3) during the dry season at 30 cm (Figure 8). When seasons 
were compared, maximum VWC was larger in the dry season than wet season 
at 10 cm, larger in the wet season than the dry season at 50 cm, and did not vary 
by season at depths of 20 and 30 cm (Figure 8). Additionally, averaged over 
SMR, depth, and season, maximum and minimum VWCs differed (P < 0.05) 
between mound positions within SMRs (Table 1). Maximum VWC was largest 
(0.36 cm3 cm−3) in the aquic inter-mound and smallest (0.22 cm3 cm−3) in the udic 
summit (Figure 9). The aquic soil contained larger maximum VWCs at each mound 
position (Figure 9). Similar to the maximum VWCs, minimum VWC was largest 
(0.28 cm3 cm−3) at the aquic inter-mound and smallest (0.14 cm3 cm−3) at the udic 
summit (Figure 9). The aquic SMR contained a larger minimum VWC than the udic 
soil when respective mound positions were compared (Figure 9).

The aquic soil likely had larger maximum and minimum VWCs than the udic 
soil based on characteristics of the two soil series. The internal drainage of the 

Figure 8. 
Soil depth effects on maximum volumetric water content for selected precipitation events during the wet and 
dry season in a native tallgrass prairie containing prairie mounds in the Ozark highlands region of Northwest 
Arkansas. Means with different letters are significantly different at the 0.05 level.

Figure 9. 
Mound position within soil moisture regime effects on maximum volumetric water content (Max VWC) and 
minimum volumetric water contents (Min VWC) for selected precipitation events in native tallgrass prairie 
with prairie mounds in the Ozark highlands region of Northwest Arkansas. Means for a soil property with 
different letters are significantly different at the 0.05 level.
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with prairie mounds in the Ozark highlands region of Northwest Arkansas. Means for a soil property with 
different letters are significantly different at the 0.05 level.



Grasses and Grassland Aspects

44

aquic SMR (i.e., Taloka soil series) is characterized as somewhat poorly drained, 
which would retain more water than the moderately well-drained Jay soil series 
(i.e., udic SMR). Similar trends in soil moisture were noted by Henninger et al. 
[37] in east-central Pennsylvania across six soil series [i.e., Klinesville (Lithic 
Dystrudepts), Calvin (Typic Dystrudepts), Leck Kill (Typic Hapludults), 
Hartleton (Typic Hapludults), Albrights (Aquic Fragiudalfs), and Alvira (Aeric 
Fragiaquults)]. The somewhat poorly drained Alvira soil maintained greater soil 
moisture levels than the moderately well- to well-drained soils for the duration of 
the study [37]. Differences in maximum and minimum VWCs between the mound 
summit and inter-mound mound positions likely resulted from differing clay 
concentrations, soil organic matter (SOM) contents, and estimated bulk densities. 
Inter-mound clay concentrations were at least numerically larger than that in the 
corresponding mound summit position at each 10-cm depth interval to a depth 
of 90 cm in both SMRs (Table 2). Increased clay concentrations would result in 
greater water-holding capacity, accounting for the greater maximum and minimum 
VWCs in inter-mound mound positions. Additionally, larger maximum and mini-
mum VWCs in the inter-mound position may be attributed to greater SOM. Soil 
organic matter has the ability to absorb water and promote soil aggregation, both of 
which enhance soil water-holding capacity. According to Scott et al. [38], for every 
1% of SOM, the soil can hold 154,340 liters of plant-available water per hectare to 
a depth of 1 m. In the current study, SOM contents were at least numerically larger 

Soil property Depth (cm) Udic Aquic

Summit Inter-mound Summit Inter-mound

Clay (g g−1) 0–10 0.05 t† 0.06 st 0.07 rst 0.09 p-t

10–20 0.06 st 0.07 rst 0.08 q-t 0.12 n-r

20–30 0.06 st 0.11 o-s 0.10 p–t 0.17 k-n

30–40 0.07 rst 0.18 j-m 0.09 p–t 0.20 h-k

40–50 0.08 q-t 0.25 d-h 0.10 p–t 0.23 f-j

50–60 0.09 p-t 0.27 b-f 0.11 o-s 0.26 c-g

60–70 0.10 p–t 0.30 a-d 0.10 p–t 0.27 b-f

70–80 0.12 n-r 0.33 a 0.13 m-q 0.31 abc

80–90 0.13 m-q 0.30 a-d 0.14 l-p 0.32 ab

SOM
(Mg ha−1)

0–10 50.3 cd 59.7 a 43.1 efg 57.1 ab

10–20 38.2 g-l 47.7 de 37.2 i-m 39.0 g-k

20–30 34.7 k-o 41.6 f-i 33.7 l-p 32.5 m-r

30–40 35.4 j-n 36.6 i-m 33.6 l-p 28.3 q-x

40–50 30.7 n-t 29.7 o-u 29.9 o-u 24.7 u-B

50–60 28.3 q-x 25.5 t-A 27.5 r-x 23.3 x-C

60–70 28.3 q-x 29.0 p-w 29.0 o-w 23.4 x-C

70–80 23.3 x-C 28.3 q-x 23.8 w-B 20.2 BCD

80–90 21.4 ABC 27.6 r-x 21.5 ABC 20.1 BCD
†All means for a soil property followed by different letters are significantly different at the 0.05 level.
Adapted from Durre et al. [36].

Table 2. 
Summary of the combined effects of soil moisture regime (aquic and udic), mound position (summit and inter-
mound), and soil depth (0–90-cm in 10-cm intervals) on soil clay concentrations and soil organic matter in a 
native tallgrass prairie with prairie mounds in the Ozark highlands region of Northwest Arkansas.
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in inter-mounds to a depth of 20 and 40 cm for the aquic and udic soil, respectively, 
which would result in a larger water-holding capacity for the inter-mounds than 
for the mounds at those depths (Table 2). Soil bulk density was at least numeri-
cally larger at each depth interval in the mound summit, which would account 
for the lower maximum and minimum VWCs than in the inter-mound position 
(Table 3). Increased bulk densities result in a lower soil water-holding capacity due 
to decreased total porosity.

Averaged across mound position, SMR, and position within SMR, the rate of 
dry-down differed (P = 0.01) by season with depth (Table 1). The soil dry-down 
rate was greatest (0.029 cm3 cm−3 day−1) during the dry season at 10 cm and numer-
ically lowest (0.009 cm3 cm−3 day−1) during the wet season at 30 cm (Figure 10). 
Dry-down rates were greater during the dry season than the wet season at 10 cm, 
but no seasonal differences occurred at the 20- or 30-cm depth (Figure 10). 
Averaged across mound position within SMR and season, soil dry-down rate 
differed (P < 0.01) with depth between SMRs (Table 1). Soil dry-down rates 
were largest (0.032 cm3 cm−3 day−1) in the udic at 10 cm and numerically smallest 
(0.008 cm3 cm−3 day−1) in the aquic SMR at 30 cm (Figure 10). Though soil dry-
down rates were larger in the udic than the aquic SMR at 10 cm, no differences in 
dry-down rate between SMR were noted at the 20- and 30-cm depths (Figure 10).

Soil dry-down rates were likely larger during the dry season at 10 cm due to 
evapotranspiration. Water added to the soil during the dry season will likely be 
quickly removed by growing plants, which would increase the rate of soil dry-down. 

Soil property Depth (cm) Summit Inter-mound

BD (g cm−3) 0–10 1.27 k† 1.14 m

10–20 1.37 gh 1.30 jk

20–30 1.40 efg 1.35 hi

30–40 1.40 efg 1.37 gh

40–50 1.43 cde 1.39 fg

50–60 1.45 abc 1.39 fg

60–70 1.44 bcd 1.38 fgh

70–80 1.47 ab 1.38 fgh

80–90 1.48 a 1.40 efg

Ksat (mm hr.−1) 0–10 43.7 c 63.4 a

10–20 31.1 def 32.5 de

20–30 26.2 fgh 20.1 ijk

30–40 25.0 ghi 12.2 l-q

40–50 19.9 jk 7.0 p–t

50–60 17.5 j-m 6.1 rst

60–70 17.8 jkl 5.9 st

70–80 13.3 l-o 4.6 t

80–90 11.8 m-s 4.9 t
†All means for a soil property followed by different letters are significantly different at the 0.05 level.
Adapted from Durre et al. [36].

Table 3. 
Summary of the combined effects of mound position (summit and inter-mound) and depth (0–90-cm in 10-cm 
intervals) on estimated bulk density (BD) and estimated saturated hydraulic conductivity (Ksat) in a native 
tallgrass prairie with prairie mounds in the Ozark highlands region of Northwest Arkansas.
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A study conducted by Henninger et al. [37] in east-central Pennsylvania noted 
that water entering the top 15 cm of soil during the summer months was quickly 
depleted by evapotranspiration resulting in annually low soil moisture contents 
in each soil series studied. As evapotranspiration decreased in September, the soil 
moisture contents increased indicating that dry-down rates were slowing with 
changing seasons [37]. Additionally, soil dry-down rates were likely at least numeri-
cally larger at 10 cm than at 30 cm due to decreased saturated hydraulic conductivi-
ties with depth (Figure 10, Table 3).

3.3 Vegetation differences

Three vegetative properties were affected by one or more or a combination of 
treatment factors evaluated (i.e., SMR, mound position, and sample date). Total 
dry matter (DM) differed (P = 0.04) between SMRs across mound position over 
time (Table 4). Total DM was numerically greatest (8489 kg ha−1) at the aquic 
summit in August 2018 and numerically smallest (1280 kg ha−1) at the aquic inter-
mound in May 2018 (Figure 11). Total DM production was similar at corresponding 
mound positions between the aquic and udic soils for every treatment combination 
excluding the aquic and udic mound summits in June and August 2017, in which 
the udic mound summit produced more DM than the aquic summit (Figure 11). 
Additionally, the mound summit positions generally produced more biomass than 
the inter-mound positions in both soil moisture regimes (Figure 11). Total DM was 
at least numerically lowest for each respective mound position-SMR combination in 
May 2018 than all other sampling dates (Figure 11).

Averaged across mound position, total DM varied (P = 0.03) among SMR-
biomass type combinations over time (Table 5). Total DM was numerically greatest 
(5027 kg ha−1) in the aquic-grass combination in August 2018 and numerically 
least (814 kg ha−1) in the aquic-grass combination in May 2018 (Figure 11). For the 
aquic SMR, grasses significantly outproduced other species on both end-of-season 

Figure 10. 
Soil depth effects on dry-down rates of selected precipitation events during the (A) wet and dry season and in 
(B) udic and aquic soil moisture regimes in a native tallgrass prairie containing prairie mounds in the Ozark 
highlands region of Northwest Arkansas. Means with different letters are significantly different at the 0.05 level.
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samples, whereas no differences in DM occurred on either early season sample 
(Figure 11). For the udic soil, grasses outproduced other species in August 2017, 
with no differences occurring on June 2017 or during the 2018 season (Figure 11). 
Grasses outproducing other plant species is typical of tallgrass prairie ecosystems, 
as grasses generally account for most of the biomass production and forbs provide 
species richness and diversity [3, 39].

Averaged across mound position, grass DM differed (P = 0.02) between SMRs 
over time (Table 4). Grass DM was numerically largest (5027 kg ha−1) among 
all treatment combinations in the aquic soil moisture regime in August 2018 and 
smallest (814 kg ha−1) in May 2018 in both soil moisture regimes, which did not 
differ (Figure 11). Grass DM was similar between the aquic and udic soils at each 
sampling date excluding August 2018, in which the aquic soil produced more DM 
than the udic soil (Figure 11). Averaged across SMR and sample date, grass DM 
differed (P = 0.03) between mound positions, with the mound summit producing 
3216 kg ha−1 than the 2331 kg ha−1 of grass DM in the inter-mound position.

Previous studies analyzing the effect of soil moisture on biomass production 
have indicated that soil moisture influences plant biomass production. Total above- 
and belowground biomass had a significant positive correlation with soil moisture 
content from 0 to 30 cm below the soil surface across 81 grassland ecosystems in the 
Loess Plateau, China [40]. Similarly, a correlation study conducted by Wu et al. [41] 
in the Qinghai-Tibetan Plateau, China, concluded that aboveground biomass signifi-
cantly increased with increased soil moisture in the 0–10- (R2 = 0.83) and 10–20-cm 
(R2 = 0.79) depth intervals. Briggs and Knapp [5] analyzed the influence of soil mois-
ture on biomass production in burned and unburned treatments at Konza Prairie and 
concluded that soil moisture did not affect grass or forb net primary productivity 
in long-term unburned watersheds. Conversely, soil moisture at depths <1 m were 
determined to significantly increase grass and total NPP at annually burned sites [5]. 
Although the aquic summit generally contained more water than the udic summit, 
the udic summit produced more total DM than the aquic summit during the 2017 
season (Figure 11). Increased biomass production in the udic mound summit may 
have resulted from greater soil organic matter contents to a depth of 60 cm in the 
udic summit (Table 2). Additionally, the aquic and udic inter-mounds exhibited no 
difference in total DM production, indicating that soil moisture differences between 
the aquic and udic inter-mound did not affect the biomass production (Figure 11).

Source of variation Grass DM Forb DM Total DM PG
__________________________________P_________________________________

Soil moisture 
regime

0.856 0.369 0.128 0.812

Position (P) 0.027 0.097 <0.001 0.951

Sampling date (SD) <0.001 0.142 <0.001 0.065

SMR × P 0.837 0.156 0.096 0.275

SMR × SD 0.017 0.550 0.161 0.352

P × SD 0.537 0.878 0.071 0.976

SMR × P × SD 0.077 0.956 0.035 0.502

Table 4. 
Summary of the combined effects of soil moisture regime (aquic and udic), position (mound summit or inter-
mound), and sampling date (2 June 2017, 17 August 2017, 19 May 2018, and 16 August 2018) on grass dry matter 
(grass DM), forb dry matter (Forb DM), total dry matter (total DM), and percent grass (PG) in a mounded 
native tallgrass prairie in the Ozark highlands region of Northwest Arkansas.
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A study conducted by Henninger et al. [37] in east-central Pennsylvania noted 
that water entering the top 15 cm of soil during the summer months was quickly 
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in each soil series studied. As evapotranspiration decreased in September, the soil 
moisture contents increased indicating that dry-down rates were slowing with 
changing seasons [37]. Additionally, soil dry-down rates were likely at least numeri-
cally larger at 10 cm than at 30 cm due to decreased saturated hydraulic conductivi-
ties with depth (Figure 10, Table 3).
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least (814 kg ha−1) in the aquic-grass combination in May 2018 (Figure 11). For the 
aquic SMR, grasses significantly outproduced other species on both end-of-season 

Figure 10. 
Soil depth effects on dry-down rates of selected precipitation events during the (A) wet and dry season and in 
(B) udic and aquic soil moisture regimes in a native tallgrass prairie containing prairie mounds in the Ozark 
highlands region of Northwest Arkansas. Means with different letters are significantly different at the 0.05 level.
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samples, whereas no differences in DM occurred on either early season sample 
(Figure 11). For the udic soil, grasses outproduced other species in August 2017, 
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as grasses generally account for most of the biomass production and forbs provide 
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over time (Table 4). Grass DM was numerically largest (5027 kg ha−1) among 
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smallest (814 kg ha−1) in May 2018 in both soil moisture regimes, which did not 
differ (Figure 11). Grass DM was similar between the aquic and udic soils at each 
sampling date excluding August 2018, in which the aquic soil produced more DM 
than the udic soil (Figure 11). Averaged across SMR and sample date, grass DM 
differed (P = 0.03) between mound positions, with the mound summit producing 
3216 kg ha−1 than the 2331 kg ha−1 of grass DM in the inter-mound position.

Previous studies analyzing the effect of soil moisture on biomass production 
have indicated that soil moisture influences plant biomass production. Total above- 
and belowground biomass had a significant positive correlation with soil moisture 
content from 0 to 30 cm below the soil surface across 81 grassland ecosystems in the 
Loess Plateau, China [40]. Similarly, a correlation study conducted by Wu et al. [41] 
in the Qinghai-Tibetan Plateau, China, concluded that aboveground biomass signifi-
cantly increased with increased soil moisture in the 0–10- (R2 = 0.83) and 10–20-cm 
(R2 = 0.79) depth intervals. Briggs and Knapp [5] analyzed the influence of soil mois-
ture on biomass production in burned and unburned treatments at Konza Prairie and 
concluded that soil moisture did not affect grass or forb net primary productivity 
in long-term unburned watersheds. Conversely, soil moisture at depths <1 m were 
determined to significantly increase grass and total NPP at annually burned sites [5]. 
Although the aquic summit generally contained more water than the udic summit, 
the udic summit produced more total DM than the aquic summit during the 2017 
season (Figure 11). Increased biomass production in the udic mound summit may 
have resulted from greater soil organic matter contents to a depth of 60 cm in the 
udic summit (Table 2). Additionally, the aquic and udic inter-mounds exhibited no 
difference in total DM production, indicating that soil moisture differences between 
the aquic and udic inter-mound did not affect the biomass production (Figure 11).
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Soil moisture 
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Table 4. 
Summary of the combined effects of soil moisture regime (aquic and udic), position (mound summit or inter-
mound), and sampling date (2 June 2017, 17 August 2017, 19 May 2018, and 16 August 2018) on grass dry matter 
(grass DM), forb dry matter (Forb DM), total dry matter (total DM), and percent grass (PG) in a mounded 
native tallgrass prairie in the Ozark highlands region of Northwest Arkansas.
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The difference in DM production between the two early season samples (i.e., 
June 2017 and May 2018; Figure 11) likely resulted from the prescribed burn 
performed in January 2017. The prescribed burn eliminated dead plant mate-
rial (i.e., necromass) from the ecosystem and provided the soil with more direct 
sunlight, which then stimulated plant growth for the 2017 season [42, 43]. The 
necromass from the increased-biomass-producing 2017 season then shaded the soil 
surface, slowing soil warming and reducing light availability to newly emerging 
plants, which would account for the lower total DM production in May 2018 [44]. 

Figure 11. 
Sampling date, mound position, and soil moisture regime effects on total dry matter (TDM) (A), sampling 
date, soil moisture regime, and biomass type effects on total dry matter (TDM) (B), and sampling date and 
soil moisture regime effects on grass dry matter (grass DM) in a native tallgrass prairie with prairie mounds in 
the Ozark highlands region of Northwest Arkansas (C).
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The results of the study are supported by past research analyzing herbage pro-
duction on mound and inter-mound mound positions [6, 12]. Mounded mound 
positions seeded with intermediate wheatgrass (Thinopyrum intermedium), crested 
wheatgrass [Agropyron cristatum (L.) Gaertn.], smooth brome (Bromus inermis 
Leyss.), Russian wildrye [Psathyrostachys juncea (Fisch.) Nevski], and big bluegrass 
(Poa secunda J. Presl) produced 94, 180, 323, 358, and 542% greater herbage yields 
for the respective plants than the inter-mound positions seeded with the same 
plants [12]. Additionally, similar to the results of this study, annual forage pro-
duction on mounded soils in eastern Oklahoma was 4997 kg ha−1 compared with 
3227 kg ha−1 produced by inter-mound soil [10]. Researchers have suggested that 
mounded soils likely produce larger quantities of biomass than inter-mound soils 
as a result of enhanced soil fertility and larger quantities of plant-available water 
present in mounded profiles due to a larger volume of soil in mounded profiles 
than in inter-mound profiles [12, 45]. According to McGinnies [12], mounded soils 
contained 66% more nitrogen than inter-mound positions, which would account 
for mounds producing larger quantities of biomass. At the current site, soil total 
nitrogen was unaffected by mound position [36]. Soil pH was similar between and 
across soil moisture regimes for mound summit and inter-mound positions, with 
exception of the udic mound and udic inter-mound, in which the inter-mound had 
a more alkaline pH [36]. The water contents in the current study may have been too 
large in the inter-mounds to promote optimal plant growth, which would explain 
why herbage production was generally at least numerically larger in the mound 
summits of both soil moisture regimes. Mound summits had deeper depths to redox 
features and saturated or near-saturated conditions than the corresponding inter-
mound positions, which may have better promoted vegetative growth.

Source of variation TDM
________P_______

Soil moisture regime 0.128

Position (P) 0.011

Sampling date (SD) <0.001

Biomass type (BT) 0.001

SMR × P 0.377

SMR × SD 0.689

P × SD 0.559

SMR × BT 0.232

P × BT 0.814

SD × BT 0.035

SMR × P × SD 0.457

SMR × P × BT 0.257

SMR × SD × BT 0.028

P × SD × BT 0.969

SMR × P × D × BT 0.341

Table 5. 
Summary of the combined effects of soil moisture regime (aquic and udic), position (mound summit and 
inter-mound), sampling date (2 June 2017, 17 August 2017, 19 May 2018, and 16 August 2018), and biomass 
type (grass and other species) on total dry matter (TDM) in a mounded native tallgrass prairie in the Ozark 
Highlands region of northwest Arkansas.
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The difference in DM production between the two early season samples (i.e., 
June 2017 and May 2018; Figure 11) likely resulted from the prescribed burn 
performed in January 2017. The prescribed burn eliminated dead plant mate-
rial (i.e., necromass) from the ecosystem and provided the soil with more direct 
sunlight, which then stimulated plant growth for the 2017 season [42, 43]. The 
necromass from the increased-biomass-producing 2017 season then shaded the soil 
surface, slowing soil warming and reducing light availability to newly emerging 
plants, which would account for the lower total DM production in May 2018 [44]. 
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soil moisture regime effects on grass dry matter (grass DM) in a native tallgrass prairie with prairie mounds in 
the Ozark highlands region of Northwest Arkansas (C).
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The results of the study are supported by past research analyzing herbage pro-
duction on mound and inter-mound mound positions [6, 12]. Mounded mound 
positions seeded with intermediate wheatgrass (Thinopyrum intermedium), crested 
wheatgrass [Agropyron cristatum (L.) Gaertn.], smooth brome (Bromus inermis 
Leyss.), Russian wildrye [Psathyrostachys juncea (Fisch.) Nevski], and big bluegrass 
(Poa secunda J. Presl) produced 94, 180, 323, 358, and 542% greater herbage yields 
for the respective plants than the inter-mound positions seeded with the same 
plants [12]. Additionally, similar to the results of this study, annual forage pro-
duction on mounded soils in eastern Oklahoma was 4997 kg ha−1 compared with 
3227 kg ha−1 produced by inter-mound soil [10]. Researchers have suggested that 
mounded soils likely produce larger quantities of biomass than inter-mound soils 
as a result of enhanced soil fertility and larger quantities of plant-available water 
present in mounded profiles due to a larger volume of soil in mounded profiles 
than in inter-mound profiles [12, 45]. According to McGinnies [12], mounded soils 
contained 66% more nitrogen than inter-mound positions, which would account 
for mounds producing larger quantities of biomass. At the current site, soil total 
nitrogen was unaffected by mound position [36]. Soil pH was similar between and 
across soil moisture regimes for mound summit and inter-mound positions, with 
exception of the udic mound and udic inter-mound, in which the inter-mound had 
a more alkaline pH [36]. The water contents in the current study may have been too 
large in the inter-mounds to promote optimal plant growth, which would explain 
why herbage production was generally at least numerically larger in the mound 
summits of both soil moisture regimes. Mound summits had deeper depths to redox 
features and saturated or near-saturated conditions than the corresponding inter-
mound positions, which may have better promoted vegetative growth.

Source of variation TDM
________P_______

Soil moisture regime 0.128

Position (P) 0.011

Sampling date (SD) <0.001

Biomass type (BT) 0.001

SMR × P 0.377

SMR × SD 0.689

P × SD 0.559

SMR × BT 0.232

P × BT 0.814

SD × BT 0.035

SMR × P × SD 0.457

SMR × P × BT 0.257

SMR × SD × BT 0.028

P × SD × BT 0.969

SMR × P × D × BT 0.341

Table 5. 
Summary of the combined effects of soil moisture regime (aquic and udic), position (mound summit and 
inter-mound), sampling date (2 June 2017, 17 August 2017, 19 May 2018, and 16 August 2018), and biomass 
type (grass and other species) on total dry matter (TDM) in a mounded native tallgrass prairie in the Ozark 
Highlands region of northwest Arkansas.
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Vegetation comprising the udic mound was 30.7% similar to the vegetation 
present at the udic inter-mound position. When mound positions were compared 
across SMRs, the aquic and udic mound summits exhibited 42.8% similar-
ity, whereas the aquic and udic inter-mounds were only 29.6% similar. Lastly, 
vegetation comprising the aquic mound was 41.3% similar to that of the aquic 
inter-mound position. The results of the study are supported by previous research 
analyzing mound summit and inter-mound vegetation [11]. Vegetational similarity 
between mounds and the adjacent non-mounded prairie area was reported as 35.2% 
at Kalsow Prairie in Iowa, which is within the range reported in the current study 
[11]. Scientists have hypothesized the reason for the dissimilarity between the 
mound positions is due to the microtopographic variation of the mounds compared 
to inter-mound soils [11, 15]. Del Moral and Deardorff [15] noted that hairy cat’s 
ear (Hypochaeris radicata L.) only grew in micro-depressions located on mounds. 
Additionally, Del Moral and Deardorff [15] determined that plant species, such as 
racomitrium moss [Racomitrium canescens (Hedw.) Brid.], responded to changes 
in drainage and insolation on mounds, which directly influences soil moisture 
availability.

Total diversity, species richness, and species evenness were unaffected 
(P > 0.05) by any of the treatment factors (i.e., mound position and SMR) evalu-
ated. Total plant diversity was numerically lowest (0.51) at a udic summit, numeri-
cally largest (2.10) at an aquic inter-mound and averaged 1.40 throughout the entire 
prairie area. Species richness was numerically lowest (5.0) among multiple mound 
positions, numerically largest (14) at a udic inter-mound, and averaged 7.8 across 
the entire prairie area. Species evenness was numerically smallest at a udic summit 
(0.32), numerically largest at an aquic summit (0.89), and averaged 0.70 across the 
entire prairie area. The plant diversity indices studied may have been influenced by 
the sampling date. Plants were sampled and identified at the beginning of the grow-
ing season, and plant DM during this period was at least numerically lower than on 
all other sample dates. Additionally, many plants had not yet flowered by this early 
sampling date. Due to reduced biomass production during the early season, plant 
diversity indices may have been best represented from plant samples collected dur-
ing the late-season sample, although the current study still provides valuable insight 
on plant diversity and species richness and evenness.

Studies analyzing plant species diversity, richness, and evenness in mounded 
ecosystems are not numerous; however, the results of this study agree with past 
research comparing plant species richness between mound and inter-mound 
positions [10, 11, 46]. In eastern Oklahoma, no appreciable difference in species 
richness occurred between mounded and inter-mound positions, with 18 plants 
identified in the inter-mound and 13 species identified in the mounded position 
[10]. Similarly, 51 plant species were identified on mounded positions compared to 
49 species in the adjacent prairie at Kalsow Prairie in Iowa [11].

Research has suggested that soil moisture influences plant diversity and spe-
cies richness and evenness [40, 41]. Across 81 grassland sites in the Loess Plateau 
of northwestern China, Shannon-Wiener diversity and species richness were 
significantly and positively correlated with soil water storage in the top 30 cm of 
soil, while species evenness was correlated to water storage from the 0- to 20-cm 
depth [40]. Additionally, the Shannon-Wiener diversity, Margalef ’s index of species 
richness, and Whittaker’s index of species evenness exhibited significant positive 
relationships with soil water content for seedlings, saplings, and adult tree species 
in a tropical, dry, deciduous forest in the Vindhyan Highlands, India [47]. Among 
the various plant growth stages (i.e., seedlings, saplings, and adults), soil water 
content accounted for 65–77% of the variability in plant diversity, 39–61% of the 
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variability in species richness, and 60–68% of the variability in species evenness 
[47]. Contrary to the previous studies, despite plant aboveground biomass, vegeta-
tive cover, and plant height increasing with soil moisture, plant species richness 
exhibited an inverse relationship with soil water content in an alpine wetland in the 
Maqu Wetland Protection Area, China [41]. It was hypothesized that large quanti-
ties of soil moisture and species density in the alpine wetlands allowed dominant 
plant species to outcompete other species, resulting in lower plant species richness 
[40, 41]. The nonsignificant diversity indices in the current study may be a result 
of the early season sampling opposed to soil moisture differences, as past research 
has shown that plant diversity, species richness, and species evenness are directly or 
inversely related to soil moisture gradients [40, 41, 47].

4. Conclusions

This field study demonstrated that soil hydraulic and vegetative properties 
differed among soil moisture regime, site position, soil depth, time, and their 
treatment interactions. The results of this study support the hypothesis that maxi-
mum VWCs would increase with depth and be greater in the inter-mound than 
in the mound positions, whereas VWC minima would be the lowest near the soil 
surface and in mound positions than being deeper in the profile and in inter-mound 
positions, respectively. The results of this study support the hypothesis that soil 
maximum and minimum VWCs would be at least numerically larger in the aquic 
SMR for a given mound position than in the corresponding udic position. Results 
did not support the hypotheses that soil dry-down rates would be largest in the 
mound summits and decrease with depth. However, results partially supported the 
hypotheses that dry-down rates would be larger in the aquic than udic SMR and be 
larger during the wet than dry season.

The results of the study did not respectively support the hypotheses that (i) total 
vegetation diversity would be greatest in the inter-mound and in the udic SMR, 
(ii) species richness would be greatest at the inter-mound position in both SMRs, 
and (iii) species evenness would be greatest on the mound summit in both SMRs. 
Additionally, the hypothesis that total aboveground plant productivity would be 
greatest on the mound summit than on the inter-mound position on each sampling 
date and that grasses would be more abundant than other species at mound summit 
and inter-mound positions at each sampling date was however partially supported. 
Lastly, results did not support the hypothesis that total aboveground plant produc-
tivity would be greater in the aquic than udic SMR at each sampling date.

The study clearly demonstrated that soil volumetric water content and vegeta-
tive properties differed among mound positions and between SMRs within the 
top 50 cm of soil over time. Therefore, prairie management and restoration activi-
ties need to account for differing soil moisture regimes and mound topographies 
in order to be most successful. This study has provided detailed insight into water 
dynamics and vegetative properties in mounded tallgrass prairie ecosystems; how-
ever, additional research detailing soil water contents and vegetation in mounded 
ecosystems is needed as research on the topic is limited. Research should be contin-
ued at Chesney Prairie to monitor the effects of burning the prairie every 3 years 
on soil physical and chemical properties and vegetation in the mounded tallgrass 
prairie. Additionally, future research should be focused on identifying additional 
mounded, native tallgrass prairie fragments to sample across the United States to 
determine how physical and chemical properties of soil and vegetation in mounded 
ecosystems differ geographically.
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present at the udic inter-mound position. When mound positions were compared 
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all other sample dates. Additionally, many plants had not yet flowered by this early 
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diversity indices may have been best represented from plant samples collected dur-
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variability in species richness, and 60–68% of the variability in species evenness 
[47]. Contrary to the previous studies, despite plant aboveground biomass, vegeta-
tive cover, and plant height increasing with soil moisture, plant species richness 
exhibited an inverse relationship with soil water content in an alpine wetland in the 
Maqu Wetland Protection Area, China [41]. It was hypothesized that large quanti-
ties of soil moisture and species density in the alpine wetlands allowed dominant 
plant species to outcompete other species, resulting in lower plant species richness 
[40, 41]. The nonsignificant diversity indices in the current study may be a result 
of the early season sampling opposed to soil moisture differences, as past research 
has shown that plant diversity, species richness, and species evenness are directly or 
inversely related to soil moisture gradients [40, 41, 47].

4. Conclusions

This field study demonstrated that soil hydraulic and vegetative properties 
differed among soil moisture regime, site position, soil depth, time, and their 
treatment interactions. The results of this study support the hypothesis that maxi-
mum VWCs would increase with depth and be greater in the inter-mound than 
in the mound positions, whereas VWC minima would be the lowest near the soil 
surface and in mound positions than being deeper in the profile and in inter-mound 
positions, respectively. The results of this study support the hypothesis that soil 
maximum and minimum VWCs would be at least numerically larger in the aquic 
SMR for a given mound position than in the corresponding udic position. Results 
did not support the hypotheses that soil dry-down rates would be largest in the 
mound summits and decrease with depth. However, results partially supported the 
hypotheses that dry-down rates would be larger in the aquic than udic SMR and be 
larger during the wet than dry season.

The results of the study did not respectively support the hypotheses that (i) total 
vegetation diversity would be greatest in the inter-mound and in the udic SMR, 
(ii) species richness would be greatest at the inter-mound position in both SMRs, 
and (iii) species evenness would be greatest on the mound summit in both SMRs. 
Additionally, the hypothesis that total aboveground plant productivity would be 
greatest on the mound summit than on the inter-mound position on each sampling 
date and that grasses would be more abundant than other species at mound summit 
and inter-mound positions at each sampling date was however partially supported. 
Lastly, results did not support the hypothesis that total aboveground plant produc-
tivity would be greater in the aquic than udic SMR at each sampling date.

The study clearly demonstrated that soil volumetric water content and vegeta-
tive properties differed among mound positions and between SMRs within the 
top 50 cm of soil over time. Therefore, prairie management and restoration activi-
ties need to account for differing soil moisture regimes and mound topographies 
in order to be most successful. This study has provided detailed insight into water 
dynamics and vegetative properties in mounded tallgrass prairie ecosystems; how-
ever, additional research detailing soil water contents and vegetation in mounded 
ecosystems is needed as research on the topic is limited. Research should be contin-
ued at Chesney Prairie to monitor the effects of burning the prairie every 3 years 
on soil physical and chemical properties and vegetation in the mounded tallgrass 
prairie. Additionally, future research should be focused on identifying additional 
mounded, native tallgrass prairie fragments to sample across the United States to 
determine how physical and chemical properties of soil and vegetation in mounded 
ecosystems differ geographically.
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Chapter 3

Effects of Fire on Grassland Soils 
and Water: A Review
Daniel George Neary and Jackson McMichael Leonard

Abstract

Grasslands occur on all of the continents. They collectively constitute the 
largest ecosystem in the world, making up 40.5% of the terrestrial land area, 
excluding Greenland and Antarctica. Grasslands are not entirely natural because 
they have formed and developed under natural and anthropogenic pressures. 
Their importance now is to the variety of ecosystem services that they provide: 
livestock grazing areas, water catchments, biodiversity reserves, tourism sites, 
recreation areas, religious sites, wild food sources, and natural medicine sources. 
An important function of grasslands is their sequestration and storage of carbon 
(C). Mollisol soils of grasslands have deep organic matter horizons that make this 
vegetation type almost as important as forests for C fixation and storage. Fire has 
been and continues to be an important disturbance in grassland evolution and 
management. Natural wildfires have been a component of grasslands for over 300 
million years and were important in creating and maintaining most of these eco-
systems. Humans ignited fires over many millennia to improve habitat for animals 
and livestock. Prescribed fire practiced by humans is a component of modern 
grassland management. The incidence of wildfires in grasslands continues to grow 
as an issue as droughts persist in semi-arid regions. Knowledge of fire effects on 
grasslands has risen in importance to land managers because fire, as a disturbance 
process, is an integral part of the concept of ecosystem management and restora-
tion ecology. Fire is an intrusive disturbance in both managed and wildland forests 
and grasslands. It initiates changes in ecosystems that affect the composition, 
structure, and patterns of vegetation on the landscape. It also affects the soil and 
water resources of ecosystems that are critical to overall ecosystem functions and 
processes.

Keywords: wildfire, prescribed fire, fire severity, watershed impacts, grasslands

1. Introduction

Fire is a dynamic ecosystem process, generally predictable but uncertain in 
its timing and occurrence on landscapes [1]. It is an integral component of most 
wildland forest ecosystems as well as wild and managed grasslands (Figure 1). 
It has been a factor in shaping plant communities for over 300 million years, as 
long as vegetation and lightning have existed on earth [2–5]. Both managed and 
wild grasslands are susceptible to localized and widespread fires if climate condi-
tions (drought and wind) are conducive to fire spread [6, 7]. Wildland fire covers 
a spectrum from low severity, prescribed and grassland fires, to landscape-level 
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An important function of grasslands is their sequestration and storage of carbon 
(C). Mollisol soils of grasslands have deep organic matter horizons that make this 
vegetation type almost as important as forests for C fixation and storage. Fire has 
been and continues to be an important disturbance in grassland evolution and 
management. Natural wildfires have been a component of grasslands for over 300 
million years and were important in creating and maintaining most of these eco-
systems. Humans ignited fires over many millennia to improve habitat for animals 
and livestock. Prescribed fire practiced by humans is a component of modern 
grassland management. The incidence of wildfires in grasslands continues to grow 
as an issue as droughts persist in semi-arid regions. Knowledge of fire effects on 
grasslands has risen in importance to land managers because fire, as a disturbance 
process, is an integral part of the concept of ecosystem management and restora-
tion ecology. Fire is an intrusive disturbance in both managed and wildland forests 
and grasslands. It initiates changes in ecosystems that affect the composition, 
structure, and patterns of vegetation on the landscape. It also affects the soil and 
water resources of ecosystems that are critical to overall ecosystem functions and 
processes.
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1. Introduction

Fire is a dynamic ecosystem process, generally predictable but uncertain in 
its timing and occurrence on landscapes [1]. It is an integral component of most 
wildland forest ecosystems as well as wild and managed grasslands (Figure 1). 
It has been a factor in shaping plant communities for over 300 million years, as 
long as vegetation and lightning have existed on earth [2–5]. Both managed and 
wild grasslands are susceptible to localized and widespread fires if climate condi-
tions (drought and wind) are conducive to fire spread [6, 7]. Wildland fire covers 
a spectrum from low severity, prescribed and grassland fires, to landscape-level 
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high severity wildfires that affect vegetation, soils, water, fauna, air, and cultural 
resources [8–12]. Knowledge of fire effects has risen in importance to land manag-
ers because fire, as a disturbance process, is an integral part of the concept of eco-
system management and restoration ecology. Fire is an intrusive disturbance in both 
managed and wildland forests and grasslands. It initiates changes in ecosystems 
that affect the composition, structure, and patterns of vegetation on the landscape. 
It also affects the soil and water resources of ecosystems that are critical to overall 
ecosystem functions and processes [1, 10].

Recycling of carbon (C) and nutrients depends on biological decomposition 
and fire. In regions where decay is constrained either by dry or cold climates 
or saturated conditions, fire plays a dominant role in recycling organic matter [1]. 

Figure 1. 
Examples of grassland ecosystems: (a) Great Plains Comanche National Grasslands, Colorado (photo courtesy 
of the Pike and San Isabel National Forest), (b) Emory oak savanna, Coronado National Forest, Arizona, 
(photo by Daniel G. Neary, USDA Forest Service), (c) high altitude grassland, Apache-Sitgreaves National 
Forest, Arizona, (photo by Daniel G. Neary, USDA Forest Service), (d) Australia farm, Victoria (photo by 
Daniel G. Neary, USDA Forest Service), (e) Valparaiso, Chile, watershed (photo by Daniel G. Neary, USDA 
Forest Service), (f) riparian grassland, Arizona (photo by Daniel G. Neary, USDA Forest Service).
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In warmer, moist climates, decay plays the dominant role in organic matter 
 recycling, except in soils that are predominantly saturated. However, fires do cause 
hydrologic and physical changes in these soils [13]. Fire in grasslands affects mainly 
the aboveground components of vegetation and normally does little damage to the 
large underground reservoir of organic matter in Mollisols typically found in grass-
land ecosystems (Figure 2, [14]). These soils have typically 80–90% of their carbon 
pool below ground, away from most of the damaging effects of grassland fires.

Soil is the earth’s layer of mineral and organic matter, unconsolidated at the 
interface between atmosphere and geosphere. It results from physico-chemical 
and biological processes operating simultaneously and over a long period of 
time on original geological material [15]. Soil is formed by continual interaction 
between the soil system and the biotic (faunal and floral), climatic (atmospheric 
and hydrologic), and topographic components of the environment [1]. Grassland 
soils are unique because of the herbaceous fine root turnover that contributes to the 
development of deep, organic matter rich, “A” horizons (Figure 3).

Soil is variously integrated to other ecosystem components. It provides plants 
with air, water, nutrients and also mechanical support for subsistence [10]. It also 
receives and filters rainfall. In this way, it somewhat defines the portion that evapo-
rates on the surface and the portion that is stored belowground to be slowly drained 
from upstream slopes to the channels, as well as the portion retained and used for soil 
processes (e.g., sweating, leaching, etc.). As soon as the infiltration capacity of soil 
precipitation increases, organic and inorganic surface particles are eroded and end up 
as sediments, nutrients and pollutants in watercourses that affect water quality. An 
uninterrupted active movement of gas also occur within the soil and it atmosphere. 
Soil also provides a repository for many cultural artifacts, which can remain in the 
soil for thousands of years without undergoing appreciable change [16].

Fire can produce a wide range of changes in landscape appearance but the degree 
of change and duration in grasslands is usually much less than in forested ecosys-
tems [1]. Grass recovery is usually so rapid that the occurrence of fire is masked 
within 1 year by rapid regrowth. The fire-induced changes coupled with burn 
intensities generate varied responses in the water, soil, flowers and fauna of burned 
ecosystems due to the co-variation between fire severity and ecosystem resonance. 
There are instantaneous and sustainable reactions to wildfires. Immediate effects 
result from the combustion of biomass and the release of chemicals in the ash cre-
ated by fire. The response of biological elements (soil microorganisms and ecosys-
tem vegetation) to these disruptions is both drastic and accelerated.

Figure 2. 
Distribution of C and soil organic matter (including litter) in major ecosystem types of the world [49].
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Fire also releases gas, particles and air pollutants through the combustion of bio-
mass and soil organic matter (Figure 4). It thus affects air quality in large airsheds 
[9, 17]. The long-term fire effects on soils and water are usually subtle, can persist 
for years following the fire, or can be permanent [10]. Other long-term fire effects 
arise from the relationships between fire, soils, hydrology, nutrient cycling, and site 
productivity [18].

Therefore, the objective of this chapter is to examine the effects of fire on 
natural and managed grassland ecosystems. Fire has been and continues to be an 
important disturbance in grassland evolution and management. Natural wildfires 

Figure 3. 
Mollisol soil typical of grasslands throughout the world. The notable feature is the organic-rich dark A1 and 
A2 horizons in the upper 10 to 30 cm formed by grass fine root decomposition and organic matter accumulation 
in weathered limestone. The deeper white and gold-colored horizon (Cr) is the weathered sedimentary parent 
material. (photo courtesy of the USDA Natural Resources Conservation Service).

Figure 4. 
Wallow fire, Arizona, 2011 (photo courtesy of the USDA Forest Service, Apache-Sitgreaves National Forest).
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have been a component of grasslands for millions of years and were important in 
creating many of these grass and herbaceous ecosystems. Humans ignited fires over 
many millennia to improve habitat for animals and livestock. Prescribed fire is a 
component of modern grassland management. The incidence of wildfires in grass-
lands continues to grow as droughts persist in semi-arid regions of the world [19].

2. Grassland ecosystems

Grasslands collectively constitute the largest ecosystem in the world [20]. They 
make up 40.5% of the terrestrial land area, excluding Greenland and Antarctica. 
The areas of grass in the latter two ice-dominated land masses are minor in the 
global context. Grasslands are divided into woody savannahs and savannahs 
(13.8%), open and closed shrublands (12.7%), non woody grasslands (8.3%) 
and tundra (5.7%). The UNESCO definition of grasslands is “lands covered with 
herbaceous plants that are covered with <10% trees and shrubs”. Wooded grasslands 
typically have 10 to 40% tree and shrub cover [21].

Grasslands are not entirely natural because they have formed and developed 
under natural (e.g. fire, wild herbivore grazing) and anthropogenic pressures 
(e.g. prescribed and wildfire, livestock grazing, woody vegetation clearing, 
over-sowing with pasture grass, etc.) [20]. Grasslands are not considered to be 
natural if they have been subject to plowing and grass seeding. Their importance 
now is to the variety of ecosystem services that they provide: livestock graz-
ing areas, water catchments, biodiversity reserves, tourism sites, recreation 
areas, religious sites, wild food sources, and natural medicine sources. An 
important function of grasslands is their sequestration and storage of C [22]. 
Grasslands are characterized by Mollisols, soils with deep organic matter hori-
zons (Figure 3) [14]. This vegetation type is almost as important as forests for C 
fixation and storage. Grassland soils are organic matter sinks on the same order 
of magnitude as tree biomass.

A question that often arises in grassland management is: Are livestock grazing 
and burning compatible? Studies in Africa grasslands have demonstrated that fire 
(natural and prescribed) is often essential in grasslands for maintaining livestock 
forage in a state critical for herbivores [23]. The negative side of the combined 
practices is that the amounts of C sequestered in these ecosystems can be reduced.

Fire is typically used as a tool to kill undesirable brush, prevent invasions of poor 
native species or exotics, and increase forage production [24]. Prescribed burning 
is used especially on tall-grass prairies of the USA central Great Plains, but timing 
is important [25]. Cool season grass production can be decreased by spring burns. 
These early burns can increase summer forage in some species but reduce autumn 
productivity [26]. Late winter burns have been shown to initiate spring growth 
2–3 weeks earlier [27]. Although wildfires have always been a constant part of the 
prairie fire regimes [6], wildfire numbers and area burned have surged in the 21st 
Century [28]. Wildfire numbers in the Great Plains of North America increased 
from 33.4 year−1 in 1985 to 116.8 year−1 in 2014. The total burned area grew by 
400% over the same time period.

In grasslands of the Russian steppe, fire has been used as a tool for millennia to 
augment natural wildfire starts [29]. Some research has indicated that the treeless 
steppe is predominantly a result of fire, not soil conditions or climate [3]. Burning is 
done to remove dead vegetation from the previous year and dry the soil out quicker 
in the spring. Regrowth after spring fires in the Russian steppes has shown to be 
richer in nutrient content but lower in yield and cover with decreased soil moisture 
content [20].
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3. Fire characteristics

3.1 Fire regime

The overall fire behavior in a particular type of cover or ecosystem during long 
successions is defined as the fire mode. This mode describes the typical severity of 
a fire. But it is recognized that on occasion, relatively severe fires also occur in one 
type of cover. For example, a stand renewal crown fire is common in forests with 
large fire-return intervals. The fire regime concept is useful for comparing the rela-
tive role of fire between ecosystems and for describing the degree of departure from 
historical conditions [30, 31]. The fire regime classification used here contains a 
discussion of the development of fire regime classifications based on fire character-
istics and effects [32], combinations of factors including fire frequency, periodicity, 
intensity, size, pattern, season, and depth of burn, severity, and fire periodicity [10].

The fire modes presented in Table 1 are described below [10]:

• Understory Fire: These fires are globally not lethal to the dominant canopy 
and do not significantly change the physiognomy of the predominant vegeta-
tion. At least 80% of the dominant vegetation prevails over fires. This mode 
applies to some types of fire-resistant forests and wooded formations, but also 
describes the fire regime for true savanna ecosystems (Figure 5).

• Stand Replacement Fire: These fires are lethal to most trees, shrub, and grass 
stems. Greater than 80% of the aboveground dominant vegetation is either 
incinerated or dies as a result of fire, substantially changing the aboveground 
vegetative structure. This mode applies to fire-susceptible forests and wood-
lands, shrublands, and grasslands. In the case of the latter, recovery is very 
swift within 1 year as grasses sprout from prolific root systems.

• Mixed Fire: The severity of fires varies between nonlethal understory and 
lethal stand replacement fires. The variation occurs in space or time. First, 
spatial variability occurs when fire severity varies, producing a spectrum 
from understory burning to stand replacement within an individual fire. The 
ultimate result is a fine pattern of vegetation patches. This type of fire regime 
commonly occurs in some ecosystems because of fluctuations in the fire 
environment [1, 33]. Complex landscapes facilitate alternating fire severity due 
to the moisture of the fuel and wind that varies spatially. Temporal change in 
fire severity results from alternation of individual low intensity, non-repetitive 
surface fires and long interval stand replacement fires. The result is a variable 

Fire Regime 
Group

Frequency 
(years)

Severity Severity and Effects Fire 
Regime

I 0-35 Low Understory Fire 1

II 0-35 Stand Replacement Stand Replacement 2

III 35-100 Mixed Mixed 3

IV 35-100+ Stand Replacement Stand Replacement 2

V >200 Stand Replacement Stand Replacement 2

Non Fire 4

Table 1. 
Comparison of fire regime classifications [17, 30, 34].
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fire regime [33, 34]. Temporal variability also occurs when cool-moist climate 
cycles are followed by warm dry ones, leading to multiple decade changes in 
the role of fire [35].

• Non-fire: In this regime, fire is not likely to occur. However, in rare instances 
fires do burn in these vegetation types. Although frequently very wet, swamps 
such as the Everglades in Florida, the Okefenokee Swamp in Georgia, and wet 
savannas in Brazil have “grassland” areas and have carried wildfires during 
droughts in the past [36].

3.2 Fire severity

The effects of a specific fire can be described at the stand and community level 
[1, 33, 37]. The concept describing the ecological and physical effects of a type of 
fire is the severity. This term indicates the degree of modification and, by extension, 
the degree of change in ecosystem components. Fire affects both overhead and 
underground ecosystems components. Most of the effects are above ground level. 
This is particularly true in grassland fires (Figure 6). The degree of fire severity 
is also related to the vegetation type. For example, in grasslands the differences 
between prescribed fire and wildfire are normally small due to the lower fuel loads 
and short duration of burning. In forested environments, the magnitude of the 

Figure 5. 
Post-fire results in an Emory oak savanna in Southwest New Mexico, 2008. (photo courtesy of A. Kauffman, 
University of Arizona).

Figure 6. 
Wildfire in the Kiowa National Grassland, Cibola National Forest, New Mexico. (photo courtesy of the USDA 
Forest Service).
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effects of fire on water is much lower after a prescribed fire than after a wildfire 
because of the larger amount of fuel consumed in a wildfire and the heat generated 
[10]. Canopy-consuming wildfires would be expected to be of the most concern 
to land managers because of the loss of canopy coupled with the destruction of 
soil properties. These losses present the worst-case scenario in terms of watershed 
function impacts.

There is confusion in both the literature and media reports between the terms 
fire intensity and fire severity. Fire professionals trained in the United States and 
Canada in fire behavior prediction systems use the term fire intensity in a strict 
thermodynamic sense to describe the rate of energy released per unit length of fire 
line [38, 39]. Fire intensity is concerned mainly with the rate of aboveground fuel 
consumption and energy release rate [37]. The faster a given quantity of fuel burns, 
the greater the intensity and the shorter the duration [10]. Because the rate at which 
energy can be transmitted through the soil is limited by the soil’s thermal proper-
ties, the duration of burning is critically important to the effects on soils [40]. Fire 
intensity is not necessarily related to the total amount of energy produced during 
the burning process. Most energy released by flaming combustion of aboveground 
fuels is not transmitted downward. Only about 5% of the heat from a surface fire 
is transmitted to the soil [40]. Thus, fire intensity is not always an indicator for 
measuring the energy transmitted to the soil, nor the physico-chemical and biologi-
cal changes of the latter. Thus, it is likely that a high intensity, high velocity grass 
fire would consume little surface litter due to the low energy that is dissipated to the 
ground during fuel combustion and discharged onto the litter [33]. Only about 5% 
of the heat released by a surface fire is transmitted into the ground [40]. Therefore, 
fire intensity is not necessarily a good measure of the amount of energy transmitted 
downward into the soil, or the associated changes that occur in physical, chemical, 
and biological properties of the soil. For example, it is possible that a high intensity 
and fast moving crown fire will consume little of the surface litter because only a 
small amount of the energy released during the combustion of fuels is transferred 
downward to the litter surface [33]. In this situation, the resulting surface litter is 
blackened (charred), but not consumed. Wind driven grassland wildfires will do 
the same for different reasons.

Because the actual energy released in a fire is not easily measured, the term fire 
intensity has limited practical application when evaluating ecosystem responses 
to fire. Fire severity is used more appropriately to indicate the effects of fire on the 
different ecosystem components [10, 32, 33]. Fire severity has been used describe 
the magnitude of negative fire impacts on natural ecosystems [41]. It can be seen 
in a post-fire environment in contrast to intensity which can only be estimated 
indirectly (Figure 7). A further extension of the concept to cover all fire phenom-
ena has been suggested [1, 10]. In this case, severity is a measure of the disruption 
or damage extent to resources caused by a fire and does not always mean that the 
phenomenon has negative connotations. Thus, a less severe fire can restore and 
maintain a range of ecological characteristics that are generally perceived as posi-
tive, such as a burning in a pasture. In contrast, a high severity fire in a forest may be 
a dominant disturbance. In a non-fire adapted ecosystem, it becomes an abnormal, 
destructive event with long-term consequences.

3.3 Depth of burn

The relationship of fire intensity to fire severity remains largely undefined 
because of difficulties encountered in relating resource responses to the burning 
process [33]. While quantitative relationships have been developed to describe 
changes in the thermal conductivity of soil, and changes in soil temperature and 
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water content beneath surface and ground fires, these relationships have not been 
thoroughly extrapolated to field conditions [40, 42]. It is not always possible to 
estimate the effects of fire on soil, vegetation, and air when these effects are judged 
by only fire intensity measurements because other factors overwhelm fire behavior. 
For instance, grassland fires are often high intensity, but their residence time at any 
one point is extremely short (<15 seconds). The effects on soils are minimal but 
they are often fatal to animals and humans [43].

The range of fire effects on soil resources can be expected to vary directly with 
the depth of burn as reflected in the amount of surface litter, organic soil horizons, 
and woody fuel consumed [10, 33]. Thus, for example, the depth of lethal heat 
(approximately 60°C) penetration into the soil can be expected to increase with the 
increasing depth of surface organic material that is burned. In grassland soils this 
depth is usually very minimal.

The depth of burn into the organic soil horizons, visual observation of charring, 
and combustion of plant materials defines fire severity for interpreting the effects 
of fire on soils, plants, and early succession [1, 10, 37] Depth of burn is directly 
related to the length of time of burning and fuel load in woody fuels [44] and litter 
[45]. Burn depth can be classified on the basis of visual observation of the degree of 
fuel consumption and charring on residual plant and soil surfaces [33, 46].

A 1985 summary on the relationships between depth of burn and the charring 
of plant materials has been updated into a table to reflect subsequent literature 
[1, 37]. Table 2 can be used as a guide to classifying depth of burn. The char-
acteristic classes are provided for clarification of subsequent discussion of fire 
effects:

• Unburned: Plant parts are green and unaltered, there is no direct effect from 
heat.

• Scorched: Fire did not burn the area, but radiated or convected heat from adja-
cent burned areas caused visible damage. Soil heating is negligible. Scorched 
areas occur to varying degrees along the edges of more severely burned areas.

• Light: This class is mostly applicable grasslands but can be found in shrubland 
and forest types. Plants are charred or consumed, but herbaceous plant bases 
are not deeply burned, and are still identifiable. Charring of the mineral soil 
is negligible. Light depth of burn is associated with short duration fires either 

Figure 7. 
Fire severity indicated by color differences (orange spots high severity and black or gray spots moderate severity) 
and consumption of vegetation, Brins Fire, Arizona. (photo by Daniel G. Neary, Rocky Mountain Research 
Station, USDA Forest Service).
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indirectly (Figure 7). A further extension of the concept to cover all fire phenom-
ena has been suggested [1, 10]. In this case, severity is a measure of the disruption 
or damage extent to resources caused by a fire and does not always mean that the 
phenomenon has negative connotations. Thus, a less severe fire can restore and 
maintain a range of ecological characteristics that are generally perceived as posi-
tive, such as a burning in a pasture. In contrast, a high severity fire in a forest may be 
a dominant disturbance. In a non-fire adapted ecosystem, it becomes an abnormal, 
destructive event with long-term consequences.
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The relationship of fire intensity to fire severity remains largely undefined 
because of difficulties encountered in relating resource responses to the burning 
process [33]. While quantitative relationships have been developed to describe 
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estimate the effects of fire on soil, vegetation, and air when these effects are judged 
by only fire intensity measurements because other factors overwhelm fire behavior. 
For instance, grassland fires are often high intensity, but their residence time at any 
one point is extremely short (<15 seconds). The effects on soils are minimal but 
they are often fatal to animals and humans [43].

The range of fire effects on soil resources can be expected to vary directly with 
the depth of burn as reflected in the amount of surface litter, organic soil horizons, 
and woody fuel consumed [10, 33]. Thus, for example, the depth of lethal heat 
(approximately 60°C) penetration into the soil can be expected to increase with the 
increasing depth of surface organic material that is burned. In grassland soils this 
depth is usually very minimal.

The depth of burn into the organic soil horizons, visual observation of charring, 
and combustion of plant materials defines fire severity for interpreting the effects 
of fire on soils, plants, and early succession [1, 10, 37] Depth of burn is directly 
related to the length of time of burning and fuel load in woody fuels [44] and litter 
[45]. Burn depth can be classified on the basis of visual observation of the degree of 
fuel consumption and charring on residual plant and soil surfaces [33, 46].

A 1985 summary on the relationships between depth of burn and the charring 
of plant materials has been updated into a table to reflect subsequent literature 
[1, 37]. Table 2 can be used as a guide to classifying depth of burn. The char-
acteristic classes are provided for clarification of subsequent discussion of fire 
effects:

• Unburned: Plant parts are green and unaltered, there is no direct effect from 
heat.

• Scorched: Fire did not burn the area, but radiated or convected heat from adja-
cent burned areas caused visible damage. Soil heating is negligible. Scorched 
areas occur to varying degrees along the edges of more severely burned areas.

• Light: This class is mostly applicable grasslands but can be found in shrubland 
and forest types. Plants are charred or consumed, but herbaceous plant bases 
are not deeply burned, and are still identifiable. Charring of the mineral soil 
is negligible. Light depth of burn is associated with short duration fires either 
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because of light fuel loads, high winds and fire spread, wet fuels, or a combina-
tion of these three factors.

• Moderate: This class is mostly applicable to forests but can occur in grasslands 
or shrublands that are savannas. In grasslands, plants are consumed, and 
herbaceous plant bases are deeply burned and unidentifiable. In shrublands or 
woodlands with grass components, average char-depth of the mineral soil is 
on the order of less than 1 cm, but soil texture and structure are not noticeably 
altered. Charring may extend up to 3.0 cm beneath shrubs with deep leaf litter 
in savanna grasslands (Figure 5).

• Deep: This class of depth of burn is limited to forests since fuel loads and fire 
residence times in grasslands are insufficient to produce deep burns. The only 
exception would be wet savanna grasslands and swamps.

Burn class Category Description

Unburned Surface Fire did not burn on the surface.

Fuels Some vegetation injury may occur from radiated or convected heat 
resulting in an increase in dead fuel mass.

Occurrence A wide range exists in the percent unburned in natural fuels. Under 
marginal surface fire conditions the area may be >50%. Under severe 
burning conditions <5% is unburned. 10 to 20% of the area in slash 
burns is unburned.

Light Surface Leaf litter is charred or consumed but some plant parts are discernable. 
Herbaceous stubble extends above the soil surface. Some plant parts 
may still be standing, bases not deeply burned, and still recognizable. 
Surface is black after fire. Charring is limited to <0.2 cm into the soil.

Fuels Typically, 50 to 90% of herbaceous fuels are consumed and much of the 
remaining fuel is charred.

Occurrence Burns are spotty to uniform, depending on grass continuity. Light depth 
of burn occurs in grasslands when soil moisture is high, fuels are sparse, 
or fires burn under high wind. This is the dominant type of grassland 
burning.

Moderate Surface In upland grasslands litter is consumed. Charring extends to <0.5 cm 
into mineral soil, otherwise soil not altered. Gray or white ash quickly 
disappears. In grasslands, sedge meadows and prairies growing on 
organic soils, moderate fires partially burn the root-mat.

Fuels Herbaceous plants are consumed to the ground-line.

Occurrence Moderate depth of burn tends to occur when soil moisture is low and 
fuels are continuous. Then burns tend to be uniform. In discontinuous 
fuels, high winds are required for high coverage in moderate depth of 
burn.

Deep Surface In grasslands growing on mineral soil the litter is completely consumed 
leaving a fluffy white ash surface that soon disappears. Charring 
to depth of 1 cm in mineral soil. Soil structure slightly altered. In 
grasslands growing on deep organic soils, fires burn the root-mat and 
the underlying peat or muck to varying depths.

Fuels All above ground fuel is consumed to charcoal and ash.

Occurrence In uplands, deep depth of burn is limited to areas beneath the occasional 
log or anthropogenic features (e.g., fences, corrals). In wetland 
grasslands, deep burns can occur over large areas when the water table 
is drawn down.

Table 2. 
Depth of burn classes for grasslands [10].
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Surface litter and organic soil horizon consumption is a complex process [45]. 
Depth, bulk density, fire load, mineral filler, moisture rate and wind velocity all 
affect the heat emission and understory heating. Since these factors are not easily 
accessed after a fire, it is not possible to define the post-fire criteria potential for 
discriminating the class. Although analyzing soil calcination is not sufficient to clas-
sify the burning severity, the actual depth can be inferred from the preponderance 
of findings, including the re-composition of the pre-fire plant stratum. Analyses of 
soil properties, combustion and charring depth of residual vegetation are potential 
tools to classify the burning extent from the traits presented in Table 2.

4. Soil effects

4.1 Soil heating

The energy generated during the ignition and burning of fuels is the driving 
force behind the physico-chemical and biological alterations in a soil under warm-
ing [10]. The soil thermal transmission phenomena include radiation, conduction, 
convection, mass transport, vaporization and condensation.

• Radiation is defined as the transfer of heat from one body to another, not 
in contact with it, by electromagnetic wave motion. Radiated energy flows 
outward in all directions from the emitting substance until it encounters a 
material capable of absorbing it [1, 10].

• Conduction is the transfer of heat by molecular activity from one part of a sub-
stance to another part, or between substances in contact, without appreciable 
movement or displacement of the substance as a whole [1, 10].

• Convection is a process whereby heat is transferred from one point to another by 
the mixing of one portion of a fluid with another fluid. Heat transfer by convec-
tion plays an important role the rate of fire spread through aboveground fuels.

• Vaporization and condensation are important coupled heat transfer mecha-
nisms that facilitate the rapid transfer of heat through dry soils. Vaporization 
is the process of heating water until it changes phase from a liquid to a gas. 
Condensation occurs when a gas is changed into a liquid with heat being 
released during this process.

Current knowledge on the correlation between soil heating and fire type [10] 
states the following:

• Crown fires are usually large scale, fast-moving, wind-driven, large, and 
usually uncontrollable by direct attack. They often have a deep flame front. 
Generally there is little soil heating when a fire front passes rapidly through 
the tree crowns. However, if there is sufficient fuel from the forest floor to 
the crowns, fire will consume all the fuel and produce significant soil heating. 
These fires are typically occurring in forest canopies and dense shrublands.

• Surface fires which spread slowly, are small-scale, sporadic and controllable, 
and often having a thick flame front. These fires are capable of igniting and 
combusting a large part of the forest biomass, bushes and grasslands and can 
substantially heat the mineral soil.
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because of light fuel loads, high winds and fire spread, wet fuels, or a combina-
tion of these three factors.

• Moderate: This class is mostly applicable to forests but can occur in grasslands 
or shrublands that are savannas. In grasslands, plants are consumed, and 
herbaceous plant bases are deeply burned and unidentifiable. In shrublands or 
woodlands with grass components, average char-depth of the mineral soil is 
on the order of less than 1 cm, but soil texture and structure are not noticeably 
altered. Charring may extend up to 3.0 cm beneath shrubs with deep leaf litter 
in savanna grasslands (Figure 5).

• Deep: This class of depth of burn is limited to forests since fuel loads and fire 
residence times in grasslands are insufficient to produce deep burns. The only 
exception would be wet savanna grasslands and swamps.

Burn class Category Description

Unburned Surface Fire did not burn on the surface.

Fuels Some vegetation injury may occur from radiated or convected heat 
resulting in an increase in dead fuel mass.

Occurrence A wide range exists in the percent unburned in natural fuels. Under 
marginal surface fire conditions the area may be >50%. Under severe 
burning conditions <5% is unburned. 10 to 20% of the area in slash 
burns is unburned.

Light Surface Leaf litter is charred or consumed but some plant parts are discernable. 
Herbaceous stubble extends above the soil surface. Some plant parts 
may still be standing, bases not deeply burned, and still recognizable. 
Surface is black after fire. Charring is limited to <0.2 cm into the soil.

Fuels Typically, 50 to 90% of herbaceous fuels are consumed and much of the 
remaining fuel is charred.

Occurrence Burns are spotty to uniform, depending on grass continuity. Light depth 
of burn occurs in grasslands when soil moisture is high, fuels are sparse, 
or fires burn under high wind. This is the dominant type of grassland 
burning.

Moderate Surface In upland grasslands litter is consumed. Charring extends to <0.5 cm 
into mineral soil, otherwise soil not altered. Gray or white ash quickly 
disappears. In grasslands, sedge meadows and prairies growing on 
organic soils, moderate fires partially burn the root-mat.

Fuels Herbaceous plants are consumed to the ground-line.

Occurrence Moderate depth of burn tends to occur when soil moisture is low and 
fuels are continuous. Then burns tend to be uniform. In discontinuous 
fuels, high winds are required for high coverage in moderate depth of 
burn.

Deep Surface In grasslands growing on mineral soil the litter is completely consumed 
leaving a fluffy white ash surface that soon disappears. Charring 
to depth of 1 cm in mineral soil. Soil structure slightly altered. In 
grasslands growing on deep organic soils, fires burn the root-mat and 
the underlying peat or muck to varying depths.

Fuels All above ground fuel is consumed to charcoal and ash.

Occurrence In uplands, deep depth of burn is limited to areas beneath the occasional 
log or anthropogenic features (e.g., fences, corrals). In wetland 
grasslands, deep burns can occur over large areas when the water table 
is drawn down.

Table 2. 
Depth of burn classes for grasslands [10].
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Surface litter and organic soil horizon consumption is a complex process [45]. 
Depth, bulk density, fire load, mineral filler, moisture rate and wind velocity all 
affect the heat emission and understory heating. Since these factors are not easily 
accessed after a fire, it is not possible to define the post-fire criteria potential for 
discriminating the class. Although analyzing soil calcination is not sufficient to clas-
sify the burning severity, the actual depth can be inferred from the preponderance 
of findings, including the re-composition of the pre-fire plant stratum. Analyses of 
soil properties, combustion and charring depth of residual vegetation are potential 
tools to classify the burning extent from the traits presented in Table 2.

4. Soil effects

4.1 Soil heating

The energy generated during the ignition and burning of fuels is the driving 
force behind the physico-chemical and biological alterations in a soil under warm-
ing [10]. The soil thermal transmission phenomena include radiation, conduction, 
convection, mass transport, vaporization and condensation.

• Radiation is defined as the transfer of heat from one body to another, not 
in contact with it, by electromagnetic wave motion. Radiated energy flows 
outward in all directions from the emitting substance until it encounters a 
material capable of absorbing it [1, 10].

• Conduction is the transfer of heat by molecular activity from one part of a sub-
stance to another part, or between substances in contact, without appreciable 
movement or displacement of the substance as a whole [1, 10].

• Convection is a process whereby heat is transferred from one point to another by 
the mixing of one portion of a fluid with another fluid. Heat transfer by convec-
tion plays an important role the rate of fire spread through aboveground fuels.

• Vaporization and condensation are important coupled heat transfer mecha-
nisms that facilitate the rapid transfer of heat through dry soils. Vaporization 
is the process of heating water until it changes phase from a liquid to a gas. 
Condensation occurs when a gas is changed into a liquid with heat being 
released during this process.

Current knowledge on the correlation between soil heating and fire type [10] 
states the following:

• Crown fires are usually large scale, fast-moving, wind-driven, large, and 
usually uncontrollable by direct attack. They often have a deep flame front. 
Generally there is little soil heating when a fire front passes rapidly through 
the tree crowns. However, if there is sufficient fuel from the forest floor to 
the crowns, fire will consume all the fuel and produce significant soil heating. 
These fires are typically occurring in forest canopies and dense shrublands.

• Surface fires which spread slowly, are small-scale, sporadic and controllable, 
and often having a thick flame front. These fires are capable of igniting and 
combusting a large part of the forest biomass, bushes and grasslands and can 
substantially heat the mineral soil.
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• Wind-driven grass fires spread very quickly, being sometimes large and 
marked by a restricted flame front. This is the typical fire of pastoral and 
wildland ecosystems. The fuel biomass of pastures is less abundant than that 
of brush and forests and, as a result, soil heating is limited to the passage of 
surface fires.

• Smoldering fires are flame-free, slow moving and unimpressive, but frequently 
have long burnout times. These fires are not common in grasslands but can 
occur, particularly in savannas, where woody roots have extended into grass 
areas.

4.2 Soil physical properties

The general effects of fire on soil physical properties range from very minor to 
serious [1, 10]. Since grassland fires are often rapidly-moving with the wind, and 
have much less fuel than that in brush and forest ecosystems, soil heating is sig-
nificantly lower, and therefore physical damage much less than what occurs during 
crown, surface, or smoldering fires. Physical effects include alterations in soil physi-
cal properties, development of water repellency, and erosion [47, 48]. Comparisons 
of wildfire and prescribed fire in grassland ecosystems show little differences in soil 
impacts due to the low fire severities characteristics of both types of fire.

The amount of aboveground and belowground organic matter varies widely 
between different vegetation types depending upon on the temperature and mois-
ture conditions prevailing in a particular area. In almost all ecosystems throughout 
the world, greater quantities of C (a measure of organic matter production) are 
found belowground than aboveground (Figure 2). In grasslands, savannas, and 
tundra-covered areas, much greater quantities of organic C are found in the under-
ground plant parts of herbaceous vegetation ecosystems (90%) than in aboveg-
round components (<10% of the total C) [49]. Because of the large belowground 
pools of C in grasslands, fires do not significantly affect the role or importance of C 
in soil physical properties.

Plant litter is a key factor in determining watershed condition. In grassland 
ecosystems, easily identifiable layers (Oi, Oe, and Oa layers) may not be present and 
will be different from forests with thin Oi and Oe horizons and a very deep Oa. The 
Oi layer consists of freshly fallen plant litter. The Oe layer is made up of partially 
decomposed litter, and the Oa layer consists of well-decomposed organic matter 
[50]. Mesic grasslands have a complete herbaceous plant cover and well-developed 
organic soil horizons (60 cm or more), but in semi-arid environments, the soil is 
sometimes devoid of cover between the plants. Surface organic matter absorbs 
precipitation, allowing water to infiltrate deep down instead. Reduction of organic 
material by high severity fire could result in adverse changes in hydrologic condi-
tions in some instances.

Undisturbed forests have the highest saturated hydraulic conductivities (Ksat) 
because of their deep soils and high porosities [50]. Grassland soils are similar but not 
quite as porous as woodlands due to the lack of root-caused macroporosity. Woodlands 
have the lowest since they are less productive ecosystems and their soils are often lithic, 
shallow, poorly structured, less permeated by roots and soil organisms that develop 
macroporosity. Thus the relationships of (Ksat) in these wildland soils is forests > 
grasslands > woodlands. The importance of surface organic horizons in determining 
the levels of (Ksat) in forest, woodland, and grassland soils cannot be overstated.

The (Ksat) rates for most undisturbed forests range from 143 to 1000 mm hr1 
[50]. The rates for grasslands reported by in the same paper are 8–612 mm hr−1. 
Heavily grazed grasslands can have significantly lower rates due to compaction 
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from animal traffic. The highest Ksat rates are usually associated with thick Oe or 
Oa horizons. A number of recent studies reported changes in Ksat that demonstrate 
clear reductions in conductivity after fires. Fire severity plays a key role in some of 
these reductions, but other investigators have demonstrated a surprising lack of 
correlation with severity and even a reverse trend (Table 3; [51, 52]).

An interesting trend emerging out of some of the recent Australian research on 
the impacts of wildfires on soil hydrologic properties is that the soil surface Ksat 
values can be similar regardless of severity and that natural water repellency may 
produce Ksat values less than those measured in burned soils [53]. Seasonal effects 
are occur when summer natural water repellency disintegrates and the Ksat coeffi-
cient reinforces the correlation between control and burnt soils during winter. As a 
result, fire’s gravity—water repellency—hydraulic conductivity ratios are obviously 
more complex.

4.3 Nutrients

Investigations about the impacts of fire frequency on grazing lands and shrubs 
have had less desirable outcomes. For example, the annual burning of tall grass prai-
ries in the Great Plains of the Central United States resulted in a significant decrease 
in soil organic nitrogen (N), microbial biomass, N availability and higher C/N ratios 
in soil organic matter [54]. Similarly, the increase in available N could harm some 
nutrient-deficient shrub ecosystems, as previously reported in South Africa. On 
lowland fynbos, a double increase in soil nutrient content through fire threatens the 
survival of native species developed on these impoverished ecotopes [55].

4.4 Soil Fauna

The influence of soil heating on earthworms is still little known. The indirect 
effects of a fire are probably more pronounced than the direct heating of earthworm 
populations in tallgrass pastures and prairies [56]. Thus, fire intensified the activity 
of earthworms due to differences in productivity between plants before and after 
the occurrence of fire. In general, grassland soils are full of roots and rhizomes, 
which, combined with soil moisture, provide an ideal microclimate for earthworms 
in the upper 10–20 cm of soil depth. Deep soil protects earthworms from the direct 
consequences of soil heating during fuel burning, except in the case of severe, long-
lasting fires under slash and log piles or in smoldering roots and litter. Grassland 
fires increase exotic earthworm species at the expense of endemic ones [57].

4.5 Roots and reproductive structures

Many plant roots, regeneration structures and seeds are just above the ground 
or spread deep down. These plant parts include taproots, surface roots, rhizomes, 

Location Reference Burned condition Soil depth (cm)

Saturated hydraulic conductivity Ksat (mm hr−1)

Unburned Burned (Rx/Wf)

Australia [51] 16 34 0–40

Slovakia [52] 612 972 0–05

Table 3. 
Effects of fire in grasslands on soil saturated hydraulic conductivity (Ksat). Adapted from [50].
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• Wind-driven grass fires spread very quickly, being sometimes large and 
marked by a restricted flame front. This is the typical fire of pastoral and 
wildland ecosystems. The fuel biomass of pastures is less abundant than that 
of brush and forests and, as a result, soil heating is limited to the passage of 
surface fires.

• Smoldering fires are flame-free, slow moving and unimpressive, but frequently 
have long burnout times. These fires are not common in grasslands but can 
occur, particularly in savannas, where woody roots have extended into grass 
areas.

4.2 Soil physical properties

The general effects of fire on soil physical properties range from very minor to 
serious [1, 10]. Since grassland fires are often rapidly-moving with the wind, and 
have much less fuel than that in brush and forest ecosystems, soil heating is sig-
nificantly lower, and therefore physical damage much less than what occurs during 
crown, surface, or smoldering fires. Physical effects include alterations in soil physi-
cal properties, development of water repellency, and erosion [47, 48]. Comparisons 
of wildfire and prescribed fire in grassland ecosystems show little differences in soil 
impacts due to the low fire severities characteristics of both types of fire.

The amount of aboveground and belowground organic matter varies widely 
between different vegetation types depending upon on the temperature and mois-
ture conditions prevailing in a particular area. In almost all ecosystems throughout 
the world, greater quantities of C (a measure of organic matter production) are 
found belowground than aboveground (Figure 2). In grasslands, savannas, and 
tundra-covered areas, much greater quantities of organic C are found in the under-
ground plant parts of herbaceous vegetation ecosystems (90%) than in aboveg-
round components (<10% of the total C) [49]. Because of the large belowground 
pools of C in grasslands, fires do not significantly affect the role or importance of C 
in soil physical properties.

Plant litter is a key factor in determining watershed condition. In grassland 
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from animal traffic. The highest Ksat rates are usually associated with thick Oe or 
Oa horizons. A number of recent studies reported changes in Ksat that demonstrate 
clear reductions in conductivity after fires. Fire severity plays a key role in some of 
these reductions, but other investigators have demonstrated a surprising lack of 
correlation with severity and even a reverse trend (Table 3; [51, 52]).

An interesting trend emerging out of some of the recent Australian research on 
the impacts of wildfires on soil hydrologic properties is that the soil surface Ksat 
values can be similar regardless of severity and that natural water repellency may 
produce Ksat values less than those measured in burned soils [53]. Seasonal effects 
are occur when summer natural water repellency disintegrates and the Ksat coeffi-
cient reinforces the correlation between control and burnt soils during winter. As a 
result, fire’s gravity—water repellency—hydraulic conductivity ratios are obviously 
more complex.

4.3 Nutrients

Investigations about the impacts of fire frequency on grazing lands and shrubs 
have had less desirable outcomes. For example, the annual burning of tall grass prai-
ries in the Great Plains of the Central United States resulted in a significant decrease 
in soil organic nitrogen (N), microbial biomass, N availability and higher C/N ratios 
in soil organic matter [54]. Similarly, the increase in available N could harm some 
nutrient-deficient shrub ecosystems, as previously reported in South Africa. On 
lowland fynbos, a double increase in soil nutrient content through fire threatens the 
survival of native species developed on these impoverished ecotopes [55].

4.4 Soil Fauna

The influence of soil heating on earthworms is still little known. The indirect 
effects of a fire are probably more pronounced than the direct heating of earthworm 
populations in tallgrass pastures and prairies [56]. Thus, fire intensified the activity 
of earthworms due to differences in productivity between plants before and after 
the occurrence of fire. In general, grassland soils are full of roots and rhizomes, 
which, combined with soil moisture, provide an ideal microclimate for earthworms 
in the upper 10–20 cm of soil depth. Deep soil protects earthworms from the direct 
consequences of soil heating during fuel burning, except in the case of severe, long-
lasting fires under slash and log piles or in smoldering roots and litter. Grassland 
fires increase exotic earthworm species at the expense of endemic ones [57].

4.5 Roots and reproductive structures

Many plant roots, regeneration structures and seeds are just above the ground 
or spread deep down. These plant parts include taproots, surface roots, rhizomes, 

Location Reference Burned condition Soil depth (cm)

Saturated hydraulic conductivity Ksat (mm hr−1)

Unburned Burned (Rx/Wf)

Australia [51] 16 34 0–40

Slovakia [52] 612 972 0–05

Table 3. 
Effects of fire in grasslands on soil saturated hydraulic conductivity (Ksat). Adapted from [50].
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stolons, root crowns and bulbs. Many roots are in the superficial plant litter layers 
(L, F and H horizons) and are directly affected when these layers are heated or 
consumed by fire [10]. Roots of grass plants are less susceptible to damage since 
they are distributed mainly in the mineral soil and at depths where heating is 
minimal (Figure 2).

Plant roots are sensitive to both duration of heating and the magnitude of the 
temperature reached. Temperatures of 60oC for 1 minute are sufficient to coagulate 
protein [58]. Lethal temperatures can occur before proteins began to coagulate. 
The plant material lethal temperature is very dependent on its moisture content. 
Wetter plants are prone to destruction at very low temperatures and during shorter 
warming [59]. Plant roots of grassland soils are well insulated by the soil and have a 
lower risk of being subjected to lethal temperatures during a fire [1]. The two most 
important factors that insulate roots against soil heating are their depth in the soil 
and the soil water content. Generally, the deeper the plant roots are located in the 
soil, the greater will be the survival rate [60]. Grassland soils have deep “A” horizons 
formed by fine root turnover and thus are less at risk from low severity, high inten-
sity, and short duration herbaceous fuel fires [14]. Low-severity fire destroys only 
the surface plant litter aboveground plant structures. In contrast, high-severity fires 
can consume all the surface organic matter and easily heat the mineral soil above 
the lethal temperature for roots [1, 10]. This situation typically occurs where woody 
trees and shrubs have invaded grasslands in the absence of fire. It contributes to the 
mortality of the woody species and survival of herbaceous plants.

Most seeds are stored in the litter and under the foliage. Medium and intensive 
fires heat the surface deposits enough to eliminate the seeds deposited there. The 
deadly seed temperature is about 70oC in wet soils and 90oC in dry soils [61]. Fire 
can destroy seeds, but it also can enhance reproduction by destroying allelopathic 
substances that inhibit seed production [62]. Or, fire can provide a mineral seedbed 
required for new grass germination and growth. The heating associated with fires may 
also stimulate the germination of seeds that lie dormant in the soil for years because 
of impermeable seed coats. Regeneration of grass ecosystems after burning is mostly 
dependent on sprouting from deep and undamaged root systems than seed sprouting.

Soil heating, heat transport and the lethality consequences on seeds and roots 
are more complex in moist than dry soils [10]. Dry soil is a poor thermal vector and, 
as a result, heat does not reach deeper into the ground, especially whether the flame 
front is of short duration. This is the situation with grassland fires. They are incred-
ibly hot, but move rapidly over any one point of ground. The surface of dry soil can 
easily exceed the lethal temperature of living tissue of roots, while ambient daily 
soil temperatures can prevail in just 2 cm downward in the soil, with little damage 
occurring to the roots. Therefore, when the roots of grassland plants are in dry soil, 
they are not likely to be damaged by wildfire unless the residence time of the flam-
ing front is long.

5. Watershed responses

5.1 General effects

The magnitude of the effects of fire on water quantity and quality are primarily 
driven by fire severity, and ancillary factors such as post-fire cover, slope, water 
repellency, and rain fall amount and intensity [1, 10]. Fire intensity is rarely a factor. 
Fire severity is related to the amount of fuel consumed and resource damage, while 
fire intensity is only a measure of the rate of heat release. The more severe the fire, 
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the greater the amount of fuel consumed, heat released, soil properties affected, 
and hydrologic condition altered.

High severity fires increase the amount of nutrients mobilized and alter the 
hydrologic response of catchments. These combinations of factors make sites more 
susceptible to erosion of soil and release of nutrients into stream and lakes where 
they could potentially affect water quality. Wildfires usually are more severe than 
prescribed fires because of controls over burning conditions and fuel loads in 
the latter case. As a result, they are more likely to produce significant impacts on 
watershed resources.

As mentioned earlier, the degree of fire severity is related to the vegetation type. 
For example, in grasslands the differences between prescribed fire and wildfire 
are usually small. In forested environments, the magnitude of the effects of fire 
on water yield and water quality are much lower after a prescribed fire than after 
a wildfire because of the larger amount of fuel consumed in a wildfire, the greater 
heat release, and the generally higher severity. Canopy-consuming wildfires are 
the greatest concern to watershed managers because of the loss of canopy coupled 
with soil property damage and alterations to hydrologic conditions. The differences 
between wildfire and prescribed fire in shrublands are intermediate between those 
seen in grass and forest environments.

In grassland ecosystems, high-severity fires have been shown to increase the 
amount of nutrients mobilized and alter the hydrologic response of catchments 
[63]. The combination of these factors makes sites more susceptible to erosion of 
soil and the release of nutrients into stream and lakes where they could potentially 
affect water quality. Typically, prescribed fires are less severe than wildfires because 
of controls over burning conditions and fuel loads. Prescribed fire at Konza Prairie 
Biological Station, one of the last remaining areas of unplowed, tall-grass prairie in 
the Midwestern United States, released Dissolved Black Carbon (DBC) into nearby 
grassland stream systems [64]. The study concluded that there was not a direct 
relationship between water quality and DBC generated by prescribed burning. 
They suggest one reason for this is that the export of DBC through stable grassland 
systems can be on the scale of decades to centuries.

5.2 Scale

Another important factor in the impact on wildfire on watershed function is the 
size of the fire. Wildfire spread in grasslands is a function of fuel type, fuel mois-
ture, air temperatures, and wind speeds. Influenced by the spotting of embers out 
ahead of the main fire front, wind-driven fire events in grasslands can move rapidly. 
Fire spread was modeled in Australian grasslands based on a critical wind speed 
based on a critical wind speed of 5 km hr−1 [65]. A linear relationship was used for 
rates of spread below wind speeds of 5 km hr−1. Above that speed a power function 
with an exponent of less than 1 was needed for the model to match field data. Data 
from 21 grassland fires with wind speeds ranging from 27 to 78 km hr−1 produced 
spread rates of 4 to over 23 km hr−1.

After months of drought, low-humidity and above average temperatures in 2011 
a series of wind-driven grassland fires in the state of Texas, U.S.A. consumed nearly 
1,618,750 ha during a single fire season, nearly double the previous record [66]. 
Multiple individual fires were in excess of 50,000 ha in size. Due to their size, fires 
of this magnitude compound the impacts of large scale erosion events [63]. This 
sort of situation has the potential to result in large scale degradation of grassland 
soil nutrients and hydrologic function and lead to desertification on the scale seen 
in the Great Plains of North America in the 1930s.



Grasses and Grassland Aspects

70

stolons, root crowns and bulbs. Many roots are in the superficial plant litter layers 
(L, F and H horizons) and are directly affected when these layers are heated or 
consumed by fire [10]. Roots of grass plants are less susceptible to damage since 
they are distributed mainly in the mineral soil and at depths where heating is 
minimal (Figure 2).

Plant roots are sensitive to both duration of heating and the magnitude of the 
temperature reached. Temperatures of 60oC for 1 minute are sufficient to coagulate 
protein [58]. Lethal temperatures can occur before proteins began to coagulate. 
The plant material lethal temperature is very dependent on its moisture content. 
Wetter plants are prone to destruction at very low temperatures and during shorter 
warming [59]. Plant roots of grassland soils are well insulated by the soil and have a 
lower risk of being subjected to lethal temperatures during a fire [1]. The two most 
important factors that insulate roots against soil heating are their depth in the soil 
and the soil water content. Generally, the deeper the plant roots are located in the 
soil, the greater will be the survival rate [60]. Grassland soils have deep “A” horizons 
formed by fine root turnover and thus are less at risk from low severity, high inten-
sity, and short duration herbaceous fuel fires [14]. Low-severity fire destroys only 
the surface plant litter aboveground plant structures. In contrast, high-severity fires 
can consume all the surface organic matter and easily heat the mineral soil above 
the lethal temperature for roots [1, 10]. This situation typically occurs where woody 
trees and shrubs have invaded grasslands in the absence of fire. It contributes to the 
mortality of the woody species and survival of herbaceous plants.

Most seeds are stored in the litter and under the foliage. Medium and intensive 
fires heat the surface deposits enough to eliminate the seeds deposited there. The 
deadly seed temperature is about 70oC in wet soils and 90oC in dry soils [61]. Fire 
can destroy seeds, but it also can enhance reproduction by destroying allelopathic 
substances that inhibit seed production [62]. Or, fire can provide a mineral seedbed 
required for new grass germination and growth. The heating associated with fires may 
also stimulate the germination of seeds that lie dormant in the soil for years because 
of impermeable seed coats. Regeneration of grass ecosystems after burning is mostly 
dependent on sprouting from deep and undamaged root systems than seed sprouting.

Soil heating, heat transport and the lethality consequences on seeds and roots 
are more complex in moist than dry soils [10]. Dry soil is a poor thermal vector and, 
as a result, heat does not reach deeper into the ground, especially whether the flame 
front is of short duration. This is the situation with grassland fires. They are incred-
ibly hot, but move rapidly over any one point of ground. The surface of dry soil can 
easily exceed the lethal temperature of living tissue of roots, while ambient daily 
soil temperatures can prevail in just 2 cm downward in the soil, with little damage 
occurring to the roots. Therefore, when the roots of grassland plants are in dry soil, 
they are not likely to be damaged by wildfire unless the residence time of the flam-
ing front is long.

5. Watershed responses

5.1 General effects

The magnitude of the effects of fire on water quantity and quality are primarily 
driven by fire severity, and ancillary factors such as post-fire cover, slope, water 
repellency, and rain fall amount and intensity [1, 10]. Fire intensity is rarely a factor. 
Fire severity is related to the amount of fuel consumed and resource damage, while 
fire intensity is only a measure of the rate of heat release. The more severe the fire, 

71

Effects of Fire on Grassland Soils and Water: A Review
DOI: http://dx.doi.org/10.5772/intechopen.90747

the greater the amount of fuel consumed, heat released, soil properties affected, 
and hydrologic condition altered.

High severity fires increase the amount of nutrients mobilized and alter the 
hydrologic response of catchments. These combinations of factors make sites more 
susceptible to erosion of soil and release of nutrients into stream and lakes where 
they could potentially affect water quality. Wildfires usually are more severe than 
prescribed fires because of controls over burning conditions and fuel loads in 
the latter case. As a result, they are more likely to produce significant impacts on 
watershed resources.

As mentioned earlier, the degree of fire severity is related to the vegetation type. 
For example, in grasslands the differences between prescribed fire and wildfire 
are usually small. In forested environments, the magnitude of the effects of fire 
on water yield and water quality are much lower after a prescribed fire than after 
a wildfire because of the larger amount of fuel consumed in a wildfire, the greater 
heat release, and the generally higher severity. Canopy-consuming wildfires are 
the greatest concern to watershed managers because of the loss of canopy coupled 
with soil property damage and alterations to hydrologic conditions. The differences 
between wildfire and prescribed fire in shrublands are intermediate between those 
seen in grass and forest environments.

In grassland ecosystems, high-severity fires have been shown to increase the 
amount of nutrients mobilized and alter the hydrologic response of catchments 
[63]. The combination of these factors makes sites more susceptible to erosion of 
soil and the release of nutrients into stream and lakes where they could potentially 
affect water quality. Typically, prescribed fires are less severe than wildfires because 
of controls over burning conditions and fuel loads. Prescribed fire at Konza Prairie 
Biological Station, one of the last remaining areas of unplowed, tall-grass prairie in 
the Midwestern United States, released Dissolved Black Carbon (DBC) into nearby 
grassland stream systems [64]. The study concluded that there was not a direct 
relationship between water quality and DBC generated by prescribed burning. 
They suggest one reason for this is that the export of DBC through stable grassland 
systems can be on the scale of decades to centuries.

5.2 Scale

Another important factor in the impact on wildfire on watershed function is the 
size of the fire. Wildfire spread in grasslands is a function of fuel type, fuel mois-
ture, air temperatures, and wind speeds. Influenced by the spotting of embers out 
ahead of the main fire front, wind-driven fire events in grasslands can move rapidly. 
Fire spread was modeled in Australian grasslands based on a critical wind speed 
based on a critical wind speed of 5 km hr−1 [65]. A linear relationship was used for 
rates of spread below wind speeds of 5 km hr−1. Above that speed a power function 
with an exponent of less than 1 was needed for the model to match field data. Data 
from 21 grassland fires with wind speeds ranging from 27 to 78 km hr−1 produced 
spread rates of 4 to over 23 km hr−1.

After months of drought, low-humidity and above average temperatures in 2011 
a series of wind-driven grassland fires in the state of Texas, U.S.A. consumed nearly 
1,618,750 ha during a single fire season, nearly double the previous record [66]. 
Multiple individual fires were in excess of 50,000 ha in size. Due to their size, fires 
of this magnitude compound the impacts of large scale erosion events [63]. This 
sort of situation has the potential to result in large scale degradation of grassland 
soil nutrients and hydrologic function and lead to desertification on the scale seen 
in the Great Plains of North America in the 1930s.
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A prescribed fire in a Texas grassland resulted in a large increase (1150%) in 
streamflow in comparison to an unburned watershed in the first year after burn-
ing [68]. The increased post-fire streamflow was short lived, however, with flows 
returning to pre-fire levels shortly after the burning. By contrast, post-fire stream-
flow increases in forests and shrublands remained elevated for significant number 
of years because of the delay in revegetation. Grassland vegetation growth after fire 
is usually quite rapid (a few months to a year).

Another important determinant of the magnitude of the effects of fire on water 
is slope. Steepness of the slope has a significant influence on movement of soil 
and nutrients into stream channels where they can affect water quality. A study of 
the impacts of slope on grassland fires demonstrated that as slope increased in a 
prescribed fire, erosion from slopes accelerated [67, 68].

Annual streamflow totals (annual water yields) generally increase as pre-
cipitation inputs to a watershed increase [10]. Streamflows originating on forest 
watersheds, therefore, are generally greater than those originating on grass-
land watersheds, and those from grasslands are greater than flows originating on 
desert watersheds. Furthermore, annual streamflow totals frequently increase 
when mature forests are harvested or otherwise cut, attacked by insects, or burned 
[68, 69]. The observed increases in streamflow following disturbances often dimin-
ish with decreasing precipitation inputs to a watershed. This decrease can occur 
within a year or take many years, depending on the disturbance and vegetation type.

6. Summary and conclusions

Grasslands collectively are the largest ecosystem in the world, making up 40.5% 
of the land mass excluding Greenland and Antarctica. They are not entirely natural 
because they have formed and developed under the influence of natural and anthro-
pogenic disturbances fire, (e.g. prescribed fire, wildfire, livestock grazing, woody 
vegetation clearing, over-sowing with pasture grass, etc.). Their importance now is 
in the variety of ecosystem services that they provide. A critical function of grass-
lands in global C circulation is their subsoil sequestration and storage of organic 
matter. Grasslands soils are classified as Mollisols, soils with deep, organic matter 
horizons. This characteristic makes grasslands almost as important as forests for C 
fixation and storage. Grassland soils are organic matter sinks on the same order of 
magnitude as tree biomass.

Although wildfires have always been a constant part of prairie fire regimes, 
wildfire numbers and area burned have surged in the 21st Century due to drought. 
The number of wildfires in the Great Plains of North America increased from 
33.4 year−1 in 1985 to 116.8 year−1 in 2014. The total burned area grew by 400% over 
the same time period. Measured wind speeds ranging from 27 to 78 km hr−1 have 
produced spread rates of 4 to over 23 km hr−1.

The general effects of fire on soil physical properties range from very minor 
to serious. Since grassland fires are often rapidly-moving with the wind, and have 
much less fuel than that in brush and forest ecosystems, soil heating is significantly 
lower, and therefore physical damage is much less than what occurs during crown, 
surface, or smoldering fires in forests and woodlands. Physical effects of fire 
include alterations in soil physical properties, development of water repellency, and 
erosion. Comparisons of wildfire and prescribed fire in grassland ecosystems show 
little differences in physical impacts due to the low fire severities characteristics of 
both types of fire, the narrow flame fronts, and rapid spread rates.

In grasslands, savannas, and tundras, much greater quantities of organic C are 
found in the underground (90%) than in aboveground components (<10% of the 
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Abstract

The North American Great Plains tallgrass prairie was once a system of native 
cool and warm season grasses, which have been degraded by non-native invasive 
plants. Native grass restoration is highly desirable to improve ecosystem functions 
and productivity. In this two-year study, the impact of fire, herbicide, and nitrogen 
on productivity and the presence of invasive species [primarily the cool season 
grass, smooth brome (Bromus inermis Leyss.)] and native warm season native 
grass species [big bluestem (Andropogon gerardii Vitman), sideoats and blue grama 
(Bouteloua curtipendula (Michx.) Torr.), and B. gracilis (Willd. Ex Kunth) Lag. ex 
Griffiths] were investigated. Spring fire or a glyphosate application increased warm 
season grass biomass and decreased cool season grass biomass at peak warm season 
growth (August) during the treatment year. A second consecutive year of fire or 
herbicide further increased warm season grass biomass. If left untreated in the 
second year, cool season grasses tended to increase when sampled in August. Long-
term management implementation is needed to suppress the tenacious cool season 
species and encourage the reestablishment of warm season grass populations.

Keywords: prairie restoration, glyphosate, Bromus inermis control,  
Andropogon gerardii

1. Introduction

The tallgrass prairie once covered 170 million acres in North America, but only 
about 4% remain [1–4]. The tall and mixed grass prairie systems have been in 
decline since European settlement, with human encroachment, population expan-
sion, and overgrazing with insufficient recovery times contributing to the loss 
of native prairie acres [3–5]. In addition, the loss of natural disturbances, such as 
fire and grazing with bison, has decreased native plant presence and diversity in 
remnant prairie sites [3, 4, 6]. Other threats to this resource include fragmentation, 
as smaller parcels provide less continuity, and due to more isolated populations, an 
increase of deleterious genes in a community that reduce fitness [7]. The introduc-
tion of non-native species, either purposefully introduced or encroachment from 
neighboring areas, often dominate the ecosystem [8]. In South Dakota, non-native 
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decline since European settlement, with human encroachment, population expan-
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as smaller parcels provide less continuity, and due to more isolated populations, an 
increase of deleterious genes in a community that reduce fitness [7]. The introduc-
tion of non-native species, either purposefully introduced or encroachment from 
neighboring areas, often dominate the ecosystem [8]. In South Dakota, non-native 
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species are estimated to be present on 82% of its 9.7 million ha of rangeland, and 
account for at least 25% of the relative canopy cover on 22% of these areas.

Kentucky bluegrass (Poa pratensis L.) and smooth brome are typically cited as 
the most invasive cool season species in the Northern Great Plains, accounting for 
over 10% of all plant cover and 62% of exotic species cover [9, 10]. Infestations 
progress from scattered patches to over 90% of a pasture in 30 yrs. [11]. These C3 
species suppress native cool and warm season grass production and can create nega-
tive feedback cycles that increasingly perpetuate favorable microclimates for the 
invasive species, making restoration to natives increasingly difficult [12, 13]. Cool 
season grasses become dominant by breaking dormancy very early in the season 
and outcompeting later emerging plants for nutrients, water, and light [13, 14], 
and later, forming a thick thatch layer that does not readily decompose [12, 13, 15], 
which slows soil warming, shades the soil surface, and delays the growth of warm 
season plants [16, 17].

Management practices are needed that reduce invasive species competitive-
ness and enhance growth and productivity of native species [11, 18]. Spring burns 
remove thatch layers, allowing up to 40% more sunlight to reach the soil surface 
[17], which increases soil temperatures, provides more direct light to small plants 
that could be stunted by shading, and removes or sets back growth of cool-season 
species, thus reducing competition from larger more vigorous plants. Hulbert [19] 
reported that thatch removal and exposing the soil surface to light resulted in an 
increase of warm season species vegetative and reproductive productivity regard-
less of how the thatch was removed (e.g. clipped or burned). Native warm season 
grass biomass had greater response to burning (98% biomass increase) than to soil 
warming (8% biomass increase) [16]. Therefore, prescribed burns often are used to 
influence prairie species composition.

Timing of prescribed burns can be crucial in influencing species outcome. For 
example, long-term studies (>54 yrs) of annual Flint Hills (Kansas) burns report 
that late spring burns (May 1) increased later season biomass of warm-season 
grasses including big bluestem and Indiangrass (Sorghastrum nutans L. Nash), 
whereas sedges and perennial forb biomass decreased, as the burn time coincided 
with their emergence [20, 21]. However, early spring (March 20) and winter 
(December 1) burns favored annual and perennial forbs, and other grass species 
such as Scribner’s panicum [Dichanthelium oligosanthes (J.A. Schulte) Gould var. 
scribnerianum (Nash) Gould], and little bluestem (Schizachyrium scoparium Michx.) 
[21]. In a Minnesota study, little bluestem did not change in biomass based on 
different fire frequency return times (1, 2, or 4 yr intervals) over 27 yr, although 
Kentucky bluegrass decreased with increasing fire frequency [22]. In South Dakota, 
Kentucky bluegrass biomass was reduced with either mid-May and mid-June burns, 
however, big bluestem biomass only increased after the early burn [23]. The domi-
nant species of the starting community (e.g. smooth brome, Kentucky bluegrass, or 
warm-season grasses) also influences community composition response to different 
burn timings [24]. Results from these diverse studies indicate that individual plant 
and community responses to burn timing could assist or hamper land managers in 
their goal to manipulate species composition.

A second method of influencing grassland composition is adding or with-
holding nutrients, with or without prescribed burns [24–36]. Burning changes 
nutrient cycling [26, 27]. Supplemental N application rates and timings can 
influence species composition and forage production in range and pastures. For 
example, ammonium nitrate (NH4NO3) applied at 10 or 20 g/m2 was used alone or 
combined with annual burns [28]. When fire was not used and N was added, forbs 
increased and exceeded grass production, but had little impact on total overall 
biomass. In treatments that were burned and received N, C4 grasses dominated 
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and total biomass increased by 68% [28]. However, the N rate needs to be closely 
monitored, as anthropogenic N deposition, principally through rainfall and 
attributed to industrialization, urbanization, and increased fertilizer use [29–31], 
has doubled the input of available N on the Earth’s surface in the recent past [31]. 
Adding too much N, as little as 2.5 [30] to 10 [32] kg N ha−1 yr.−1, can reduce native 
plant species numbers [32] especially those adapted to low soil N [33]. High soil 
N reservoirs present, especially early in the growing season, may lead to greater 
non-native plant invasion [34], as these plants tend to acquire and use N more 
efficiently, thus increasing their biomass and density [35] with a decline of native 
species growth. Once non-natives establish, a cascade of events may occur that 
render reversal to the original native community difficult, if not impossible. First, 
competition for water and other resources further reduces native species density, 
biomass, and species richness of a site [35]. This is followed by reduction in native 
species growth, which depletes the native seedbank and, finally, subtle changes 
of soil biological and chemical properties may occur that hinder repopulation by 
native plants [36].

Herbicides have also been used, alone and in combination with burns and N 
application, to control smooth brome and Kentucky bluegrass and manipulate 
native vegetation restoration [37–41]. Herbicide type, application timing, and rate 
have been examined in several studies. For example, Bahm et al. [38] used herbi-
cides (imazapic, imazapyr, sulfosulfuron) alone or in combination with spring and 
fall applications to target smooth brome and Kentucky bluegrass. Herbicide treat-
ments were compared to a fall burn or non-treated control. They reported that burn 
alone did not reduce either grass species, but spring or fall applications of most 
herbicides reduced smooth brome from 64% cover to 10% cover after 3 years of 
treatment. Although Kentucky bluegrass was more recalcitrant than smooth brome 
in several studies [38, 39], native grass cover or species richness increased in treat-
ments. Others have reported greater control of smooth brome with atrazine applied 
in spring [40] although native grasses were less injured with a fall application of 
glyphosate [41].

Prescribed burns with modest applications of fertilizer have been shown to 
sustain and increase native grass species biomass and forage production, improve 
wildlife habitat, and decrease the need for weed management in more southern, 
western, and northern U.S. regions [8, 20–34, 40–41]. However, fewer studies have 
been performed in the Northern Great Plains [38, 39] where soils, plant composi-
tion, rainfall, and temperatures widely differ. The objective of this study was to 
examine the influence of combinations of burn, herbicide application (fall or 
spring), and N application (spring, summer, or fall) on non-native cool season grass 
competition and biomass, and native warm season grass biomass.

2.  Using fire, herbicide, and nitrogen to manipulate cool and warm 
season grasses

2.1 Methods and materials

2.1.1 Site description

Two sites were used in this experiment, one in far-eastern South Dakota at Volga 
(N 44°23′1.53“, W 96°57’29.39”) and a more western site (100 km west and 50 km 
south of Volga) at Artesian (N 44°5.80′, W 97°54.56′). Both sites have hot sum-
mers with temperatures exceeding 32°C, periodic summer droughts, and cold (air 
temperatures as low as −40°C) snowy winters.
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biomass, and species richness of a site [35]. This is followed by reduction in native 
species growth, which depletes the native seedbank and, finally, subtle changes 
of soil biological and chemical properties may occur that hinder repopulation by 
native plants [36].

Herbicides have also been used, alone and in combination with burns and N 
application, to control smooth brome and Kentucky bluegrass and manipulate 
native vegetation restoration [37–41]. Herbicide type, application timing, and rate 
have been examined in several studies. For example, Bahm et al. [38] used herbi-
cides (imazapic, imazapyr, sulfosulfuron) alone or in combination with spring and 
fall applications to target smooth brome and Kentucky bluegrass. Herbicide treat-
ments were compared to a fall burn or non-treated control. They reported that burn 
alone did not reduce either grass species, but spring or fall applications of most 
herbicides reduced smooth brome from 64% cover to 10% cover after 3 years of 
treatment. Although Kentucky bluegrass was more recalcitrant than smooth brome 
in several studies [38, 39], native grass cover or species richness increased in treat-
ments. Others have reported greater control of smooth brome with atrazine applied 
in spring [40] although native grasses were less injured with a fall application of 
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The Artesian site, located in Sanborn County was used for cut hay and pasture. 
The soil type was predominantly Houdek-Dudley complex (fine-loamy, mixed 
Typic Argiustolls and fine, mixed Typic Natrustolls) with a 0–9 percent slope [42] 
and is glacial till loamy claypan with thin uplands and wet meadows. The plots were 
in upland positions. The dominant species were Kentucky bluegrass and smooth 
brome, with big bluestem, sideoats grama, and little bluestem present in plot area.

The Volga site, in Brookings County, was located on a heavily cool-season grass 
infested remnant prairie surrounded by pasturelands and was rotationally grazed. 
The soil mapping unit was a Buse-Poinsett complex (fine-loamy, mixed Typic 
Calciudolls and fine-silty, Calcic Hapludolls) [42] that has an ecological description 
as a thin loamy soil. Plots were located at the summit and shoulder-slope positions 
in an area with a 2–10 percent slope, although shallow marshes and wet meadows 
were also present at the site. Dominant grass species prior to treatment included 
smooth brome and Kentucky bluegrass. Big bluestem and sideoats grama were pres-
ent, but not abundant, in the pretreatment survey of vegetative composition.

2.1.2 Experimental design and treatments

The experimental design was a randomized split-block (12 by 6 m) split-plot with 
four replications. The main effect treatments were fire, N, and herbicide application 
with each main plot split into four subplots (6 by 3 m). Plot areas were selected and 
established in fall 2009 (Location 1) and fall 2010 (Location 2). Location 1 plots were 
treated in the fall of 2009 with herbicide or N in the appropriate plots, and then in spring 
2010 with the remaining treatments (designated as YR1). Location 1 plots at the Artesian 
site were subdivided in fall 2010 with half the plot ‘recovering’(RECOVERY) from the 
2010 treatment (i.e. no further treatment), and the other half treated (in fall 2010, 
when appropriate, and spring 2011) for a second year with the same treatment (YR2). 
Location 2 plots were a repeat in time of the YR1 treatments (Volga and Artesian).

2.1.3 Fire treatments

The two main fire treatments were 1) not burned or 2) burn in the spring. The 
fire main plots were then divided into four subplots with treatments of N: (1) no N 
applied; or N applied at 25 kg N ha−1 as NH4NO3 (2) in October prior to burn; (3) in 
April prior to burn, to stimulate cool season grass growth to maximize injury, or (4) 
in June after the burn to stimulate warm season species growth.

The spring burn was conducted between April 21 to May 9 (2010 and 2011) 
and depended on vegetative development, dryness, and wind speed for safety. The 
fires were started with a drip-torch and back burned or using a weed burner. Water 
was applied around the plot edges, and a fire crew was present on plot perimeters 
with spray equipment to contain the fire within a plot area. Thatch depths at Volga 
averaged 22 cm (±6), and 15 cm (± 1) in 2010 and 2011, respectively, just prior to 
the burn. At Artesian, thatch depths were 4 cm (±2) (2010 YR1), 13 cm (±3) (2011 
YR2), and 15 cm (±3) (2011 YR1). Fire temperatures [monitored by placing four 
slides painted with Tempilaq thermopaints (LA-CO Industries, Elk Grove, IL, USA) 
at the soil surface per plot] ranged from 79 to 343°C (average = 219°C) at Volga and 
from 79 to 325°C (average = 198°C) at Artesian.

2.1.4 Nitrogen treatments (no fire/no herbicide)

The nitrogen block was split into four treatments. The treatments were no 
N, 25 kg N ha−1 as NH4NO3 applied in April or June, and a double treatment, 
25 kg N ha−1 applied first in October and then the following April.
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2.1.5 Herbicide treatments

The herbicide treatment was glyphosate (applied with ammonium sulfate and 
nonionic surfactant). The main herbicide treatment plot was divided into subplots 
based on times of herbicide and N application (base rate of 25 kg N ha−1). The 
treatments were herbicide October/no N; herbicide May/no N; April N followed by 
(F/B) herbicide May; herbicide May F/B June N. The October glyphosate rate was 
1.5 kg ai ha−1 applied after warm season grass senescence but prior to killing frost. 
The April/May rate was 0.38 kg ai ha−1 applied after cool season grass emergence, 
but prior to emergence of warm season grasses.

2.1.6 Data collection

At both sites, baseline vegetative biomass was collected during the peak of 
warm-season growth (late August/early September) in 2009 prior to treatment 
application. Vegetation samples were cut at soil surface in three 0.25 m2 quadrats 
per main plot. Samples were dried at 32°C until constant weight and separated into 
functional groups of native grasses, non-native species (mostly grasses), and forbs, 
and weighed.

After spring treatments, visual cover assessments of warm season grass, cool 
season grass, and forb were evaluated twice during 2010 and 2011: at the peak of 
cool season grass growth (mid/late June) and at the peak of warm season grass 
growth (late August/early September). The percentages of bare-ground and litter 
were estimated. At the Artesian site, all plots [YR1, Location 1 and 2; YR2 and 
Recovery (Location 1)] were sampled with vegetation cut from a 0.25 m2 quadrat 
after both cool and warm season grass peak growth assessments. At the Volga 
site, species cover at peak cool season grass development was visually assessed. 
Vegetative sampling occurred in the YR1 Location 1 and 2 plots at peak warm season 
growth in August of each year. These vegetation samples were dried, separated into 
functional groups as described above, and weighed.

2.1.7 Statistical analysis

PROC MIXED and PROC GLM [43] were used to analyze the data by site, 
location, and sampling date to calculate the difference of least mean square and 
determine differences among treatments. To determine if treatments over time 
accelerated warm season grass growth and decreased cool season non-native grass 
growth, repeated measure ANOVA was used in SAS with a PROC MIXED state-
ment. This analysis helped determine variation among samples, variation among 
sample timing, and residual variation [44]. The repeated measures design uses the 
control from each sampled subject and has been called within-subjects ANOVA 
or randomized-blocks ANOVA [45]. The null hypothesis for this study was H0: 
μ1 = μ2 = ... = μi, i.e. treatments would not influence estimated cover or vegetative 
biomass compared with the untreated control.

2.2 Results

2.2.1 Climate

2.2.1.1 Artesian

In 2009, prior to the October N treatment, the average temperatures for the 
growing season were about 2°C below the 30 yr (1971–2001) average, whereas 
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N, 25 kg N ha−1 as NH4NO3 applied in April or June, and a double treatment, 
25 kg N ha−1 applied first in October and then the following April.
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2.1.5 Herbicide treatments

The herbicide treatment was glyphosate (applied with ammonium sulfate and 
nonionic surfactant). The main herbicide treatment plot was divided into subplots 
based on times of herbicide and N application (base rate of 25 kg N ha−1). The 
treatments were herbicide October/no N; herbicide May/no N; April N followed by 
(F/B) herbicide May; herbicide May F/B June N. The October glyphosate rate was 
1.5 kg ai ha−1 applied after warm season grass senescence but prior to killing frost. 
The April/May rate was 0.38 kg ai ha−1 applied after cool season grass emergence, 
but prior to emergence of warm season grasses.

2.1.6 Data collection

At both sites, baseline vegetative biomass was collected during the peak of 
warm-season growth (late August/early September) in 2009 prior to treatment 
application. Vegetation samples were cut at soil surface in three 0.25 m2 quadrats 
per main plot. Samples were dried at 32°C until constant weight and separated into 
functional groups of native grasses, non-native species (mostly grasses), and forbs, 
and weighed.

After spring treatments, visual cover assessments of warm season grass, cool 
season grass, and forb were evaluated twice during 2010 and 2011: at the peak of 
cool season grass growth (mid/late June) and at the peak of warm season grass 
growth (late August/early September). The percentages of bare-ground and litter 
were estimated. At the Artesian site, all plots [YR1, Location 1 and 2; YR2 and 
Recovery (Location 1)] were sampled with vegetation cut from a 0.25 m2 quadrat 
after both cool and warm season grass peak growth assessments. At the Volga 
site, species cover at peak cool season grass development was visually assessed. 
Vegetative sampling occurred in the YR1 Location 1 and 2 plots at peak warm season 
growth in August of each year. These vegetation samples were dried, separated into 
functional groups as described above, and weighed.

2.1.7 Statistical analysis

PROC MIXED and PROC GLM [43] were used to analyze the data by site, 
location, and sampling date to calculate the difference of least mean square and 
determine differences among treatments. To determine if treatments over time 
accelerated warm season grass growth and decreased cool season non-native grass 
growth, repeated measure ANOVA was used in SAS with a PROC MIXED state-
ment. This analysis helped determine variation among samples, variation among 
sample timing, and residual variation [44]. The repeated measures design uses the 
control from each sampled subject and has been called within-subjects ANOVA 
or randomized-blocks ANOVA [45]. The null hypothesis for this study was H0: 
μ1 = μ2 = ... = μi, i.e. treatments would not influence estimated cover or vegetative 
biomass compared with the untreated control.

2.2 Results

2.2.1 Climate

2.2.1.1 Artesian

In 2009, prior to the October N treatment, the average temperatures for the 
growing season were about 2°C below the 30 yr (1971–2001) average, whereas 
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precipitation ranged from 4 to 8 mm above the 30 yr average for June, July, and 
August [46]. Growing degree days (base 10°C) from 15 April to 15 September 
were 5% above the 30 yr normal of 1240 GDD in 2010 and 5% below normal for 
2011. Precipitation from January through August totaled 483, 940, and 454 mm 
for 2009, 2010, and 2011, respectively, compared with the 30 yr average of 
428 mm.

2.2.1.2 Volga

Temperatures and rainfall for 2009 were near the 30 yr average of 1154 GDD 
and 439 mm, respectively [46]. The 2010 and 2011 seasons were warmer and wetter 
than the 30 yr average. GDD for 15 April to 15 September for 2010 and 2011 were 
about 10% above the 30 yr average each year. January through August precipitation 
for 2010 and 2011 was much greater than the 30 yr average and totaled 720 (+64%) 
and 568 (+30%) mm, respectively.

2.2.2 Treatment response - artesian

2.2.2.1 Baseline sampling

In August 2009 during visual assessment at warm season peak growth, warm 
and cool season grass canopy covers were similar, each occupying about 50% of the 
canopy. Biomasses of these functional groups were similar and averaged 145 g m−2 
(± 82) for warm season grasses and 179 g m−2 (± 88) for cool season grasses. In 
April 2010 before spring treatments, baseline visual cover assessments were similar 
among blocks, with warm season and cool season grass covers estimated at 30 and 
65%, respectively. However, warm and cool season grass biomasses were similar and 
averaged 123 (± 73) and 96 g m−2 (± 62), respectively.

2.2.2.2 One year of treatment

Due to differences in precipitation between 2010 and 2011 (i.e. 2010 had 150% 
more rainfall than 2011), Location 1 and 2 data were analyzed by year. The cool and 
warm season grass biomass in late June 2010 (peak cool season biomass) averaged 
181 (± 74) and 41 (± 9) g m−2 in control plots (Figure 1A). Fire alone and April N 
FB fire reduced cool season biomass to about 30 (±6) g m−2, whereas cool season 
biomass averaged 107 (±12) g m−2 in the October N FB fire and fire FB mid-June N 
treatments (Figure 1A). A visual example of the plots pre- and post-fire is provided 
in Figure 2. Glyphosate applied in May alone or FB June N reduced cool season 
biomass. Warm season biomass was greater than the control in all glyphosate treat-
ments, expect when FB June N application. Nitrogen treatments applied in April 
or June N averaged 388 (±25) g m−2 of cool season grass biomass, twice as much 
compared with control plots.

At the peak of warm season grass (August 2010) (Figure 1B), warm season and 
cool season grass biomass in control plots averaged 173 and 149 g m−2, respectively. 
Fire alone or in combination with any N treatment increased warm season grass 
biomass by at least 120% and decreased cool season biomass by about 50%. The 
April N FB glyphosate had the greatest warm season biomass of any treatment and 
averaged over 450 g m−2. Other herbicide treatments had warm and cool season 
grass biomass that was similar to the control. The June N treatment increased both 
warm and cool season biomass and April N had similar warm season biomass to the 
control but also increased cool season grass biomass.
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In June 2011, the fire treatments reduced cool season grass biomass, except when 
N was applied the previous October (Figure 1C). Glyphosate treatments, except for 
April N FB glyphosate, also had a cool season biomass reduction. The N treatments 
alone, however, stimulated cool season grass growth and did not stimulate growth of 
warm season species. Unlike 2010 when warm season growth showed an increase at the 
August sampling with many treatments, most treatments had greater cool season bio-
mass with all N treatments having the greatest amounts (Figure 1D). The yearly differ-
ences between the treatments were partly due to the lower rainfall in 2011 and a heavy 
infestation of the biennial, sweet clover [Melilotus officinalis (L.) Lam.], which bolted 
and shaded out both native and non-native grasses throughout the entire location.

2.2.2.3 Two years of treatment

After two consecutive years of fire treatment at location 1, when sampled in 
August (peak of warm season species growth) (Figure 3A), October N F/B spring 

Figure 1. 
Cool and warm season grass biomass by treatment and year in June [(A) 2010; (C) 2011] and August  
[(B) 2010; (D) 2011] samplings after a single year of treatment at Artesian, SD.
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In June 2011, the fire treatments reduced cool season grass biomass, except when 
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[(B) 2010; (D) 2011] samplings after a single year of treatment at Artesian, SD.
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fire had the least cool season grass biomass, (reduced by 37%) and the greatest 
warm season biomass. Glyphosate applied in May had the greatest warm season 
grass biomass of all the treatments. Applying N in April FB May glyphosate resulted 
in less warm season grass biomass. When N followed glyphosate application, cool 
season grasses, rather than warm season, appeared to be stimulated. Nitrogen alone 
resulted in greater cool season grass biomass even in August.

2.2.2.4 Recovery after one year of treatment

In the June sampling, most plots had high amounts of cool season grass and low 
warm season grass presence (Figure 3B). In the August sampling, warm season 
grasses in all fire plots, except fire FB June N, had greater warm season and less 
cool season grasses (Figure 3C). The glyphosate and nitrogen treatments had 

Figure 2. 
Example of a fire plot at Artesian, SD, (A) Prefire in April, with cool season invasive grasses present (B) 
during fire treatment, (C) about two weeks post-fire, (D) native warm season grass growth, August sampling, 
2010.
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greater warm season grass biomass than the control, but little reduction in cool 
season grass biomass.

2.2.3 Treatment response - Volga

2.2.3.1 Baseline data

Baseline data collected in the fall of 2009 (for Location 1 plots) and 2010 (for 
Location 2 plots) had visual cover estimations for warm season grass species at 35%, 
cool season grass species 65%, and 5% forbs.

2.2.3.2 One year of treatment

At location 1 (2010 treatments), visual assessments of canopy cover were similar 
among the control and all treatments at the June sampling date (data not shown). 

Figure 3. 
Cool and warm season grass biomass in August sampling after two consecutive years of treatment (A), and in 
recovery plots (treated in 2010) for June (B) and August (C) of 2011.
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Figure 3. 
Cool and warm season grass biomass in August sampling after two consecutive years of treatment (A), and in 
recovery plots (treated in 2010) for June (B) and August (C) of 2011.
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Warm season grass biomass was 50 to 150% greater in fire treatments and had 
better cool season grass control in 2011 than 2010 (Figure 4A and B). Warm season 
grass biomass in the glyphosate and N treatments were similar to the control. Cool 
season grass biomass at the August 2010 sampling was reduced by all fire treat-
ments, but all other treatments in 2010 and all treatments in 2011 had cool season 
grass biomass that was almost equal to the control.

2.2.3.3 Two years of treatment and recovery

After two years of treatment, visual cover assessments in all treatments were 
similar to the control. Biomass differences from the control were seen as an increase 

Figure 4. 
Cool and warm season grass biomass by treatment sampled in August of 2010 and 2011 after the first year 
treatment at Volga, SD site.
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in warm-season grass species when October N was followed by the spring fire treat-
ment (+1613%, P < 0.05), although cool season grass biomass did not differ from 
the control. Recovery plots at Volga did not show any differences from the control 
for either estimated cover or biomass.

3. Discussion

The introduction of cool season non-native aggressive grasses to the Northern Great 
Plains has reduced the warm season native grass component of the tallgrass prairie. 
In this study, fire, herbicide, and nitrogen treatments, alone and in combination with 
different application timings were used to examine the response of both the cool season 
invasive species and the warm season desired species with one year of treatment, two 
consecutive years of treatment, and the recovery response of the grasses if only treated 
one year. At both Artesian and Volga, the dominant native species was big bluestem, 
with lesser amounts of sideoats grama, and blue grama. These species have been 
reported to benefit from late spring burns [21] and our study agrees with those findings.

Prescribed burns removed the litter layer, allowed soil warming, and increased 
light reaching the soil surface, with concomitant increases in plant growth, all 
reported to increase warm season species growth [16]. In three out of the four first 
year plots, spring burns with or without N increased warm season species biomass as 
observed in August of the treatment year. The exception was Artesian 2011 first year 
plots, when sweet clover dominated all plots at both the June and August samplings. 
April N FB glyphosate increased warm season grass biomass in August 2010 but this 
response was not as pronounced in 2011. Warm season grasses at the both sites ben-
efited from the two consecutive years of fire, but in Artesian, October N FB fire or fire 
FB June N was best, whereas at Volga, fire with no N was the best treatment. However, 
because litter depth is typically less after the first year of fire, lethal heat (>60°C) [47] 
at the soil surface tends to be longer if fire return times are biennial rather than annual 
[48]. Glyphosate applied for two consecutive years also aided in warm season grass 
growth. However, N alone would not be recommended, as cool season grasses domi-
nated in all these plot areas. Recovery plots treated only with fire had increased warm 
season species biomass compared with control areas at both sites. Nitrogen application 
either before or after the fire treatment did not benefit warm season grass growth.

Vinton and Goergen [49] reported that smooth brome has a competitive advan-
tage over native tallgrass species due to increased efficiency to cycle N. This char-
acteristic may increase the persistence of smooth brome due to N deposition due to 
anthropogenic factors. Throughout this experiment, the application of N alone at 
any timing increased cool season grass biomass.

We were hopeful that cool season species would be more prone to fire or her-
bicide injury following either October or April N application. Increased injury to 
the cool season species (as observed by decreases in cool season biomass) only was 
observed in a few select treatments. In addition, the N added after fire or herbicide 
was, in theory, supposed to invigorate the warm season grass growth, as cool season 
grass growth should have been slowed, leaving the N for the late emerging species. 
However, adding N in June had limited success in increasing warm season grass 
growth, as observed at the Volga site in both years.

4. Implications and conclusions

Warm season grass growth had the most consistent positive response to fire, 
which also helped reduce the cool season non-native grass species. The application 
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of fire, however, is not without risk, needs to be carefully utilized, and only applied 
when weather conditions are optimal and with trained personnel. There may be 
other considerations when using prescribed burns [50] and local fire officials, 
neighbors, and state agencies may need to be consulted and notified the day of 
the burn [51]. Nevertheless, prescribed burns may provide land managers and 
producers a simple and inexpensive way to reinvigorate the tallgrass prairie in 
eastern South Dakota. Location, soil type, species present, land use history, timing, 
temperature, and duration of fire [21–23, 48, 52], and the presence and number of 
active buds on the perennial grass tillers [24, 53, 54] are components that influence 
the restoration of areas to warm season native grasses, or maintain the continued 
presence of the cool season invasive species. Two years of consecutive treatment 
was more effective for warm season grass restoration than a single year, as seen by 
the rapid return of cool season grasses in the recovery plots. In addition, at times, 
a setup fall treatment of nitrogen or non-selective herbicide applied prior to the 
spring treatment may benefit warm season grass response, although these manage-
ment options need further study.
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of fire, however, is not without risk, needs to be carefully utilized, and only applied 
when weather conditions are optimal and with trained personnel. There may be 
other considerations when using prescribed burns [50] and local fire officials, 
neighbors, and state agencies may need to be consulted and notified the day of 
the burn [51]. Nevertheless, prescribed burns may provide land managers and 
producers a simple and inexpensive way to reinvigorate the tallgrass prairie in 
eastern South Dakota. Location, soil type, species present, land use history, timing, 
temperature, and duration of fire [21–23, 48, 52], and the presence and number of 
active buds on the perennial grass tillers [24, 53, 54] are components that influence 
the restoration of areas to warm season native grasses, or maintain the continued 
presence of the cool season invasive species. Two years of consecutive treatment 
was more effective for warm season grass restoration than a single year, as seen by 
the rapid return of cool season grasses in the recovery plots. In addition, at times, 
a setup fall treatment of nitrogen or non-selective herbicide applied prior to the 
spring treatment may benefit warm season grass response, although these manage-
ment options need further study.
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Chapter 5

Effects of Grazing Intensity 
on Belowground Carbon and 
Nitrogen Cycling
Guiyao Zhou, Lingyan Zhou and Xuhui Zhou

Abstract

Livestock grazing activities substantially affect grassland ecosystem functions 
such as carbon (C) and nitrogen (N) cycles. Although numerous individual and 
synthesized studies had been conducted, how grazing, especially its intensity, affects 
belowground C and N cycling in grasslands remains poorly understood. In this 
chapter, our previous published studies were summarized to elucidate the 19 variables 
associated with belowground C and N cycling in response to livestock grazing across 
global grasslands. Overall, grazing significantly decreased belowground C and N pools 
in grassland ecosystems, with the largest decreases observed in microbial biomass C 
and N (21.62 and 24.40%, respectively). However, the response magnitude and direc-
tions of belowground C- and N-related variables largely depend on grazing intensities. 
Specifically, light grazing promoted soil C and N sequestration, whereas moderate 
and heavy grazing significantly accelerated C and N losses. This study highlights the 
importance of grazing intensity for belowground C and N cycling, which urges sci-
entists to incorporate it into regional and global models for predicting human distur-
bance on global grasslands and assessing the climate-biosphere feedbacks accurately.

Keywords: carbon sequestration, CO2 emission, heavy grazing, mineralization,  
soil microbial biomass

1. Introduction

The global grasslands cover 59 million km2 (nearly 40%) of the terrestrial land 
[1] and store 10–30% of the global soil organic carbon (SOC, [2]). Currently, the 
majority of grasslands around the world are suffering from overgrazing [3], which 
may impose profound effects on ecosystem services and functions by altering the 
biogeochemical cycle, especially on carbon (C) and nitrogen (N) cycles [4, 5]. 
The altered C and N cycles may lead to a positive or negative climate-biosphere 
feedback, which in turn amplify or diminish their net effects on biodiversity and 
stability of grasslands. Therefore, understanding the C and N cycles in response to 
grazing is crucial for us to better predict future global C balance and enhance the 
sustainable management of grasslands [6].

Over past 30 years, numerous studies have been conducted to explore the C and 
N cycles of aboveground processes in response to grazing in grassland ecosystems, 
which have substantially improved our understanding of the grazing effects and 
the potential mechanisms [3, 7, 8]. For example, intermediate grazing may increase 
more aboveground biomass C than light and heavy grazing because of higher plant 
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and heavy grazing significantly accelerated C and N losses. This study highlights the 
importance of grazing intensity for belowground C and N cycling, which urges sci-
entists to incorporate it into regional and global models for predicting human distur-
bance on global grasslands and assessing the climate-biosphere feedbacks accurately.
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1. Introduction

The global grasslands cover 59 million km2 (nearly 40%) of the terrestrial land 
[1] and store 10–30% of the global soil organic carbon (SOC, [2]). Currently, the 
majority of grasslands around the world are suffering from overgrazing [3], which 
may impose profound effects on ecosystem services and functions by altering the 
biogeochemical cycle, especially on carbon (C) and nitrogen (N) cycles [4, 5]. 
The altered C and N cycles may lead to a positive or negative climate-biosphere 
feedback, which in turn amplify or diminish their net effects on biodiversity and 
stability of grasslands. Therefore, understanding the C and N cycles in response to 
grazing is crucial for us to better predict future global C balance and enhance the 
sustainable management of grasslands [6].

Over past 30 years, numerous studies have been conducted to explore the C and 
N cycles of aboveground processes in response to grazing in grassland ecosystems, 
which have substantially improved our understanding of the grazing effects and 
the potential mechanisms [3, 7, 8]. For example, intermediate grazing may increase 
more aboveground biomass C than light and heavy grazing because of higher plant 
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diversity [9, 10]. However, due to the spatial heterogeneity and methodological dif-
ficulties, the effects of grazing on belowground process remain poorly understood 
especially at global scale. Although plenty of studies have investigated the effects 
of grazing on belowground C and N cycles, however, diverse results were reported 
with increase [11], decrease [12] and no changes [13].

Recent studies have found that the contradictory effects of grazing on below-
ground C and N cycles may be associated with grazing intensities, climatic condi-
tions, and vegetation types [8, 14]. Compared with other factors, grazing intensity 
may be the key driver regulating belowground C and N cycles because it significantly 
alters soil microenvironment, soil nutrients availability, plant community structure, 
and soil microbial diversity [15, 16]. However, current understanding of the effects of 
grazing intensity on belowground C and N cycles were also contradictory. For exam-
ple, Schuman et al. [17] found that neither light nor heavy grazing could significantly 
change total plant biomass and soil C and N pools. By contrast, response of soil C and 
N pools would decrease with increased grazing intensity in water-limited grassland 
[18]. These knowledge gaps may trigger great challenges for us to precisely assess 
the climate-biosphere feedbacks in the future [14]. Therefore, this chapter mainly 
focused on the general response patterns of belowground C and N cycles to different 
grazing intensities and explored its underlying mechanisms at the global scale.

2. Belowground C and N pools and fluxes

Grazing intensity significantly affects the belowground C and N pools and 
fluxes, because grazing intensity alters plant community structure, soil microenvi-
ronment, and soil microbial diversity and activity [15, 19, 20]. A meta-analysis of 
115 published studies demonstrated that grazing significantly influenced below-
ground C and N cycles at the global scale (Figure 1). Moreover, grazing intensity 
usually influenced the response magnitude (even direction) of the majority of 
the assessed belowground C and N pools and fluxes. For example, light grazing 
increased soil carbon pool (SCP) and soil nitrogen pool (SNP) by 0.78 and 3.24%, 
respectively (P < 0.01, Figure 2). However, moderate and heavy grazing signifi-
cantly decreased SCP by 3.45 and 9.92%, and SNP by 8.41 and 13.04%, respectively, 
resulting in a diminishing effects on soil C:N ratio from light to heavy grazing (SCN, 
Figure 2). Light grazing may increase the above and belowground biomass, which 
could stimulate more photosynthetically fixed C allocated to roots and then lead-
ing the increase of root exudates and root biomass [12, 14, 21]. Grazing-induced 
increase in root exudates may further enhance soil C accumulation as well N inputs 
into soils [22]. Meanwhile, light grazing can also stimulate soil respiration due to the 
increased root biomass and soil C accumulation [10, 23, 24]. However, both moder-
ate and heavy grazing could markedly decrease SCP and SNP (Figures 2 and 3), 
which was consistent with some previous studies [25–27]. The decreased SCP and 
SNP may result from that fact that grazing can decrease litter biomass, root C pool 
and microbial biomass and then lower C inputs to soils (Figures 3 and 4 [17, 28, 29]).

The altered C and N pools induced by grazing intensity also caused the 
difference of belowground C and N fluxes. On average, soil respiration (Rs) 
increased by 11.53% under light intensity, whereas moderate and heavy intensi-
ties decreased it by 12.7 and 32.6%, respectively. The weighted response ratios 
of soil net N mineralization (SNNM) decreased by 48.87–10.85% from light to 
heavy grazing intensities. However, light grazing did not affect the response ratios 
of soil net N nitrification (SNNN), but moderate and heavy grazing intensities 
significantly increased [RR++ (SNNN)] by 13.43 and 103.06%, respectively. The 
differential responses of belowground fluxes may be caused by the following 
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mechanisms: (1) difference in carbon allocation to roots. The increased C alloca-
tion induced by light grazing to root would stimulate the biomass accumulations, 
which could further increase root activity and C inputs to soil. Moderate and 
heavy grazing probably also depressed soil infiltrability and nutrient availability, 
inhibiting plant biomass accumulation and microbial activity [30]; (2) Micro-
environment regulations. Light grazing would increase soil moisture because that 
the enhanced ground covers and decreased soil compaction [21, 31]. Light grazing 
induced increase in soil temperature and moisture may stimulate plant growth 
and microbial activities, which would further increase soil respiration [30]. The 
faster soil evaporation with poor ground cover under moderate and heavy grazing 
would lower soil moisture, which might also further explain the decreased soil 
respiration [20, 30, 31].

3. Interaction with biotic and abiotic factors

Grazing effects on belowground carbon and nitrogen cycling were also regu-
lated by biotic (e.g., livestock type) and abiotic factors (e.g., MAP, MAT and soil 

Figure 1. 
Weighted response ratio (RR++) of 19 variables related to carbon and nitrogen cycling in response to grazing. 
Bars represent 95% confidence intervals. The vertical line was drawn at RR++ = 0. Numbers for each bar 
indicate the sample size. SCP, soil carbon pool; RCP, root carbon pool; MBC, microbial biomass carbon; 
LCP, litter carbon pool; SNP, soil nitrogen pool; RNP, root nitrogen pools; MBN, microbial biomass nitrogen; 
LNP, litter nitrogen pool; SCN, soil C:N ratio; MCN, microbial biomass C:N ratio; RCN, root C:N ratio; Rs, 
soil respiration; SNNM, soil net mineralization; SNNN, soil net N nitrification; BD, bulk density; SM, soil 
moisture; ST, soil temperature.
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mechanisms: (1) difference in carbon allocation to roots. The increased C alloca-
tion induced by light grazing to root would stimulate the biomass accumulations, 
which could further increase root activity and C inputs to soil. Moderate and 
heavy grazing probably also depressed soil infiltrability and nutrient availability, 
inhibiting plant biomass accumulation and microbial activity [30]; (2) Micro-
environment regulations. Light grazing would increase soil moisture because that 
the enhanced ground covers and decreased soil compaction [21, 31]. Light grazing 
induced increase in soil temperature and moisture may stimulate plant growth 
and microbial activities, which would further increase soil respiration [30]. The 
faster soil evaporation with poor ground cover under moderate and heavy grazing 
would lower soil moisture, which might also further explain the decreased soil 
respiration [20, 30, 31].

3. Interaction with biotic and abiotic factors

Grazing effects on belowground carbon and nitrogen cycling were also regu-
lated by biotic (e.g., livestock type) and abiotic factors (e.g., MAP, MAT and soil 

Figure 1. 
Weighted response ratio (RR++) of 19 variables related to carbon and nitrogen cycling in response to grazing. 
Bars represent 95% confidence intervals. The vertical line was drawn at RR++ = 0. Numbers for each bar 
indicate the sample size. SCP, soil carbon pool; RCP, root carbon pool; MBC, microbial biomass carbon; 
LCP, litter carbon pool; SNP, soil nitrogen pool; RNP, root nitrogen pools; MBN, microbial biomass nitrogen; 
LNP, litter nitrogen pool; SCN, soil C:N ratio; MCN, microbial biomass C:N ratio; RCN, root C:N ratio; Rs, 
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depth). It has been showed that root carbon pool (RCP), soil nitrogen pool (SNP) 
and root nitrogen pool (RNP) decreased more in semi-humid/humid regions 
(MAP ≥ 400 mm) than in arid/semi-arid regions under grazing (MAP < 400 mm, 
Figures 5 and 6). However, microbial biomass carbon (MBC) and litter carbon pool 

Figure 2. 
Weighted response ratio (RR++) of 19 variables related to carbon and nitrogen cycles in response to different 
grazing intensity. Bars represent RR++ ± 95% confidence intervals. The vertical line was drawn at RR++ = 0. 
Numbers for each bar indicate the sample size. Symbols a, b and c represents the significant differences among 
three grazing intensities for the responses of selected variables to grazing. SCP, soil carbon pools; RCP, root 
carbon pools; MBC, microbial biomass carbon; LCP, litter carbon pools; SNP, soil nitrogen pools; MBN, 
microbial biomass nitrogen; LNP, litter nitrogen pools; RNP, root nitrogen pools; SCN, soil C:N ratio; MCN, 
microbial biomass C:N ratio; RCN, root C:N ratio; Rs, soil respiration; SNNM, soil net mineralization; 
SNNN, soil net N nitrification; BD, bulk density; SM, soil moisture; ST, soil temperature; LG, light grazing; 
MG, moderate grazing; HG, heavy grazing.
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(LCP) exhibited larger negative response to grazing in arid/semi-arid regions than in 
semi-humid/humid regions. These differences may result from the interactions with 
precipitation. MAP exhibited a significant positive correlation with the response of 
SCP (P < 0.05), but it was not correlated with response of SNP to grazing (Figure 7). 
Since faster root turnover in wetter regions, grazing lead a larger decrease in RCP 
in semi-humid/humid than arid/semi-arid climate regions [32]. Due to the close 
relationship between LCP and MBC, RR(MBC) exhibited a similar response trend 
with LCP (Figure 4, [33]). Grazing significantly decreased MBC and LCP in arid/
semi-arid climate, where lower productivity was more responsive to grazing than 
those in semi-humid/humid conditions. In addition, grazing may substantially 
reduce MBC in arid/semi-arid climate due to the larger decrease of litter inputs [34, 35]. 
Furthermore, Rs in semi-humid/humid regions increased more than that in arid/
semi-arid regions, which might be associated with the existing high net ecosystem 
productivity [36] and high microbial activity [37] in the wetter regions than those in 
drier ones. Our study also further found that MAP exhibited a positive correlation 
with RR (SCP) (Figure 7, Table 1), which was consistent with Mcsherry and Ritchie 
[14] and Hu et al. [38]. Because that plant productivity and microbial activity in wet-
ter areas are usually greater than those in drier regions, the actual responses of SCP to 
grazing may have been masked, causing weak positive correlation between MAP and 
SCP [39, 40].

Temperature is another important factor influencing grazing effects on below-
ground C and N cycles. Our results found that MAT exhibited negative correlations 
with RR(SCP) and RR(SNP) at global scale (Figure 7; Table 1). These changes 

Figure 3. 
Potential mechanisms of belowground C and N processes in response to livestock grazing. The numbers refer 
to percentage change (eRR++ − 1) × 100% of belowground C and N variables in response to grazing. SCP, soil 
carbon pools; RCP, root carbon pools; MBC, microbial carbon; LCP, litter carbon pools; SNP, soil nitrogen 
pools; MBN, microbial nitrogen; LNP, litter nitrogen pools; RNP, root nitrogen pools; APCP, aboveground 
plant carbon pools; APNP, aboveground plant nitrogen pools. APCP and APNP data was provided in 
supporting information. L, light grazing intensity presented with green color; M, moderate grazing intensity 
presented with purplish color; H, heavy grazing intensity presented with red color. ↑, positive response to 
livestock grazing; ↓, negative response to livestock grazing.
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relationship between LCP and MBC, RR(MBC) exhibited a similar response trend 
with LCP (Figure 4, [33]). Grazing significantly decreased MBC and LCP in arid/
semi-arid climate, where lower productivity was more responsive to grazing than 
those in semi-humid/humid conditions. In addition, grazing may substantially 
reduce MBC in arid/semi-arid climate due to the larger decrease of litter inputs [34, 35]. 
Furthermore, Rs in semi-humid/humid regions increased more than that in arid/
semi-arid regions, which might be associated with the existing high net ecosystem 
productivity [36] and high microbial activity [37] in the wetter regions than those in 
drier ones. Our study also further found that MAP exhibited a positive correlation 
with RR (SCP) (Figure 7, Table 1), which was consistent with Mcsherry and Ritchie 
[14] and Hu et al. [38]. Because that plant productivity and microbial activity in wet-
ter areas are usually greater than those in drier regions, the actual responses of SCP to 
grazing may have been masked, causing weak positive correlation between MAP and 
SCP [39, 40].

Temperature is another important factor influencing grazing effects on below-
ground C and N cycles. Our results found that MAT exhibited negative correlations 
with RR(SCP) and RR(SNP) at global scale (Figure 7; Table 1). These changes 
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Potential mechanisms of belowground C and N processes in response to livestock grazing. The numbers refer 
to percentage change (eRR++ − 1) × 100% of belowground C and N variables in response to grazing. SCP, soil 
carbon pools; RCP, root carbon pools; MBC, microbial carbon; LCP, litter carbon pools; SNP, soil nitrogen 
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may result from the fact that grasslands with higher MAT in tropical and temper-
ate regions usually have greater microbial activity than those in boreal regions 
with the lower MAT [32]. The higher microbial activity in high-MAT regions can 
usually accelerate decomposition of soil organic matter and increase turnover rate, 
and then decrease SCP and SNP more in those grazed ecosystems, resulting in the 
negative correlation between MAT and RR (SCP) or RR (SNP). On the other hand, 
soil temperature, water content and their interactions fundamentally determine 
the temporal dynamics of C cycle in grassland ecosystem, especially for soil 
respiration [41].

Different livestock types and soil depths showed different magnitudes of 
changes (even direction) for many of the considered variables (Figure 6). Using 
meta-analysis, we found that sheep grazing induced the changes in SCP, SNP, 
RCP and RNP exhibited a greater decrease than those by cattle. These changes 
may result from the difference in foraging selectivity by different livestock, caus-
ing the variation of plant species composition and community structure, which 
further induced the difference of C and N inputs/outputs [29]. We also found that 
the response of MBC at the depth of <15 cm to grazing was positive, while this at 
depth of >15 cm was negative. Grazing may induced the spatial variations of root 
distribution and sensitivity to environment within plant–soil system at different 
depths, which thus causing the different response of belowground C and N cycles 
to grazing activity [17, 42, 43].

Figure 4. 
Relationships of response ratios (RR) of soil carbon pools (SCP) with aboveground carbon pools (APCP, a), 
root carbon pools (RCP, b), litter carbon pools (LCP, c) and microbial biomass carbon pools (MBC, d). All 
sites represented the data for all intensities and some with no intensity information—black closed circles; LG, 
light grazing intensity—green closed triangles; MG, moderate grazing intensity—purple closed circles; HG, 
heavy grazing intensity—red closed triangles.
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Livestock type, climate type, and soil depth also affected the overall magnitude 
and even direction of the weighted response ratios of SCP, SNP as well as SCN 
under different grazing intensities (Figure 6). The meta-analysis shows that both 
SCP and SNP in semi-humid/humid regions decreased with increasing intensity, 
whereas moderate and light grazing exhibited positive effects on SCP and SNP in 
arid/semi-arid regions. Decreased SCP was highest under heavy grazing, followed 
by light and moderate grazing, irrespective of cattle or sheep grazing. Light grazing 

Figure 6. 
Weighted response ratio (RR++) of soil carbon pools (SCP), soil nitrogen pools (SNP), and soil C:N ratio 
(SCN) in different grazing intensities with respect to climate type (a), livestock type (b) and soil depth (c). 
Bars represent RR++ ± 95% confidence intervals. The vertical line was drawn at RR++ = 0. Number values for 
each bar indicate the sample size. Symbols a, b and c represents the significant differences among three grazing 
intensities for the responses of selected variables to grazing.

Figure 5. 
Weighted response ratio (RR++) of 19 variables related to carbon and nitrogen cycles in response to arid/
semi-arid-white columns and semi-humid/humid-gray columns (a), cattle grazing—white columns and 
sheep grazing—gray columns (b), 0-15 cm - white columns and > 15 cm—gray columns (c). Bars represent 
RR++ ± 95% confidence intervals. The vertical line was drawn at RR++ = 0. Numbers for each bar indicate 
the sample size. Symbols a and b represent the significant differences among two categories (panel a, arid/
semi-arid vs. semi-humid/humid climate; panel b, cattle vs. sheep grazing; panel c, soil depth of 0–15 cm vs. 
>15 cm) for the responses of selected variables to grazing. SCP, soil carbon pools; RCP, root carbon pools; MBC, 
microbial carbon; LCP, litter carbon pools; SNP, soil nitrogen pools; MBN, microbial nitrogen; LNP, litter 
nitrogen pools; RNP, root nitrogen pools; SCN, soil C:N ratio; MCN, microbial C:N ratio; RCN, root C:N 
ratio; Rs, soil respiration; SNNM, soil net mineralization; SNNN, soil net N nitrification; BD, bulk density; 
SM, soil moisture; ST, soil temperature.



Grasses and Grassland Aspects

100

may result from the fact that grasslands with higher MAT in tropical and temper-
ate regions usually have greater microbial activity than those in boreal regions 
with the lower MAT [32]. The higher microbial activity in high-MAT regions can 
usually accelerate decomposition of soil organic matter and increase turnover rate, 
and then decrease SCP and SNP more in those grazed ecosystems, resulting in the 
negative correlation between MAT and RR (SCP) or RR (SNP). On the other hand, 
soil temperature, water content and their interactions fundamentally determine 
the temporal dynamics of C cycle in grassland ecosystem, especially for soil 
respiration [41].

Different livestock types and soil depths showed different magnitudes of 
changes (even direction) for many of the considered variables (Figure 6). Using 
meta-analysis, we found that sheep grazing induced the changes in SCP, SNP, 
RCP and RNP exhibited a greater decrease than those by cattle. These changes 
may result from the difference in foraging selectivity by different livestock, caus-
ing the variation of plant species composition and community structure, which 
further induced the difference of C and N inputs/outputs [29]. We also found that 
the response of MBC at the depth of <15 cm to grazing was positive, while this at 
depth of >15 cm was negative. Grazing may induced the spatial variations of root 
distribution and sensitivity to environment within plant–soil system at different 
depths, which thus causing the different response of belowground C and N cycles 
to grazing activity [17, 42, 43].

Figure 4. 
Relationships of response ratios (RR) of soil carbon pools (SCP) with aboveground carbon pools (APCP, a), 
root carbon pools (RCP, b), litter carbon pools (LCP, c) and microbial biomass carbon pools (MBC, d). All 
sites represented the data for all intensities and some with no intensity information—black closed circles; LG, 
light grazing intensity—green closed triangles; MG, moderate grazing intensity—purple closed circles; HG, 
heavy grazing intensity—red closed triangles.

101

Effects of Grazing Intensity on Belowground Carbon and Nitrogen Cycling
DOI: http://dx.doi.org/10.5772/intechopen.90416

Livestock type, climate type, and soil depth also affected the overall magnitude 
and even direction of the weighted response ratios of SCP, SNP as well as SCN 
under different grazing intensities (Figure 6). The meta-analysis shows that both 
SCP and SNP in semi-humid/humid regions decreased with increasing intensity, 
whereas moderate and light grazing exhibited positive effects on SCP and SNP in 
arid/semi-arid regions. Decreased SCP was highest under heavy grazing, followed 
by light and moderate grazing, irrespective of cattle or sheep grazing. Light grazing 

Figure 6. 
Weighted response ratio (RR++) of soil carbon pools (SCP), soil nitrogen pools (SNP), and soil C:N ratio 
(SCN) in different grazing intensities with respect to climate type (a), livestock type (b) and soil depth (c). 
Bars represent RR++ ± 95% confidence intervals. The vertical line was drawn at RR++ = 0. Number values for 
each bar indicate the sample size. Symbols a, b and c represents the significant differences among three grazing 
intensities for the responses of selected variables to grazing.

Figure 5. 
Weighted response ratio (RR++) of 19 variables related to carbon and nitrogen cycles in response to arid/
semi-arid-white columns and semi-humid/humid-gray columns (a), cattle grazing—white columns and 
sheep grazing—gray columns (b), 0-15 cm - white columns and > 15 cm—gray columns (c). Bars represent 
RR++ ± 95% confidence intervals. The vertical line was drawn at RR++ = 0. Numbers for each bar indicate 
the sample size. Symbols a and b represent the significant differences among two categories (panel a, arid/
semi-arid vs. semi-humid/humid climate; panel b, cattle vs. sheep grazing; panel c, soil depth of 0–15 cm vs. 
>15 cm) for the responses of selected variables to grazing. SCP, soil carbon pools; RCP, root carbon pools; MBC, 
microbial carbon; LCP, litter carbon pools; SNP, soil nitrogen pools; MBN, microbial nitrogen; LNP, litter 
nitrogen pools; RNP, root nitrogen pools; SCN, soil C:N ratio; MCN, microbial C:N ratio; RCN, root C:N 
ratio; Rs, soil respiration; SNNM, soil net mineralization; SNNN, soil net N nitrification; BD, bulk density; 
SM, soil moisture; ST, soil temperature.
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exhibited positive effects on SNP at the depth of >15 cm, while both moderate and 
heavy grazing had the opposite effects on it at the same depth (Figure 6). These 
differences induced by livestock type, climate type and soil depth may results 
from the complex interaction between grazing intensity with water, temperature 
and nutrients, but the potential mechanisms was still unknown and need further 
investigations.

4. Implication for grassland management

Overgrazing is a primary contributor to grassland degradation and desertifica-
tion, which may significantly affect ecosystems functions and then lead to positive 
or negative climate-biosphere feedbacks [8, 25]. The regional and global studies 
showed that grazing intensity is a very important role in regulating belowground 
C and N pools and fluxes, which may offer some suggestions for future grassland 
management and model development. First, the effects of grazing intensity on C 
and N cycles may be regulated by environmental conditions (e.g., nitrogen and 
water availability; [8]). However, how the interactions of grazing with global 
change factors (e.g., warming, nitrogen addition, elevated CO2, increased precipita-
tion and drought) is influenced by grazing intensity remain unknown [44, 45]. 
These knowledge gaps may impede us to fully understand how grazing affects C 
and N cycles of grasslands at global scale.

Second, current global synthesized studies showed that most of current graz-
ing studies were distributed in temperate climates, such as eastern Asia and North 
America, and only few studies were conducted in cold and tropical regions [5, 6]. 
Thus, more studies from other regions (e.g., Africa and Australia) should be con-
ducted in order to develop a more comprehensive understanding of how grazing 
intensity influence C and N cycling of global grasslands. Another problem is the 
experimental duration. Most of current grazing experiments were less than 10 years, 
due to the high costs and long time scale. The grazing effects on C and N cycle may 
vary with time [5]. Hence, there is a need to conduct studies over one decade to bet-
ter understand the effects of grazing on belowground C and N cycling.

Figure 7. 
Relationships of grazing duration (a, b), mean annual temperature (MAT, c, d), and mean annual 
precipitation (MAP, e, f) with response ratios (RR) of soil carbon pools (SCP, a, c, e) and soil nitrogen pools 
(SNP, b, d, f).
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exhibited positive effects on SNP at the depth of >15 cm, while both moderate and 
heavy grazing had the opposite effects on it at the same depth (Figure 6). These 
differences induced by livestock type, climate type and soil depth may results 
from the complex interaction between grazing intensity with water, temperature 
and nutrients, but the potential mechanisms was still unknown and need further 
investigations.

4. Implication for grassland management

Overgrazing is a primary contributor to grassland degradation and desertifica-
tion, which may significantly affect ecosystems functions and then lead to positive 
or negative climate-biosphere feedbacks [8, 25]. The regional and global studies 
showed that grazing intensity is a very important role in regulating belowground 
C and N pools and fluxes, which may offer some suggestions for future grassland 
management and model development. First, the effects of grazing intensity on C 
and N cycles may be regulated by environmental conditions (e.g., nitrogen and 
water availability; [8]). However, how the interactions of grazing with global 
change factors (e.g., warming, nitrogen addition, elevated CO2, increased precipita-
tion and drought) is influenced by grazing intensity remain unknown [44, 45]. 
These knowledge gaps may impede us to fully understand how grazing affects C 
and N cycles of grasslands at global scale.

Second, current global synthesized studies showed that most of current graz-
ing studies were distributed in temperate climates, such as eastern Asia and North 
America, and only few studies were conducted in cold and tropical regions [5, 6]. 
Thus, more studies from other regions (e.g., Africa and Australia) should be con-
ducted in order to develop a more comprehensive understanding of how grazing 
intensity influence C and N cycling of global grasslands. Another problem is the 
experimental duration. Most of current grazing experiments were less than 10 years, 
due to the high costs and long time scale. The grazing effects on C and N cycle may 
vary with time [5]. Hence, there is a need to conduct studies over one decade to bet-
ter understand the effects of grazing on belowground C and N cycling.

Figure 7. 
Relationships of grazing duration (a, b), mean annual temperature (MAT, c, d), and mean annual 
precipitation (MAP, e, f) with response ratios (RR) of soil carbon pools (SCP, a, c, e) and soil nitrogen pools 
(SNP, b, d, f).
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Third, grazing intensity (light, moderate, and heavy grazing) significantly 
affects belowground C and N cycling in grassland ecosystems. Meanwhile, differ-
ent combinations of grazing and global change factors (e.g., warming, nitrogen 
addition) also have disparate effects on C and N cycle of grasslands [8]. However, 
current land-surface models did not usually differentiate the effects of grazing 
intensities as well as their combinations with global change factors, which may trig-
ger great challenges for us to predict the C-climate feedbacks in the Anthropocene. 
Therefore, future land-surface models may need thus to fully consider these 
processes in order to develop more precise process-based mechanism for forecasting 
the feedback of grassland ecosystems to climate change.

Fourth, environmental factors (both MAP and MAT) may be crucial in evaluat-
ing the response of belowground C and N cycling to different driving factors, as the 
effects of grazing, global change factors, and their combinations on belowground 
C and N cycling may change with MAT and MAP transects [6, 14]. The global study 
also demonstrated that response ratios of soil carbon content and soil nitrogen 
content to grazing in warmer biomes was clearly higher than those in the low range 
(Figure 7). These results demonstrated the importance of decreasing grazing 
frequency and intensity in warmer regions than colder ones, which may help to 
increase soil C sequestration in ecological fragile areas.
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Abstract

Small-grain cereals are widely adapted and used as annual cool-season pastures 
in the Southern Great Plains (SGP) of the United States, where livestock and forage 
production are the largest contributors to agricultural income. The advantage of 
growing small grains in the region is evident due to the widespread adoption and 
flexibility of production for grain only, forage only, or both grain and forage (i.e., 
dual purpose). Farmers in the SGP often prefer the use of small grains for dual 
purpose mainly because of alternative income options from livestock and/or grain, 
ensuring stable income especially when product prices fluctuate with market 
demands. Small-grain forage is exceptionally important during autumn, winter, 
and early spring when forage availability from other sources is low. By providing 
nutritionally high-quality forage, small grains minimize the need for protein and 
energy supplements. Besides being used for winter pasture, small grains also serve 
as cool-season cover crops. While small grains offer different advantages in the 
integrated crop-livestock system in the region, farming management practices can 
play an important role to maximize the benefit. The objectives of this chapter are 
to summarize the significance of small grains as winter pasture and highlight the 
production status of each small-grain species in the SGP of the United States.

Keywords: forage, oat, rye, small grains, Southern Great Plains, triticale,  
United States, wheat

1. Introduction

Small grains, such as wheat (Triticum aestivum L.), rye (Secale cereale L.), 
triticale (X Triticosecale Wittmack), and oat (Avena sativa L.), are an integral part of 
the forage-livestock system in the Southern Great Plains (SGP) of the United States, 
as they can be grazed during cool-season months when other forage species are not 
productive. On average in the last 3 years (2016–2018), 7 million hectares of land was 
planted annually by wheat alone for forage and grain production in the SGP, includ-
ing Kansas, Oklahoma, and Texas [1], which is the largest area of low-rainfall winter 
wheat cropland worldwide. The SGP (32–40°N; 96–104°W) is generally classified 
as grassland, cropland, and forest land [2]. Although many crop species grow in the 
area, winter wheat covers the largest amount of cropland in the region. Small grains 
are well adapted to the SGP’s environment, for both forage and grain (i.e., dual 
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planted annually by wheat alone for forage and grain production in the SGP, includ-
ing Kansas, Oklahoma, and Texas [1], which is the largest area of low-rainfall winter 
wheat cropland worldwide. The SGP (32–40°N; 96–104°W) is generally classified 
as grassland, cropland, and forest land [2]. Although many crop species grow in the 
area, winter wheat covers the largest amount of cropland in the region. Small grains 
are well adapted to the SGP’s environment, for both forage and grain (i.e., dual 
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purpose) production. The warm autumn and mild winter with little snow coverage 
enable the small grains to grow fast and serve as ideal cool-season grazing pasture.

As a dual-purpose crop, small-grain cereals have other unnoticed advantages, 
such as weed and disease suppression by grazing animals. However, grazing small 
grains at the vegetative stage can reduce grain yield later in the summer depending 
on management practices and growing conditions, especially moisture. Farmers 
in the SGP often prefer the use of small grains for dual purpose mainly because of 
alternative income options from livestock and/or grain, ensuring relatively stable 
income especially when product prices fluctuate with market demands. As one of 
the crop-livestock integration methods, dual-purpose cereal crops can advance 
sustainable development through increased environmental balance, livelihood 
diversification, and flexibility to economic stresses, thus reducing risks [3].

Another aspect of crop-livestock integration is the use of cereal as both a cover 
crop and forage where plants seasonally cover the soil while serving as forage. Cover 
crops protect the soil primarily from wind and water erosion, improve soil quality, 
and increase nutrient cycling [4–6]. While small grains offer different advantages 
in the integrated crop-livestock system in the SGP, farming management practices, 
such as planting date and grazing intensity and duration, which depend on the 
weather and growth stage of the crop, can maximize the benefits [7, 8]. However, 
understanding overall management practices and fitting crops to climatic condi-
tions is necessary for reliable accomplishment [9]. In this chapter, we present the 
significance of small grains as winter pasture in the SGP.

2. Agroecology and farming systems in the Southern Great Plains

The SGP of the United States extends from east of the Rocky Mountains in 
Colorado and New Mexico to Oklahoma and Kansas. The region also includes the 
Texas Panhandle and adjoining areas of West Texas and eastern New Mexico  
[10, 11]. The majority of the region is represented by Kansas, Oklahoma, and 
Texas. Agriculture is the most important land use in the region, where farming 
is more common in the east, while ranching dominates in the western part. The 
region mainly consists of mixed-grass and shortgrass terrestrial ecosystems. The 
main agricultural activity in the shortgrass prairie is animal grazing, while wheat 
cultivation dominates in the mixed-grass prairie [12]. Overtime, much of the native 
ecosystems have been converted to either farmland or pasture grazed by domestic 
livestock [13]. In 2012, the value of agricultural activities in the region surpassed 
$59 billion, of which livestock contributed more than half of the total [2]. Farming 
is generally water-limited in the region, as drought occasionally occurs and impacts 
the whole agricultural system [14, 15].

The climate of the SGP is typically characterized with low precipitation, high 
evaporation rate, windy hot summers, and a wide range of daily and seasonal 
temperatures [10, 11]. The weather is highly variable, spanning from extreme cold 
to extreme heat and from very limited or no rain to extreme rainfall or flooding 
conditions, which often affect the overall socioeconomic system in the region [16]. 
These extreme weather conditions sometimes enable proliferation of invasive weeds 
and pests, leading to ecosystem imbalance.

Although temperature and precipitation are highly variable, making it difficult to 
define a crop that performs well region-wide [17], the mild winter favors cool-season 
crops for grazing animals [18]. The region is known for its mixed farming practices, 
producing both livestock and grain. The most common crop-livestock integra-
tion methods in the United States are sod-based crop rotations, livestock grazing 
of crops within cash crop rotations, grazing of crop residues, sod intercropping, 
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dual-purpose cereal crops, and silvopasture [19]. Wherever it is practiced, crop-
livestock integration in the United States can be implemented either within the farm, 
in which crops and livestock produced at the same time and space, or among the 
farms, in which farmers work together in agreements to attain the intended syner-
gies between production systems [20]. Dual-purpose cereal production has been the 
preferred system in the SGP because it gives relatively stable income [21]. In dual-
purpose settings, small grains are grazed without removing terminal meristems so 
that plants regenerate and grow for grain production. Based on grain and cattle (Bos 
spp.) prices, producers decide whether to use small grains as forage only, grain only, 
or both forage and grain, enabling flexibility to ensure greater income.

3.  Significance of winter small grains as pasture in the Southern  
Great Plains

Small-grain forage is important in agricultural systems worldwide. In some parts 
of the world, intensive grazing of small-grain pasture occurs only once but con-
tinuously for days [22–24]. In the Central and Southern Great Plains of the United 
States, however, grazing is often at lower stocking rates for an extended period of 
time (months) [25, 26]. The grassland in the SGP is predominantly warm-season 
species, and hence the cool-season small-grain pasture plays critical roles in sup-
plying nutritionally high-quality forage in winter when the quantity and quality of 
warm-season forage become low [27, 28].

Forage-based livestock production is an important element of the SGP agricul-
tural economy [29]. This region plays an important role in the beef industry of the 
United States due to the strategic location between the humid southeast where a 
majority of the cow/calf enterprises reside and the High Plains region where the 
grain production and the finishing feedlots exclusively reside. Millions of stocker 
calves from more than 500,000 farms across the southern United States pass through 
the SGP on their way to the feedlots [30]. Managing small grains for both grazing 
and grain is an alternative and sustainable practice that supports the crop-livestock 
system in the region [30–32]. Cool-season small-grain forage provides more flexible 
and profitable crop-livestock systems, in which producers can adjust production 
outcomes they want based on market values of grains and livestock [28, 33]. In the 
past, it has been estimated that 30 to 80% of the total wheat area planted in the SGP 
is grazed at some time during the growing season and 10 to 20% of the area is  
grazed throughout the spring and not harvested for grain, which is referred to as 
“graze-out” [34]. When combined with summer annual forages, the winter annual 
small-grain forages can result in the best net return in unit area of land [35].

Small grains generally grow faster in winter than most other pastures and can 
also recover after grazing [36]. Small grains are also known to have high tillering 
capacity that enables them to tolerate stress from grazing. The average autumn-
winter forage yield of small grains in the SGP is about 2500–3500 kg ha−1; however, 
large yield variation was observed depending on growing conditions [37, 38]. In 
addition, small-grain forage is high in protein content and digestibility and hence 
promotes more weight gain in grazing animals [39]. In Texas, Oklahoma, and 
Kansas, small grains are a good source of high-quality pasture from late autumn to 
early spring [40]. Several studies indicated that small grains produce about 1.0 kg 
d−1 of average daily gain (ADG) in grazing animals [41, 42].

To maximize the advantage of small grains as winter pasture, proper manage-
ment practices should be followed. For example, early planting in a prepared seed-
bed is important to ensure early availability of the pasture for grazing. However, 
early planting may not be feasible if there are biotic and abiotic stresses in the farm. 
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Forage-based livestock production is an important element of the SGP agricul-
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capacity that enables them to tolerate stress from grazing. The average autumn-
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large yield variation was observed depending on growing conditions [37, 38]. In 
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Kansas, small grains are a good source of high-quality pasture from late autumn to 
early spring [40]. Several studies indicated that small grains produce about 1.0 kg 
d−1 of average daily gain (ADG) in grazing animals [41, 42].

To maximize the advantage of small grains as winter pasture, proper manage-
ment practices should be followed. For example, early planting in a prepared seed-
bed is important to ensure early availability of the pasture for grazing. However, 
early planting may not be feasible if there are biotic and abiotic stresses in the farm. 
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Grazing too early when plants are small (not well-rooted) leads to pulling up of 
plants and also severe damage from trampling. In the dual-purpose production 
system, termination of grazing at the first hollow stem (jointing) stage is critical 
to achieve the best economic return [43]. Delaying the termination of grazing will 
reduce subsequent grain yield by approximately as much as five percent per day for 
every day past the first hollow stem [8].

Although winter wheat is the main cool-season forage source in the region, other 
small grains in general are also important for their wide adaptability and versatil-
ity in forage use, such as pasture, green cut, silage, and hay. The most commonly 
grown small grains for winter pasture in the region are wheat, rye, triticale, and oat. 
Compared to wheat, other small grains (rye, triticale, and oat) can produce greater 
forage yield in a specific season (autumn, winter, or spring), and they have com-
petitive advantage in graze-out systems. Farmers select the crop that fits the need 
of winter pasture based on the characteristics of the crops, available management 
practices, and production goals.

4. Small grains commonly grown in the Southern Great Plains

4.1 Wheat

Wheat is the largest and most important crop in the SGP, with 3.1, 1.8, and 1.8 
million hectares being planted in Kansas, Oklahoma, and Texas, respectively, in 
2018 [1]. Wherever growing conditions are favorable, the economic advantage of 
managing wheat as a dual-purpose crop is better than managing it as a grain-only or 
forage-only crop [44, 45]. Wheat cultivars, such as “Endurance” and “Duster,” with 
superior dual-purpose production have been released by the Oklahoma Agricultural 
Experiment Station [46, 47].

Obviously, the main reason why wheat is the most commonly planted 
small-grain species for grazing is its dual-purpose economic flexibility in the 
SGP. However, wheat is below average in amount of early growth and total forage 
yield compared to other small grains. Wheat is considered more tolerant to wet clay 
soils than the other small-grain species. Wheat forage is high in protein, energy, and 
minerals but low in fiber. To maximize forage yield in a dual-purpose winter wheat 
production system, the crop is often planted early in the autumn so that grazing 
can begin in late autumn. It is also very important to stop grazing at the first hollow 
stem stage when dormancy of the crop is released. Depending on the availability of 
moisture, wheat pasture can last 4–5 months.

4.2 Rye

Although rye acreage in the United States is much lower than wheat and oat 
acreages, it is an important forage crop in the SGP. Only 20% of the rye acreage in 
the United States is harvested [1], indicating that the majority of the crop is used for 
grazing animals. Oklahoma is the largest rye-growing state in the United States [1], at 
least partially because of the historical contribution of the Noble Research Institute 
in releasing a few well-known rye cultivars, such as “Elbon” (1956), which is still 
widely grown today. The Noble Research Institute has also released “Maton” (1975), 
“Oklon” (1993), “Bates” (1995), “Maton II” (2007), and “Bates RS4” (2013) rye culti-
vars, which were primarily selected for increasing autumn-winter production.

Among all small-grain cereals, rye is the most winter-hardy crop. It is proved to 
be the best in performance, especially under stressed growing conditions, because of 
its excellent biotic stress tolerance to multiple diseases and abiotic stress tolerance to 
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frost, drought, low pH, and marginal soil fertility [48, 49]. Rye performs better than 
other small grains, especially in the light-textured sandy soils, due to its prolific root 
system. It grows faster and produces more forage than wheat from autumn to winter. 
Livestock producers consider rye the most dependable cereal for winter grazing 
because of its reliable and great forage production [50, 51] and lower potential for 
causing grass tetany (livestock disease caused by magnesium deficiency) [52].

The main drawback of rye is that it is considered a terrible weed in wheat grown 
for grain, so it should not be planted in areas expected to be used for wheat grain 
production in the future. In addition, since rye develops fast and matures early, rye 
flowers often encounter late-spring freezing damage, causing potential seed yield loss.

The progress of increasing rye forage yield has been minimal because of limited 
breeding efforts, as only a few institutes, such as the University of Florida and 
the Noble Research Institute, have rye breeding programs. Cultivars commonly 
grown in the southern United States are those released many years ago. Rye is also 
an important grain crop worldwide, with 75% of grain production from Russia, 
Poland, Germany, and Ukraine [48].

In addition, rye is the most widely grown cover crop for sustainable agriculture 
because of its competitive ability to suppress weeds and scavenge residual soil nitro-
gen after other crops. Cereal rye is used widely as a winter annual cover crop in the 
United States because of its winterhardiness, high biomass production, and residues 
against weed species [53]. Studies have indicated that rye cover crop improves soil 
organic matter, nitrogen mineralization, and particulate organic matter [54].

4.3 Triticale

Triticale is a man-made crop from hybridizing wheat (Triticum spp. L.) and 
rye for combining the best traits from the two parental species. This artificial 
cereal inherited its cold tolerance, disease resistance or tolerance, and adaptation 
to unfavorable soil and climatic conditions from the male parent, rye, and its yield 
and nutritional quality from the female parent, wheat [55, 56]. Although breed-
ing efforts on triticale have been limited compared to those on other small grains, 
improved triticale cultivars produce competitive biomass and grain yield, making 
it a viable alternative crop especially under unfavorable growing conditions with 
diverse biotic and abiotic stress factors [56].

Triticale is an important crop especially in livestock farming systems, in which 
the crop is mainly produced for animal feed grain and/or forage [57–60]. In the SGP, 
triticale is grown mainly for grazing because of its superior performance in forage 
biomass production [56]. The forage yield of triticale is similar to that of rye but 
greater than that of wheat and oat in the southern Oklahoma [61]. Triticale also has 
greater forage quality for grazing animals when compared to rye [56]. In addition, 
triticale is a preferred forage crop for producing silage to cover the forage quality 
gap during dry, hot summers because of its high yielding and nutritional forage 
[56, 62]. Therefore, triticale is becoming more popular as an alternative forage to 
wheat and rye in the SGP, and it has the greatest potential for improvement due to 
its short breeding history [56].

4.4 Oats

Oat is another cereal commonly grown for grain and forage throughout the 
world. It is produced mainly in temperate, cool, and subtropical climates for grain 
and different forms of animal feed [63]. In the United States, spring oat is primarily 
produced for grain, while winter type is often grown for forage and in some cases as 
a dual-purpose crop [63].
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frost, drought, low pH, and marginal soil fertility [48, 49]. Rye performs better than 
other small grains, especially in the light-textured sandy soils, due to its prolific root 
system. It grows faster and produces more forage than wheat from autumn to winter. 
Livestock producers consider rye the most dependable cereal for winter grazing 
because of its reliable and great forage production [50, 51] and lower potential for 
causing grass tetany (livestock disease caused by magnesium deficiency) [52].
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for grain, so it should not be planted in areas expected to be used for wheat grain 
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the Noble Research Institute, have rye breeding programs. Cultivars commonly 
grown in the southern United States are those released many years ago. Rye is also 
an important grain crop worldwide, with 75% of grain production from Russia, 
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In addition, rye is the most widely grown cover crop for sustainable agriculture 
because of its competitive ability to suppress weeds and scavenge residual soil nitro-
gen after other crops. Cereal rye is used widely as a winter annual cover crop in the 
United States because of its winterhardiness, high biomass production, and residues 
against weed species [53]. Studies have indicated that rye cover crop improves soil 
organic matter, nitrogen mineralization, and particulate organic matter [54].

4.3 Triticale

Triticale is a man-made crop from hybridizing wheat (Triticum spp. L.) and 
rye for combining the best traits from the two parental species. This artificial 
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to unfavorable soil and climatic conditions from the male parent, rye, and its yield 
and nutritional quality from the female parent, wheat [55, 56]. Although breed-
ing efforts on triticale have been limited compared to those on other small grains, 
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the crop is mainly produced for animal feed grain and/or forage [57–60]. In the SGP, 
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its short breeding history [56].

4.4 Oats
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world. It is produced mainly in temperate, cool, and subtropical climates for grain 
and different forms of animal feed [63]. In the United States, spring oat is primarily 
produced for grain, while winter type is often grown for forage and in some cases as 
a dual-purpose crop [63].
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The use of winter oat as pasture or forage is common in the SGP of the 
United States [64]. Oat is an important forage crop in the region and is a useful 
alternative to forage wheat for stocker cattle production [63]. Oat grows fast and 
generates very competitive forage biomass yield in autumn and spring when air 
temperature is optimal for the crop; however, it produces much less forage in 
winter than wheat, rye, and triticale because of its sensitivity to freezing tem-
peratures. Therefore, improving winterhardiness is one of the main breeding 
objectives for winter forage oat. In addition, compared to other small grains, oat 
is in general more susceptible to various diseases, and it does not grow well in 
low-input systems; thus, it is not recommended for marginal land. Oat is gener-
ally the most preferred forage to grazing animals among all small grains due to its 
superior palatability.

In summary, pasture production varies greatly among small-grain cere-
als. Comparing forage, especially for stocker development, requires different 

Figure 2. 
Relative pasture production distribution of cool season small grain crops on sandy soil at Burneyville, 
Oklahoma.

Figure 1. 
Relative pasture production distribution of cool season small grain crops on heavy soil at Ardmore, Oklahoma.
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considerations specific to the farm, growing season, and climatic conditions. For 
example, oat is the best for autumn forage yield on clay soil at Ardmore, Oklahoma, 
while rye is the best on sandy soil at Burneyville, Oklahoma (Figures 1 and 2). 
Therefore, a holistic understanding of production environment, available manage-
ment options, and economic analysis is key to attain the intended use. The availabil-
ity of alternative forage options of small grains enables producers to make decisions 
that best fit their specific farm and climatic conditions.

5.  Improving small grains for winter pasture in the Southern  
Great Plains

Since small-grain cereals are produced mainly for grain, breeding efforts to 
improve small grains mostly focus on increasing grain yield and quality worldwide. 
Although small-grain cereals are also widely used as forage crops, cultivars being 
used for winter pastures were mostly developed for grain rather than forage. 
Therefore, there is a need to improve small grains for winter forage or dual-purpose 
production, especially in the SGP where livestock and forage production are the 
largest contributors to agricultural income. Ideally, small grains for grazing are 
those with tolerance to early planting, animal grazing, and various seedling biotic 
and abiotic stresses and those with vigorous early growth and regrowth and/or 
extended periods of vegetative growth.

In the southern United States, institutes that have breeding programs to 
improve cereals for forage or dual purpose include the Noble Research Institute 
(formerly the Samuel Roberts Noble Foundation), the Oklahoma State University, 
the Texas A&M AgriLife Research (Texas A&M University), the University of 
Georgia, and the University of Florida [46, 63, 65]. However, only the Noble 
Research Institute has a forage-focused small-grain breeding program, while 
other universities mainly deliver dual-purpose cultivars from their grain-focused 
breeding programs. The Noble Research Institute started its small-grain breed-
ing program with rye in the early 1950s. Since then, the institute has expanded 
its breeding program to include wheat, triticale, and oat with the objective of 
increasing forage or dual-purpose production. The research has particularly 
focused on developing cultivars with improved early vigor and regrowth vigor, 
improved grazing tolerance, and increased autumn-winter forage yield or total 
forage yield. The program has developed multiple improved forage cultivars of 
wheat, rye, oat, and triticale.

Biomass yield is the main target for forage crop improvement. The trait is usually 
measured through multiple clipping over seasons, posing difficulty in biomass 
yield estimation, especially when a large number of samples need to be evaluated 
at field scales [63]. Other physical methods of estimating biomass involved rising 
plate meters, capacitance meters, and clipping samples with meter sticks [66–69]. 
However, not only are these methods time-consuming, but it is also difficult to 
establish a reliable model for estimating biomass yield [70].

To augment breeding efficiency, high-throughput phenotyping platforms using 
remote sensing have been adopted recently in forage breeding and have facilitated 
biomass yield estimation for breeding selection [70–73]. Over the last few years, 
the Noble Research Institute has developed ground-based high-throughput phe-
notyping platforms and improved biomass prediction accuracies by incorporating 
normalized difference vegetation index (NDVI) with proximal sensors, such as 
ultrasonic and laser height measurements [70]. Similar phenotyping platforms have 
also been used in other breeding programs.
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considerations specific to the farm, growing season, and climatic conditions. For 
example, oat is the best for autumn forage yield on clay soil at Ardmore, Oklahoma, 
while rye is the best on sandy soil at Burneyville, Oklahoma (Figures 1 and 2). 
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ity of alternative forage options of small grains enables producers to make decisions 
that best fit their specific farm and climatic conditions.
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Great Plains
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extended periods of vegetative growth.
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(formerly the Samuel Roberts Noble Foundation), the Oklahoma State University, 
the Texas A&M AgriLife Research (Texas A&M University), the University of 
Georgia, and the University of Florida [46, 63, 65]. However, only the Noble 
Research Institute has a forage-focused small-grain breeding program, while 
other universities mainly deliver dual-purpose cultivars from their grain-focused 
breeding programs. The Noble Research Institute started its small-grain breed-
ing program with rye in the early 1950s. Since then, the institute has expanded 
its breeding program to include wheat, triticale, and oat with the objective of 
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focused on developing cultivars with improved early vigor and regrowth vigor, 
improved grazing tolerance, and increased autumn-winter forage yield or total 
forage yield. The program has developed multiple improved forage cultivars of 
wheat, rye, oat, and triticale.

Biomass yield is the main target for forage crop improvement. The trait is usually 
measured through multiple clipping over seasons, posing difficulty in biomass 
yield estimation, especially when a large number of samples need to be evaluated 
at field scales [63]. Other physical methods of estimating biomass involved rising 
plate meters, capacitance meters, and clipping samples with meter sticks [66–69]. 
However, not only are these methods time-consuming, but it is also difficult to 
establish a reliable model for estimating biomass yield [70].

To augment breeding efficiency, high-throughput phenotyping platforms using 
remote sensing have been adopted recently in forage breeding and have facilitated 
biomass yield estimation for breeding selection [70–73]. Over the last few years, 
the Noble Research Institute has developed ground-based high-throughput phe-
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6. Summary

Cool-season annual small grains remain the most important forage for stocker 
cattle producers in the SGP of the United States due to their high forage quality, 
adaptation to the environment, and economic contribution. They are also valuable 
for filling forage gaps and extending the grazing season as a complement to other 
grasses. Wheat, rye, triticale, and oat are the most common small-grain forages that 
provide production flexibility and economic stability with an alternative dual-pur-
pose option. Wheat is the most commonly grown because of its alternative value as 
a cash crop; rye is currently the best forage option on sandy, drought-prone soils or 
in graze-out systems; oat can be the most valuable when providing autumn forage; 
and triticale has the greatest potential for improvement and increased adoption.
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6. Summary

Cool-season annual small grains remain the most important forage for stocker 
cattle producers in the SGP of the United States due to their high forage quality, 
adaptation to the environment, and economic contribution. They are also valuable 
for filling forage gaps and extending the grazing season as a complement to other 
grasses. Wheat, rye, triticale, and oat are the most common small-grain forages that 
provide production flexibility and economic stability with an alternative dual-pur-
pose option. Wheat is the most commonly grown because of its alternative value as 
a cash crop; rye is currently the best forage option on sandy, drought-prone soils or 
in graze-out systems; oat can be the most valuable when providing autumn forage; 
and triticale has the greatest potential for improvement and increased adoption.
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Chapter 7

Performance of Forage Crops and 
Grass Mixtures in Kosovo
Sali Aliu, Imer Rusinovci, Shukri Fetahu and Dukagjin Zeka

Abstract

Grasslands represent a land-use which is effective and has great economical 
importance in the European agriculture. Grasslands these are important and effec-
tive sources of energy and proteins for ruminants, and combine high yields stability 
by draught resistance with low tillage operations and pesticide after use leading 
to good environmental conditions. Furthermore, good management practice in 
grasslands provides high potential of carbon sequestration in soils, resulting in 
climate change mitigation. Based on actual data, the meadows and pastures cover 
224410.83 ha of total surface of the Kosovo; moreover there, just a particular of 
these surfaces are distinguished clearly as meadows or pastures. The most impor-
tant forage crops which are dominant in our country include plants from Poaceae; 
this botanical family is divided into long, medium, and low herbs. Medium and long 
herbs are the best suited for mowing and silage or drying for sanitary preparations, 
while short herbs are very suitable for grassland. The most important of fodder or 
plants in Kosovo are: (Medicago sativa L.) alfalfa, red clover (Trifolium pratense L.), 
white clover (Trifolium repens L.), etc. Legumes are of great importance for the 
creation and development artificial grasslands and very valuable mulching surfaces 
that produce very high yields that are not only useful for silage, but also for drying.

Keywords: grasslands, legumes, Kosovo, distributions, nutritive values, diversity

1. Introduction

Forage crops and pastures provide the bedrock to sustainable agriculture. 
Grasslands cover about 70% of the world’s agricultural area. They have a crucial role 
in terms of food production and in the delivery of ecosystem service such as water 
supplies, biodiversity and carbon sequestration. The grasslands of the world face 
a range of challenges from climate change including the effects of elevated atmo-
spheric carbon dioxide, increasing temperatures, changes in precipitation regime 
and higher concentrations of ground level ozone [1]. Forage are defined as the edi-
ble parts of plants, other than separated grain, that provide feed for grazing animals 
or that can be harvested for feeding [2]. Forage plants provide humans with valu-
able ecosystem services, for example, they feed an estimated 1.5 billion cattle, 1.2 
billion sheep, 1 billion goats and 0.2 billion buffalo around the world—supplying 
meat, milk and 33 other commodities [3]. Forages play a critical role of herbivores 
in nutrition, and are the foundation of most livestock rations. Nutritional require-
ments vary among types and classes of grazing animals; thus, what constitutes 
“high quality” forage for one animal may be “low quality” forage for another. For 
example, a dry cow will not require the same quality forage as a lactating cow [4]. 
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Livestock production can convert non-edible crops such as the forages into human 
food, with sustainable intensification possible when the system inputs and outputs 
are balanced [5]. Forage from grasslands is used to feed livestock and globally rep-
resent 26% of the land area, and 70% of agricultural area [6]. Forage crops consist 
in front of usually in grasses (Poaceae) or herbaceous legumes (Fabaceae) and some 
other botanical families. Bulky feeds are also termed forage and are produced from 
grass, cereal and legume cropping as described above, such as alfalfa, Lolium spp. or 
a mixture of the two. This forage can be provided to animals directly through graz-
ing pasture land or in a processed form, such as hay (where water content is >15%) 
or dried (pelleted) biomass [7]. Due to the relatively recent forage cropping com-
pared to other agricultural plant species, there were few improvements before 1900. 
Recently, agricultural trends and the global economic importance of forages, lead to 
cultivars have been bred by bred cultivars. These improvements are helped by many 
closely related wild populations which are potential for developing of new lines [8]. 
Most desirable improvements are increasing dry matter yield, crop durability and 
diseases resistance to particularly by pathogenic fungus and nematodes, dry matter 
digestibility, and nutritional content of this tissue. Arguably the greatest improve-
ments have been made in breeding of Medicago spp., Trifolium spp., Lolium spp. and 
Festuca spp. [7].

1.1 Importance of forage and pastures in Kosovo

Actually Kosovo has around 1.9 million resident inhabitants, which mostly lives 
and works in urban areas. Last 20 years the Kosovar’s society faced dramatically 
changes, lot of rural areas are abounded and consequently the arable lands and 
animal farms also, but these areas are not use as meadows neither as pasture now.

Based on actual data, the meadows and pastures cover 224410.83 ha of total 
surface of the Kosovo; moreover there, just a particular of these surfaces are 
distinguished clearly as meadows or pastures. Last agriculture census found that 
65099.00 ha are meadows, 11724.27 ha pastures and 147587.56 ha are not clearly 
defined [9]. But these surface are used in alternate manner depends to farmers 
need. Trends of the immigration within or outside the country are quite high and 
lot of smallholders abandoned agriculture and farming. The number of small 
ruminants is decreasing year to year, which is affecting pastures disuse, and reduc-
tion of other ruminants has impact of the low use of meadows. Moreover, the cities 
extension and new infrastructure development is playing a huge impact on priva-
tion of agriculture land in general. In 30 years Kosovo has lost around 37000.00 ha 
of meadows and pastures. The largest areas with grasslands are in the mountains of 
Sharr, Bjeshkët e Nemuna, and Bjeshkët e Deçanit [9] (Figure 1).

Pastures are preferential to other animal feed resources, as having high nutri-
tional value, and good taste, meeting nutritional requirements of herbivorous 
(cattle, sheep, goats, horses, etc.). Animals that feed on pastures have better health 
because they are daytime in the fresh air and other influence in health [10, 11]. 
Therefore, this also has an impact on the productivity and fertility of animals, are 
cheaper meals and there is no need to invest in food preparation, Plots in which 
grazing is continuously improved has an impact on the grazing quality. The fresh 
green forages dominate the humidity and this varies depending on the plant stage 
and ranges from 60 to 80%. Also, the dry matter obtained from new plants has 
high nutritional value as well as protein over 20%, and often brings up to 25% in 
dry matter. The amount of protein largely depends on the botanical composition 
where leguminous plants are dominant. Different factors affect forage crops, i.e., 
the botanical composition, plant botanical development, type and quality of land, 
climate, technology of grazing utilization (melioration, fertilization, grazing, etc.). 
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Forages play basic role in Kosovo’s beef cattle and milk industry while also enhanc-
ing crop diversity, wildlife habitat, and soil ecosystem services.

1.2 Distribution of pastures and forage crops in Kosovo

Meadows (14%) and pastures (30.2%) occupy significant land parts in Kosovo 
and they are very important source of fodder for feeding the livestock and protect-
ing soil from against erosion [10, 12, 13]. Plants from Poaceae family are the basic 
forage crops which are dominantly in Kosovo. This group of herbs is divided into 
long, medium, and low herbs. Medium and long seeds are best suited for mowing 
and silage or drying for sanitary preparations, while short herbs are very suitable 
for grassland. In this group of plants many years old herbs are of great economic 
value, because they represent basic green foods in meadows, and artificial mead-
ows. Intensive meadows and pastures can be found on over 2000 types of herbs 
[14]. Trifolium spp. has different distribution according as administrative region of 
the Kosovo. Peja’s region covers the largest surface with Trifolium spp., or 34% of 
total areas 2084.50 ha (Figure 2) followed by Prishtina and Mitrovica regions.

In some extensive pastures highlighted about 200 species per 1 ha. This kind 
of herbs has high energy value. Moreover legumes which are also key components 
which were the participation of this group the pastures, where the participation of 
this group significantly increases the nutritional value of pastures. Legumes greatly 
contribute in creating and developing artificial grasslands and higher valuable 
mulching surfaces that produce higher yields that can be used for silage by drying. 
The most important types of fodder plants in Kosovo are: alfalfa (Medicago sativa L.), 
red clover (Trifolium pratense L.), white clover (Trifolium repens L.), Italian ryegrass 

Figure 1. 
Surfaces with forage crops in Kosovo [9].
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value, because they represent basic green foods in meadows, and artificial mead-
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[14]. Trifolium spp. has different distribution according as administrative region of 
the Kosovo. Peja’s region covers the largest surface with Trifolium spp., or 34% of 
total areas 2084.50 ha (Figure 2) followed by Prishtina and Mitrovica regions.

In some extensive pastures highlighted about 200 species per 1 ha. This kind 
of herbs has high energy value. Moreover legumes which are also key components 
which were the participation of this group the pastures, where the participation of 
this group significantly increases the nutritional value of pastures. Legumes greatly 
contribute in creating and developing artificial grasslands and higher valuable 
mulching surfaces that produce higher yields that can be used for silage by drying. 
The most important types of fodder plants in Kosovo are: alfalfa (Medicago sativa L.), 
red clover (Trifolium pratense L.), white clover (Trifolium repens L.), Italian ryegrass 

Figure 1. 
Surfaces with forage crops in Kosovo [9].
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(Lolium multiflorum L.), bird’s-foot trefoil (Lotus corniculatus L.), red fescue (Festuca 
rubra L.), etc. Surface of 15010.77 ha in Kosovo is cultivated by alfalfa. This specie 
covers 40% in regions of Prishtina and Prizreni, followed by Peja and Mitrovica 
region (Figure 3).

The Poaceae is the fourth largest family of flowering plants after the Orchidaceae, 
the Compositae and the Leguminosae [15]. One of the reasons for growing species in 
mixtures is getting a high nutrient feed with a balanced nutrient compounds [16]. 
Even in the natural meadows, a very large number of perennial legumes have been 
added, which add to the value of pastures. Their number in pastures and meadows 
is nearby 100 different types. Analyzing the floristic composition pointed clearly 
mainly of mesophilic with elements of xerophilic plants conditioned by relief shape 
and soil type. Mixture meadows are present in all sides of the country, but the 
largest surface, of total surface 6689.22 ha, is in Prishtina region or 32% whereas 

Figure 2. 
Distribution of Trifolium spp. by across Kosovo [9].

Figure 3. 
Distribution of alfalfa by across Kosovo [9].
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the Gjakova’s region has the only 3% of surface with this forage. Distributions of the 
mixtures of meadows are presented in Figure 4.

In general, there is quality of the forage to the greater animal production 
response. While the concept of forage quality is fairly simple and straight forward, 
in reality it is rather complex. Furthermore, good management practice in grass-
lands provides high potential of carbon sequestration in soils, resulting in climate 
change mitigation.

1.3 Plant diversity of forage crops and pastures

Forage genetic resources play a very important role in food security and poverty 
alleviation, particularly in developing countries. Grasslands are among the larg-
est biomes in world. Their area is estimated at and cover about 52.5 million square 
kilometers or 40.5% of the terrestrial area, excluding Greenland and Antarctica 
[2]. In the West Balkan (WB), the most important legume forage crops are alfalfa 
(Medicago sativa L.) and red clover (Trifolium pratense L.), which are mainly used 
as single N-fixation crops and rarely in mixture with grasses [17]. Alfalfa monocul-
ture is still prevalent in Europe, where it is the backbone of organic crop-livestock 
systems, also significantly contributing to conventionally managed systems [18]. 
However, grass–legume mixtures are gaining new interest in Europe and elsewhere, 
owing to the energy and environmental costs associated with the synthesis and 
use of nitrogen fertilizers [17]. Sown pasture within arable rotations is important, 
mainly in temperate regions, for livestock production and fertility maintenance in 
rotations. Cut and carry fodder is locally important, especially for smallholders. 
Because mainly of the farmers in Kosovo store forage crops, i.e., Alfalfa for a longer 
period of time, to serve the animals as dry feed especially during the winter season.

1.4 Nutritive values of forage crops

Forage nutritive value partly depends on the available of nutrients in the plants 
for animals. Legumes also meet the requirement for greater self-sufficiency of 
feed proteins at the farm and the country levels [19]. Grass-legume mixtures are 
preferred over pure-grass forage stands throughout the world because they often 
increase the total yields of herbage and protein and offer balanced nutrition [20]. 

Figure 4. 
The distribution of mixture meadows across Kosovo [9].
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There are several grass species which could be successfully grown with legumes. 
Orchard grass (Dactylis glomerata L.) has been species of the favorite grasses for 
meadows in West Balkan (WB) due to its high annual forage yield and its ability to 
re-grow quickly after being cut or grazed. Tall fescue (Festuca arundinacea Sherb.), 
red fescue (Festuca rubra L.) and Italian ryegrass (Lolium italicum L.) are among the 
best forage grasses used in WB due to higher forage yield, fast re-growth and winter 
hardiness. In the point of view of yields (Dry Matter/ha), experiments at levels of 
Kosovo as well as the WB highlighted: (1) Association of Red Clover (RC) + Italian 
Grass (IG) was 12.0 t/ha DM; (2) Bird’s-foot trefoil (BT) + Red Fescue (RF) 7.4 t/
ha DM; (3) While the only Red Fescue (RF) provided 8.8 t DM [17]. As far as the 
nutritive values are concerned, combining RC + IG resulted in 11.38% Crude protein 
(CP) 33.90%, Crude Fiber (CF), 64.85% Neutral Detergent Fiber (NDF) and 38.19% 
Acid Detergent Fiber (ADF). The only Red Clover (RC) showed 10.69% CP, 33.32% 
CF, 72.63% NDF and 37.14% ADF [17]. The protein content (PC) is a quantitative 
trait and several studies have pointed out that there are a great number of genes 
involved in its control [21]. However, it is a challenge to manage the mineral supply 
of ruminants fed on grassland, because mineral concentrations in the herbage are 
influenced by a number of factors including species composition of the sward [22].

2. Conclusions

Forage genetic resources play a very important role in food security and poverty 
alleviation, particularly in developing countries. The distribution of plant species 
and their frequency differed from a location to another in Kosovo. Meadows (14%) 
and pastures (30.2%) are a significantly in Kosovo and appeared to be the key 
resources for feeding livestock and protecting the soil from erosion. Definitively 
forages play an important role in Kosovo’s beef cattle and milk industry while also 
enhancing crop diversity, wildlife habitat, and soil ecosystem services.
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