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Abstract

The negative effect of soil erosion and soil compaction is well documented for
the purpose of optimum rangeland functioning, while the impact of rangel-
and degradation on effective soil depth is seldom quantified. The aim of this
study was to quantify the response of vegetation cover and soil properties,
particularly effective soil depth and soil texture to rangeland degradation.
Forty-one farms were sampled in the arid and semi-arid climate of South
Africa. Within these farms, data was collected over a vegetation degradation
gradient. Results showed a significant decline in relative basal cover (94% *
15% to 39% * 17%) and soil depth (90% * 14% to 73% + 24%) as rangeland
degraded. Soil texture changes over the degradation gradients vary for differ-
ent homogeneous vegetation types. Indications regarding the loss of a func-
tioning rangeland ecosystem were also demonstrated, using objective
long-term relations between rangeland conditions and grazing capacity. The
study highlights the importance of sustainable rangeland management prac-
tices to reduce the loss in effective soil depth and to ensure the sustainable
utilization of the rangeland ecosystem. These results can probably extrapolate
to other arid and semi-arid rangelands worldwide.
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1. Introduction

There is no doubt that rangeland degradation affects the quality of soil and this
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might vary across different vegetation types, climatic conditions and soil types.
Soil degradation on rangelands involves the decline in soil quality caused by un-
sustainable rangeland management practices. Soil quality degradation is a se-
rious global environmental problem and may be exacerbated by rangeland de-
gradation, desertification and climate change (Van der Westhuizen et al., 2020).
According to Pimentel and Burgess (2013), the world has lost a third of its arable
land in the past 40 years due to erosion (physical degradation) or pollution
(chemical degradation), and according to Thompsell (2017), 40% of the land in
Africa is degraded. When the production potential of rangelands is overesti-
mated, the subsequent overgrazing will lead to a decrease of palatable perennial
plants in favor of less palatable, undesirable vegetation (Van der Westhuizen et
al., 2005), while the vegetation cover, soil quality (Kotzé et al., 2020) and prod-
uctivity of the rangeland will also decline. This causes permanent degradation of
rangeland and soil quality, hampering the ability to sustain optimal livestock
production which will have a negative impact on global food demand in future.

Soil depth is critical for optimal plant productivity (Kosmas et al., 1999). Any
discontinuities in the soil profile, from layers of sand or gravel to bedrock, as
well as soil compaction can physically limit root penetration (Snyman, 2009).
Effective soil depth is also affected by a number of other factors with various
scales that include inter alia parent material weathering, climate conditions, ve-
getation cover, topographical position, soil type as well as kind of land use and
human activities (Boettinger et al., 1997; Zare et al., 2011; Abd-Elmabod et al.,
2017). Soil depth can greatly influence the types of plants that can grow in soils.
Deeper soils can usually provide more water and nutrients to plants than more
shallow soils (Kotzé et al., 2020).

One of the important reasons for soil degradation on rangeland can be linked
to the effect of animals on soil compaction (Jacobs, 1988; Kotzé et al., 2020).
Animal tramping firstly leads to soil compaction, as well as a decline in soil
structure of the topsoil (Euckert et al., 1978; Du Toit, 1986; Kotzé et al., 2020).
This will lead to lower water infiltration and aeration (Pietola et al., 2005), in-
crease of surface runoff, soil erosion and nutrient losses (Smith et al., 1990; Zhou
et al.,, 2010). These effects enhance the soil resistance against root growth pene-
tration (Schenk & Jackson, 2002) and also have a negative impact on the survival
rate of seedlings (Kinucan & Smeins, 1992; Adams, 1996). It seems that soil
compaction and stocking rate are linked as Chamane et al. (2017) found signifi-
cantly higher soil compaction in short duration, high density grazing farms with
a stocking rate of double the number of animal units, compared to low density
grazing systems. These data were collected along fence line contrast between the
different grazing systems in mesic grassland vegetation near Cedarville and
Kokstad in South Africa. Kotzé et al. (2013) also found higher bulk densities in
communal farms with a stocking rate of 4.3 ha-LSU™! compared with commer-
cial farms with a stocking rate of 6.4 ha-LSU™', while the lowest bulk densities

were found in a nature reserve with a stocking rate of 10.4 ha-LSU™, in a grass-
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land vegetation type near Thaba Nchu in South Africa. Animal tramping and soil
compaction due to unsustainable rangeland practices can also lead to the break-
down of soil aggregates (Stavi et al., 2011; Teague et al., 2011; Kotzé et al., 2013).
According to Zhou et al. (2020) soil aggregates, the basic unit of soil structure
mediates many physical and chemical processes in soils, such as soil compaction,
soil nutrient recycling, soil erosion, root penetration, and crop yield.

The effect of rangeland degradation on soil erosion is well documented in
South Africa (Snyman, 2014). Soil loss from rangeland in arid and semi-arid
areas can increase on the same soil from 0-4 to 2-6 t-ha™'-year™ as rangeland con-
dition deteriorates and vegetation composition and cover change. The genesis of
soil however, is very slow, and according to Scotney and McPhee (1991) soil loss
(marginal values) from rangeland in southern Africa of 0-5 to 1-0 t-ha '-year™ is
permissible.

Rangeland degradation and soil degradation are dependent on each other. The
functioning of both the soil and the plant communities is crucial for the sus-
tainability of the rangeland ecosystem. Rangeland conditions, as an indication of
vegetation composition and cover, are usually employed to determine the cur-
rent state of health of rangelands, whereby soil indicators such as the loss in ef-
fective soil depth and change in soil texture may have long-term impacts. With
soil degradation research on rangelands, the focus is mainly on soil erosion and
soil compaction, while less attention is given to effective soil depth and soil tex-
ture. Quantifying the response of effective soil depth and soil texture to range-
land conditions for arid and semi-arid climate, will contribute to a better under-
standing of the collapse of ecosystems’ ability to sustain livestock production. By
linking the loss in ecosystem services to rangeland condition and soil degrada-
tion, more sustainable animal performance recommendations can be made.

The challenge therefore lies in balancing soil degradation processes with the
beneficial effects of the application of healthy rangeland management prin-
ciples and conservation practices by ensuring that rangelands are in an optimal
condition to ensure sustainable ecosystem functioning. Our hypothesis was
that rangeland degradation over long periods enhances soil erosion and soil
compaction, which leads to a decline in effective soil depth in arid and
semi-arid environments. The aim of this study was therefore to investigate the
effect of rangeland conditions on the decline in basal cover and soil properties,
particularly effective soil depth and soil texture and to calculate the loss in
ecosystem functioning across the arid and semi-arid climate of the Free State

province, South Africa.

2. Materials and Methods
2.1. Study Area

The study area is located in the central, southern and western parts of the Free

State province of South Africa (Figure 1) and includes an area of about 90,000
km? (Latitude 27°55'S - 30°40'S, Longitude 24°10'E - 27°45'E). The area varies
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Figure 1. Study area with farms and relative homogenous vegetation communities in the Free State province, South
Africa. (1— Panicum Grassland; 2— Themeda-Sporobolus Grassland; 3—Sandy vegetation south; 4—Sandy vegetation
north; 5— Eragrostis grass-Karoid vegetation; 6—Open Parkland north and 7—Open Parkland south).

from 1650 m in the east to 1150 m above sea level in the west.

The vegetation was classified by Van der Westhuizen (2003) in sixteen differ-
ent relative homogeneous vegetation communities, varying from the Grassland
biome in the east to the Savannah biome in the north-west and the Nama-Karoo
biome in the western parts according to the classification of Mucina and Ru-
therford (2006). Mean annual rainfall varies between 600 mm in the east to 300
mm in the west. Though major seasonal differences occur, 70% - 80% of rain
falls in summer from November to April. The different relative homogeneous
vegetation communities were further divided into arid (average rainfall below
400 mm) and semi-arid (average rainfall above 400 mm) environments accord-
ing to indications of Kotzé et al. (2020). The highest mean monthly maximum
temperature of 29.7°C for summer occurs during January in the east, compared
to 33.7°C in the west. The lowest mean monthly minimum temperature during
winter varies from —3.0°C in the east to 1.2°C in the west. Climate data and do-
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minant soil forms as classified by the Binomial System for South Africa
(Macvicar et al., 1977), as well as the World Reference Base for Soil Resources
(WRB, 2007) were used as indicated in Table 1 for a few selective homogeneous

vegetation types.

2.2. Sampling Sites

Sites were collected on 41 farms evenly distributed over the study area. Three
plots (100 m x 100 m) were selected on every farm representing different ran-
geland conditions over a grazing gradient, starting near an artificial water point.
To limit soil, slope and topography differences, plots were limited to areas
representing the same ecotype (Trollope et al., 1990) within the same paddock
on every farm.

The species composition of the herbaceous layer was determined on the basis
of frequency of occurrence, using the wheel point apparatus (Tidmarsh & Ha-
venga, 1955) where nearest plant and basal cover strikes were recorded. Basal
cover is defined by Trollope et al. (1990) as the area of ground covered by the
living basal portions of plants. Effective soil depth was determined using an au-
ger, where the depth was material which markedly restricts water as well as root
penetration. Topsoil was also collected to a depth of 200 mm to determine tex-

ture classes.

2.3. Experimental Techniques

The botanical composition was used to determine rangeland conditions. Ran-
geland conditions were determined for every site using a degradation gradient
technique which was previously developed for every relative homogeneous vege-
tation community (Van der Westhuizen et al., 1999; Van der Westhuizen, 2003;
Van der Westhuizen et al., 2005; Van der Westhuizen & Snyman, 2011a). Ran-
geland condition was further divided into five classes ranging from very poor

Table 1. Homogeneous vegetation types, climate and dominant soil forms.

Average monthly

Vegetation types* Rainfall temperatures (*C) Dominant soll types
(mm)
Max. Min. SA forms SA series WRB
Panicum Grassland! 460 - 580 30.1 -1.2 Arcadia  Arcadia, Gelykvlakte Pelic Vertisols
Themeda-Sporobolus* 400 - 525 30.9 -1.6 Hutton Shorrocks Chromic Luvisols
Sandy vegetation south! 400 - 490 32.6 -1.0 Hutton Shorrocks Chromic Lixisols
Sandy vegetation north' 400 - 490 32.6 -1.0 Hutton = Mangano Shorrocks Chromic Cambisols
Eragrostis grass-Karoid? 320 - 440 33.7 0.1 Hutton Mangano Chromic Regosols
Open Parkland north? 300 - 400 33.3 1.2 Hutton Mangano Chromic Regosols
Open Parkland south* 320 - 450 32.0 0.0 Hutton Mangano Chromic Regosols

*1Semi-arid Grassland biome; 2Arid Nama-Karoo biome; 3Arid Savannah biome; *Arid transition between Nama-Karoo and Sa-

vannah biomes.
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(=20%), poor (21% - 40%), moderate (41% - 60%), good (61% - 80%) and excel-
lent (>80%). Analysis of variance (ANOVA) was used to test the influence of
rangeland condition classes on soil depth. For comparison of means we used the
least significant difference (LSD) method with a p < 0.05 level of significance. A
sieve and pipette method (The Non-affiliated Soil Analysis Work Committee,
1990) was applied to determine particle size distribution: clay (<0.002 mm), fine
silt (0.002 - 0.02 mm), coarse silt (0.02 - 0.05 mm), very fine sand (0.05 - 0.10
mm), fine sand (0.10 - 0.25 mm), medium sand (0.25 - 0.5 mm), and coarse sand
(0.5 - 2 mm) as indicate in Table 2. Regression analyses were further used to
demonstrate the correlation between rangeland conditions and effective soil
depth as well as rangeland conditions and soil texture, for some of these homo-

geneous vegetation communities.

3. Results and Discussions

Due to the great variation of soil depth between the different homogenous vege-
tation communities, soil depth for every site was expressed as a relative value in
comparison with the largest soil depth for every farm (Table 3), while basal cov-
er was also expressed as a relative value for every homogeneous vegetation
community (Table 3). To quantify the loss in the functioning of the ecosystem
in terms of grazing capacity, the relation between rangeland conditions and
grazing capacity was used as previously described by Van der Westhuizen et al.
(2001), Van der Westhuizen (2003) and Van der Westhuizen and Snyman
(2011b). These relations were determined over the long-term (13 years) along
degradation gradients for 10 of the 16 homogenous vegetation types (Van der
Westhuizen, 2003). Ecosystem functioning for livestock production was further
calculated, for this study based on the loss in grazing capacity and livestock
numbers in comparison with optimal conditions. The relative livestock numbers

according to the grazing capacity for different rangeland conditions in each of

Table 2. Variation in soil particle size distribution (%) and effective soil depth (mm) for the different homogeneous vegetation

types.
Panicum Themeda- Sandy Sand?r Eragrostis Open Open
Grassland  Sporobolus vegetation south vegetation grass-Karoid Parkland Parkland
north north south
Clay 26 - 44 16 - 27 14 - 23 9-26 11-15 8§-11 9-11
Fine silt 3-6 3-7 2-4 1-4 <9 2 1-3
Coarse silt 10-19 4-16 4-9 5-16 3-10 1-4 3-4
Very fine sand 27 - 47 13-23 16 - 22 36 - 50 37 -45 23-25 28 - 30
Fine sand <10 21-61 43 - 63 10-24 16 - 28 55-57 50 - 52
Medium sand 1-6 4-7 4-6 8-15 14-18 7-9 7-8
Coarse sand 1-4 <3 <1 1-2 1-3 <1 1
Soil depth 350 - 750 630 - 830 250 - 800 500 - 1000 550 - 880 450 - 1000 450 - 1000
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Table 3. Relative soil depth, basal cover and ecosystem functioning loss for different ran-
geland condition classes.

Relative soil Relative basal  Relative ecosystem

1 iti 1
Rangeland condition classes depth (%) cover (%) functioning loss (%)

Excellent (>80%) 90 £ 13.9* 94 + 15.4* 0-6
Good (61% - 80%) 84 +21.9® 77 £19.3° 6-23
Moderate (41% - 61%) 77 +21.9° 65 + 23.5° 23 -51
Poor (21% - 40%) 73 +24.3° 42 + 18.4¢ 51-70
Very poor (<£20%) 76 + 22.0®® 39 +17.1¢ >70

abedValues (mean + SD) within a column followed by different superscript letters are sig-
nificantly different (p < 0.05).

the homogenous vegetation types was calculated using the methodology de-
scribed by Van der Westhuizen (2003).

Although soil depth can vary greatly over a short distance, statistical analyses
revealed a significant difference between relative soil depth and rangeland con-
dition classes, whereby soils of the excellent condition class were significantly
deeper (p < 0.05) than those of the moderate and poor condition classes. With
the exception of the very poor condition class, a clear trend was found between
relative soil depth and declining rangeland condition classes, where soil depth
declines as rangeland conditions decrease. The larger soil depth in the very poor
condition class in comparison with the poor condition class could be probably
attributed to the fact that species with low creeping growth forms, predominate
in the very poor condition class and includes species such as Cynodon hirsutus,
C. dactylon and Sporobolus discosporus. The availability of these species to
grazers is low and is very resistant to grazing. Due to stolons and rhizomes these
perennials are excellent soil stabilizers and very useful in preventing further soil
erosion (Gibbs Russell et al., 1990; Van der Westhuizen et al., 1999; Fouché et
al., 2014), while the creeping growth form also protects the soil against animal
trampling. Relative basal cover decreased significantly (p < 0.05) over the degra-
dation gradients, where relative basal cover for rangeland in excellent condition
was significantly higher than rangeland in good and moderate condition, which
was significantly higher than rangeland in poor and very poor condition classes
(Table 3).

The calculated average loss in the functioning of the grazing ecosystem for li-
vestock production, was striking. Although the relation between rangeland con-
dition and grazing capacity will vary between the different homogeneous vegeta-
tion types, the functioning of both the plant communities and soil is crucial for
sustainable ecosystem functioning. Some consistent differences remained for ef-
fective soil depth; soil texture and plant cover over degradation gradients as out-
lined for a few homogeneous vegetation communities below. For these few rela-
tive homogeneous vegetation communities, soil depth was more sensitive to

rangeland condition, and they vary from the clayey soils of the floodplains of
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rivers to the more deeply sandy soils.

3.1. Homogeneous Vegetation Communities

3.1.1. Panicum Grassland of the Floodplains of the Vet and Sand Rivers
This area comprised the flood plains all along the riverbeds of the Vet and Sand
rivers (Figure 1), a distance of about 110 km starting in the east at the Alleman-
skraal and Erfenis dams and ending in the west in the magisterial district of the
town Hoopstad. This homogeneous vegetation community plays a major role in
the catchment area of Bloemhof dam. Soils can be classified as Vertisols (WRB,
2007), with a high clay content, and mean annual rainfall varies between 460
mm in the west to 580 mm in the east (Table 1) with a standard deviation of
more than 135 mm. Vegetation is classified as sweet grassland with Panicum co-
loratum dominating when it is in an ecologically stable condition. Setaria
spacelata can also be abundant while relatively dense stands of Vachellia karoo
trees and a sparse growth of karoo shrubs also occur. With rangeland degrada-
tion the highly palatable P. coloratum will decline mainly at the expense of the
unpalatable Aristida bipartita, while the creeping growth form grass Sporobolus
discosporus will dominate on trampled and overgrazed rangeland (Van der
Westhuizen, 2003).

Relation between rangeland conditions and basal cover, soil depth (Table 4)
and soil texture (Table 5) was identified for this relatively homogeneous vegeta-
tion community. The clay fraction decreased over the degradation gradient,
while the total sand fraction increased with rangeland degradation. This could
probably be explained by the high clay and silt fractions of the Vertisols.
Clay-sized sediment, because of its very small size, is more susceptible to surface
runoff in either the suspended or attached form when topsoil texture changes

from clay to sandy clay loam. The loss of soil depth and the clay sediment due to

Table 4. Vegetation, soil depth and ecosystem functioning changes over the degradation
gradient for the Panicum Grassland of the floodplains of the Vet and Sand rivers.

Rangeland . Basel Soil Grazing Loss in
. Dominant .
condition lant ) cover depth capacity (ha ecosystem
ant specie
(%) PP (%)  (mm) LSU-')*  functioning (%)
78 P. coloratum 7.2 710 5.4 0
70 P. coloratum 6.6 650 5.4 0
60 P. coloratum 5.8 590 5.5 2
50 P. coloratum 5.0 530 6.0 10
40 P. coloratum 4.2 470 9.7 44
30 S. discosporus 3.3 420 37.9 86
26 S. discosporus 3.0 400 77.5 93
R? 0.882 0.715

*According to Van der Westhuizen (2003).
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Table 5. Soil texture changes in (%) over the degradation gradients (RC—Rangeland condition).

Panicum Themeda- Sandy vegetation Eragrosti.?' Open Parkland Open Parkland south
RC (%) Grassland Sporobolus north grass-Karoid north
Clay Sand Clay Sand Clay Sand Clay & fine Silt  Clay Sand Clay & fine Silt  Sand
100 18 76 11 79 9 90
90 19 75 11 79 9 89 12 87
80 43 30 21 71 11 79 9 89 11 87
70 39 39 23 66 11 79 19 10 88 11 88
60 34 48 25 59 11 79 17 10 88 11 88
50 31 54 26 51 11 79 15 10 88 11 88
40 29 56 11 79 13 10 87 10 88
30 27 56 11 79 12 11 87 10 89
20 11 79 11 86 10 90
10 11 79 11 86
0 26 57
R? 0.96 0.98 0.81 0.94 0.97 0.89 0.53 0.67 0.99 0.99 0.97

unsustainable grazing practices, which reduce plant cover, may also be an im-
portant mechanism leading to loss of nutrient content and water quality, reduc-
ing sustainability of irrigation schemes along-side these rivers and the Bloemhof
dam. The calculated loss in the functioning of the ecosystem is also striking with
a loss of 44% at a rangeland condition of 40% (Table 4). Although the highly
palatable P. coloratum can still be the dominant species, its composition reduces
from 72% to 24% in comparison with optimum rangeland conditions, while the
unpalatable A. bipartita and the karoo shrub Felicia muricata also increase at the
expense of P. coloratum (Van der Westhuizen, 2003). The estimated loss in eco-
system functioning increased further to more than 85% when the creeping
growth form grass, S. discosporus started to dominate if rangeland deteriorates

to poor with a rangeland condition of 30%.

3.1.2. Themeda-Sporobolus Grassland

This relatively homogeneous vegetation community is covered by the largest
parts of the magisterial district of Bultfontein, the western parts of the magisteri-
al district of Brandfort and smaller parts of Boshof district (Figure 1). The area
varies from 1250 m in the western parts to 1420 m above sea level in the east.
The occurrence of big endorheic basins (pans) is characteristic of this area. Mean
annual rainfall varies from 400 - 525 mm with a standard variation of more than
135 mm. The dominant soil form for the area is Luvisols (Table 1) with more
than 15% clay. Vegetation can be described as sweet grassland where Themeda
triandra dominate and is therefore still in optimum condition. However, with

degradation the stable perennial grass cover decline as the result of injudicious
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rangeland management. The original grassland will then be largely replaced by
Karoo-like vegetation (Van der Westhuizen, 2003).

A relation between effective soil depth and rangeland conditions, as well as
basal cover (Table 6), soil texture and rangeland condition (Table 5) was identi-
fied. The consequence of the degradation of the natural grass cover, which led to
the dominance of karoo shrubs, results in a decline in the grazing capacity as
well as a loss in the ecosystem’s ability to produce livestock sustainably. Rangel-
and conditions of 70% and higher, where the highly desirable 7. triandra domi-
nate, is relatively stable in terms of ecosystem functioning. The ecosystem func-
tioning however started to decline at a condition of 60%. Although C. Airsutus
started to dominate, perennial grasses such as 7. triandra and Eragrostis spp. are
still abundant at this condition class. The estimated loss in ecosystem function-
ing increased further to more than 40% when karoo shrubs started to dominate
when rangeland deteriorates to conditions of 50% and lower. Grazing capacity
will also decline from 6.2 ha-LSU™! to 11.3 ha-LSU! and even lower (Table 6).
As the sparse plant cover of karoo shrubs cannot give the soil adequate protec-
tion, soil loss and soil compaction increased, leading to a loss in soil depth. An
association between soil erosion, soil compaction and effective soil depth was
also found by Jordaan (1997) as rangeland deteriorate in the Western Grassland
Biome of South Africa. In contrast with the Panicum Grassland of the flood-
plains of the Vet and Sand rivers, the sand fraction, especially the fine fraction of

the topsoil is removed, while the more clayey fraction of the soils remains.

3.1.3. Southern Variation of Sandy Vegetation of the Western Free State

This homogeneous vegetation community is situated south of the Modder River
in the largest part of the magisterial district of the town Petrusburg, as well as
the western parts of Bloemfontein (Figure 1). Soils can be classified as Lixisols
(WRB, 2007). The area varies from 1250 m in the western parts to 1360 m above

Table 6. Vegetation, soil depth and ecosystem functioning changes over the degradation gradient for the Themeda-Sporobolus

Grassland.
Rangeland Dominant plant  Basel cover Soil depth Grazing capacity Loss in ecosystem
condition (%) specie (%) (mm) (ha LSU)* functioning (%)
96 T. triandra 7.8 790 6.2 0
90 T. triandra 6.9 770 6.2 0
80 T. triandra 5.6 740 6.3 2
70 T. triandra 4.6 700 6.4 3
60 C. hirsutus 3.7 670 7.3 15
50 Karoo shrubs 3.0 640 11.3 45
45 Karoo shrubs 2.7 630 15.0 59
R? 0.638 0.871
*According to Van der Westhuizen (2003).
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sea level in the east with a mean annual rainfall of 400 mm to 490 mm (Table 1).
Vegetation can be described as semi-arid, sweet grassland where the palatable 7.
triandra dominate in an optimum condition. With rangeland degradation 7.
triandra is firstly replaced by Digitaria eriantha as dominant species, while Aris-
tida congesta can also increase at the expense of both 7. triandra and D. erian-
tha. Rangeland in a poor to very poor condition is dominated by Cynodon hir-
sutus (Van der Westhuizen, 2003).

No relation could be found between rangeland condition and soil texture. The
texture of topsoils of this plant community is sandy loam with a total sand frac-
tion of about 75% of which the fine sand fraction contributes about 50% (Table
2). Because soil texture did not change over the degradation gradient, it could be
an indicator that soil compaction over the long-term is the main contributor to
loss in soil depth for this homogeneous vegetation community. Relations be-
tween rangeland condition and soil depth as well as rangeland condition and
basal cover were identified (Table 7). As rangeland deteriorated to a condition
of 50%, the palatable D. eriantha will replace T. triandra as dominant species,
basal cover will decline, leading to a decline in soil depth with a 32% loss in the
functioning of the ecosystem which is unable to sustain livestock. With further
degradation the occurrence of D. eriantha and T. triandra will decline even
more, at the expense of C. hirsutus, while A. congesta can also increase, resulting

in a further decline in basal cover, soil depth and ecosystem functioning.

3.1.4. Northern Variation of Sandy Vegetation of the Western Free State
This relative homogeneous plant community is situated just south of the

Table 7. Vegetation, soil depth and ecosystem functioning changes over the degradation
gradient for the Southern variation of sandy vegetation of the western Free State.

S o s S
%) plant specie cover (%) depth (mm) (ha-LSU}I’)* functio:;ing (%)
87 T. triandra 7.5 660 5.8 2
80 T. triandra 7.2 620 6.0 5
70 T. triandra 6.8 560 6.4 11
60 T. triandra 6.4 510 7.2 21
50 D. eriantha 6.0 460 8.4 32
40 D. eriantha 5.7 420 10.3 45
30 C. hirsutus 5.4 380 13.0 56
20 C. hirsutus 5.1 340
10 C. hirsutus 4.8 310
2 C. hirsutus 4.5 290
R? 0.638 0.667

*According to Van der Westhuizen (2003).
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Themeda-Sporobolus Grassveld of the endorheic basins (pans) and occurs in a
portion of the Boshof magisterial district, as well as the western parts of Brand-
fort (Figure 1). The area is generally lower lying (1240 - 1340 m) and rainfall
and soil forms coincide with the southern variation of the sandy vegetation of
the western Free State. However, soils are usually deeper with less clay in the
topsoils, with very fine sand dominant compared to the fine sand in the southern
variation.

Vegetation is sweet grassland and in a good-to-excellent condition, dominated
by Anthephora pubescens and T. triandra (Van der Westhuizen, 2003). With
unsustainable rangeland practices A. pubescens and T. triandra will firstly be re-
placed by Elionurus muticus and A. congesta and lastly by Cynodon species.
Overgrazing is, however, not the only cause of rangeland retrogression in this
area, as selective grazing also contributes to degradation. According to Opper-
man et al. (1974) and Snyman (2015), the unpalatable E. muticus causes more
selective grazing problems in South Africa than any other single species. It oc-
curs in 34 of the 70 main veld types of South Africa (Acocks, 1988) and is associ-
ated more with sandy soils of sour grassland vegetation types. Number of grazing
camps and long growing season rests are management strategies that can restore
degraded rangeland, due to selective grazing (Van der Westhuizen et al., 2005).

It seems, however, that this vegetation type has a good resistance to a decline
in soil depth and the only deviation in soil depth (Table 8) as well as soil texture
was measured at the poorest rangeland condition site over the degradation gra-
dient (Table 5). As this site was dominated with A. congesta (37%), with very
few and shallow roots, as well as the fact that basal cover was reduced to only
2.4% could probably be an explanation in comparison with rangeland condition
of 10%, where species such as Eragrostis lehmanniana and even T. triandra still
occur. Unfortunately, the relation between grazing capacity and rangeland con-
ditions was not previously determined for this vegetation type and the loss in

ecosystem functioning could therefore not be calculated.

3.1.5. Eragrostis Grass-Karoid Vegetation
This relatively homogeneous plant community occurs in parts of Koffiefontein,
Fauresmith and Jacobsdal magisterial districts (Figure 1). It also extends over
the Northern Cape border and occurs in the Barkley West district as well as
smaller parts of the Herbert district. The mean annual rainfall is lower than the
previously described homogeneous vegetation types and varies from 320 mm in
the west to 440 mm in the east. Soils can be classified as Regosols (Table 1).
Vegetation can be described as an arid Nama-Karoo environment (Mucina &
Rutherford, 2006) and consists of a mixture of grasses and karoo shrubs. Vegeta-
tion is dominated by the perennial grass (Eragrostis lehmanniana) that estab-
lishes between the karoo shrubs. With rangeland degradation the contribution of
perennial grasses declines, while unpalatable karoo shrubs remain and the ran-
geland will also lose basal cover that is critical for the maintenance of soil depth,

resulting in a loss in ecosystem functioning of more than 40% (Table 9).
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Table 8. Vegetation and soil depth changes over the degradation gradient for the North-
ern variation of sandy vegetation of the western Free State.

Rangeland condition (%) Dominant plant specie Basel cover (%) Soil depth (mm)

100 A. pubescens 8.4 1000
A. pubescens
90 . 7.3 1000
E. muticus*
T. triandra
80 . 6.4 1000
E. muticus*
T. triandra
70 E. muticus* 5.5 1000
T. koelerioides
60 £ muticus® 48 1000
7. triandra ’
E. muticus*
50 4.2 1000
A. congesta
40 A. congesta 3.6 1000
30 A. congesta 3.2 1000
20 A. congesta 2.7 1000
Cynod .
10 Jmoaol Spp 24 1000
A. congesta
Cynod .
0 Jmoaol Spp 2.1 440
A. congesta
R? 0.504 0.691

*Increase due to selective grazing.

Table 9. Vegetation, soil depth and ecosystem functioning changes over the degradation
gradient for the Eragrostis grass-Karoid vegetation.

Condition | Dominant  OVC solldepth CHES TAR0

(%) plantspecie g (mm) 4 1SU)*  functioning (%)
71 E. lehmanniana 2.6 850 20.5 21

70 E. lehmanniana 2.5 840 20.7 22

60 E. lehmanniana 1.9 760 23.5 31

50 Karoo shrubs 14 690 27.9 42

40 Karoo shrubs 1.0 620 36.3 55

30 Karoo shrubs 0.6 560

27 Karoo shrubs 0.5 550

R? 0.608 0.963

* According to Van der Westhuizen (2003).

As data was collected over degradation gradients in the same paddock on every
farm, it is clear that this increase in karoo shrubs over grazing gradients is not

due to the changes in rainfall patterns, but due to increasing grazing pressure, as
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the rangeland deteriorates.

In addition, no change in the clay fraction was found. However, particles with
a diameter < 0.02 mm (silt and fine clay) decline from 19% to 11% over the deg-
radation gradient (T'able 5). The dominant particle size fraction is very fine sand
(0.05 - 0.10 mm) (Table 2), which accounted for 42% - 37% over the degrada-
tion gradient. With rangeland degradation, the fine sand (0.10 - 0.25 mm) in-
creased from 17% to 28% and very fine sand (0.05 - 0.10 mm) also declined. This
data corresponds with data of Li et al. (2009) who find a decline in particles <
0.125 mm with wind erosion over two seasons in an arid environment in Mex-
ico. Due to the low rainfall and poor soil structure, these sandy loam to loamy
sand soils are highly susceptible to wind erosion, indicating that wind erosion is
more important than water erosion in this arid environment. According to
Holmes et al. (2008), wind erosion is predominant in the western Free State of
South Africa and research conducted indicates that this type of land degradation

has reached alarming levels.

3.1.6. Northern Variation of the Open Parkland

This relatively homogeneous vegetation occurs in the magisterial districts of
Boshof and the northern parts of Jacobsdal (Figure 1). It also extends over the
Northern Cape Province border and occurs in the magisterial district of Kim-
berley. The Modder River valley divides the Open Parkland into a northern and
southern variation. The average annual rainfall varies from 300 mm to 400 mm
(Table 1), almost 80% falling during the six months of November to April. The
soils consist of Kalahari sand on limestone and are classified as Regosols (WRB,
2007) with less than 12% clay.

Vegetation can be described as parkland with scattered thorn trees of which
Vachellia tortilis and V. erioloba are the most characteristic. According to Mu-
cina and Rutherford (2006) it forms part of the Savannah biome. Where the
rangeland is well managed, the palatable perennial grass SchAmidtia pappopho-
roides still dominates. As rangeland degrades due to unsustainable grazing prac-
tices, S. pappohoroides will firstly be replaced by E. lehmanniana, followed by A.
congesta and lastly by both C. hirsutus and C. dactylon (Van der Westhuizen,
2014). This change in species composition over the grazing gradient is due to the
increase in grazing pressure.

A relation between effective soil depth and rangeland condition exists as soil
depth declines from 1000 mm to 450 mm over the degradation gradient (Table
10). However, soil texture changes little over the degradation gradient (Table 5),
indicating that long-term soil compaction could play a major role in determin-
ing effective soil depth. Unfortunately, not enough data in terms of basal cover

and grazing capacity was available to confirm this deduction for this vegetation
type.

3.1.7. Southern Variation of the Open Parkland

Deep sandy soils on limestone characterizes the southern variation that has soils
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Table 10. Vegetation and soil depth changes over the degradation gradient for the Open
Parkland.

Northern variation Southern variation
Rangeland
condition (%)  Dominant plant Soil depth Dominant plant  Soil depth
specie (mm) specie (mm)
100 S. pappophoroides 1010
90 S. pappophoroides 980 E. lehmanniana 1000
80 S. pappophoroides 950 E. lehmanniana 1000
70 E. lehmanniana 920 E. lehmanniana 1000
60 E. lehmanniana 870 E. lehmanniana 1000
50 A. congesta 820 E. lehmanniana 880
40 A. congesta 760 Cynodon spp. 740
30 Cynodon spp. 680 Cynodon spp. 580
20 Cynodon spp. 570 Cynodon spp. 480
13 Cynodon spp. 450
R? 0.998 0.972

with less than 12% clay and more than 86% sand, occurring in the western parts
of Petrusburg district, the eastern parts of Jacobsdal and Koffiefontein and
smaller parts of Fauresmith magisterial districts (Figure 1). The vegetation can
be described as a transitional stage between the Savannah biome and the
Nama-Karoo biome. As previously described, the area is separate from the
northern variation of the Open Parkland by the Modder River valley. The aver-
age annual rainfall varies from 320 mm to 450 mm (Table 1). However, there is
lesser occurrence of trees, compared with the northern variation and the vegeta-
tion is dominated by perennial grasses.

Effective soil depth and rangeland condition is related as soil depth declines
from 1000 mm to 480 mm over the degradation gradient (Table 10). This loss in
effective soil depth compares with the northern variation of the Open Parkland. A
small change in soil texture as manifested in the different particle size fractions
was also found over the degradation gradient (Table 5), where silt-plus-fine clay
fractions (<0.02 mm) decline by 2% as rangeland degraded, while a small in-
crease in the sand fraction (0.05 - 2.00 mm) occurred. Insufficient data in terms
of basal cover and grazing capacity was available to draw a conclusion for this

vegetation type.

3.2. Soil and Vegetation Attributes

The results of this study showed distinct effects of rangeland conditions on ef-
fective soil depth, vegetation cover and soil texture. These results also vary over
different relative homogeneous vegetation communities, and pertinent aspects of

soil depth, soil texture and vegetation cover will be elucidated to provide a better
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perspective.

3.2.1. Soil Depth

Although many studies in the past focused on issues such as soil compaction,
bulk density and soil erosion losses on rangeland, relations between effective soil
depth and rangeland condition were not yet quantified. In arid and semi-arid
environments of the Free State province of South Africa, a significant difference
in effective soil depth over degradation gradients occurred on 41 farms. Effective
soil depth of rangelands in a poor condition is on average about 17% less when
compared with rangeland in excellent condition. Soil loss is inversely propor-
tional to vegetation cover (Table 3). The effects of rangeland conditions and
basal cover on the relative loss of soil depths showed for seven different homo-
geneous vegetation types that the effect of the loss in soil depth was more sensi-
tive over the degradation gradients. Soil depth decreases as rangeland conditions
and basal cover decline, particularly in these arid and semi-arid environments
where basal cover is relatively low.

It seems, however, that vegetation with deep sandy soils and a clay fraction of
less than 15% are more at risk for soil depth loss. The soil depth decline for these
vegetation communities was more than 50%, over the degradation gradients.
Wind erosion is predominant in the western Free State and has reached alarm-
ing levels (Holmes et al., 2008). Furthermore, sandy soils are characterized by
poor structure and a coarse texture, with a low moisture-holding capacity which
increases susceptibility to wind erosion (Hilliard & Reedyk, 2020). Due to the
relatively large spaces between particles, which favour rapid downward water

movement, these soils are also easily compacted (Laker & Nortje, 2020).

3.2.2. Soil Texture

Soil texture changes which accompany rangelands deterioration were inconsis-
tent. In the clayey soils of the floodplains of the Vet and Sand rivers, where water
sheet erosion plays a major role, the clay fraction declines over the degradation
gradient. In the sandy loam soils of the Themeda-Sporobolus grassland as well as
the northern variation of the sandy vegetation of the western Free State, the clay
fraction increased as the topsoil are removed due to erosion. In the case of Re-
gosols with Eragrostis-grass-Karoid vegetation, wind erosion causes a decline in
the clay fraction and an increase in the fine sand fraction. It is also interesting to
note that Lixisols with a high sand fraction (>75%) of which the fine sand is the
dominant fraction (about 50%), did not change much over the degradation gra-
dient. It seems therefore that the decline of soil depth is mainly due to animal

trampling and soil compaction.

3.2.3. Vegetation Cover

Vegetation cover is an integrative indicator of the soil’s overall quality (Kotzé et
al., 2020). Vegetation cover affects the hydrological functioning of soils and is
responsible for the infiltration rate of water and the prevention of soil erosion.

In arid and semi-arid environments, unsustainable grazing practices, which lead
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to rangeland degradation, will result in a decrease in palatable perennial plants
in favour of less palatable, undesirable vegetation (Van der Westhuizen et al.,
2005). The intensity of the ground cover is also affected, causing a significant
decline in basal cover and hence soil erosion over the degradation gradients. We
found a loss in basal cover over degradation gradients on 41 farms, averaging
only 42% in rangelands with poor condition, when rangeland in excellent condi-
tion serves as reference (Table 3).

The effect of vegetation cover is, however well demonstrated in the Themeda-
Sporobolus Grassland. This sweet grassland vegetation can degrade to Ka-
roo-like vegetation and is a very good example of False Karoo vegetation en-
croachment as firstly described by Acocks in 1953 (Acocks 1988). The decrease
in palatable grass of 7. triandra inevitably leads to loss of soil and a consequent
reduction in the effectiveness of rainfall. Basal cover declines from 7.8% to only
3% (Table 6), a loss of more than 40% vegetation cover, as rangeland changes
from dominant grassland vegetation to Karoo-like vegetation (rangeland condi-
tion of 50%).

Rangeland improvement is a slow process and changes in plant composition
and cover are not always reversible, while the time for species turnover is also
unknown. Where the topsoil still remains and water infiltration is still good, the
rangeland can react to conservation measures and it is possible to reach optimal
conditions. It is therefore of the utmost importance, where these conditions still
prevail, that all possible measures be taken to restore the palatable perennial
vegetation cover before the topsoil is blown, washed or compacted to such an

extent that the rangeland loses its ability to support livestock production.

3.3. Rangeland Ecosystem Functioning

Rangeland degradation is closely linked to the collapse of ecosystem services
such as the provision of grazing (Du Preez et al., 2020). If we do not control the
impact of unsustainable grazing practices, we will reduce the capacity of natural
rangelands to support livestock production, thereby threatening rural livelihoods
and food production. As already mentioned, we used objective long-term rela-
tionships between rangeland condition and grazing capacities to calculate the
loss in ecosystem functioning.

On average, a loss of more than 50% in ecosystem functioning was quantified
when rangelands degrade to a condition of 40% and lower (Table 3). This process
of loss in grazing capacity was most evident in the arid Eragrostis grass-Karoid
vegetation. Already at a condition of 70%, the utilizable forage production was
21% lower (Table 9) than optimal conditions. At a rangeland condition of 60%,
basal cover declines to less than 2%. Even at this condition class, the loss in
vegetation biodiversity is evident, where the highly productive Cymbopogon
pospischilii and highly palatable Panicum stapfianum as well as the drought re-
sistant Stipagrostis obtusa and even the highly palatable karoo shrub Felicia mu-

ricata started to disappear from the rangeland (Van der Westhuizen, 2003). This
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leads to an increase in the risk for droughts, while the loss in utilisable fodder
production is more than 30%. If the degradation process continues, unpalatable
karoo shrubs will begin to dominate the rangeland with a loss of more than 40%
in utilisable livestock production at a rangeland condition of 50% (Table 9).
This loss in ecosystem functioning due to the increase of unpalatable karoo
shrubs was also found in the semi-arid 7hemeda-Sporobolus Grassland. The de-
cline in ecosystem functioning over the degradation gradient was also striking in
the Panicum grassland, where the loss in utilizable livestock production was 86%
at a rangeland condition of 30% in comparison with optimum conditions. When
the production potential of this rangeland is overestimated it is clear that the re-
sultant overgrazing will cause a decrease in the palatable P. coloratum in favour
of the low creeping growth-form . discosporus, with a very low fodder produc-
tion. The intensity of the ground cover is also affected, resulting in soil erosion
and soil compaction, inducing a loss in effective soil depth (Table 4).

As the intention of farmers is firstly to be economically viable, the prevention
of degradation of both rangelands and soils is essential to prevent any loss in the
ecosystems ability to sustain livestock production. Degradation is however a
global concern influencing inter alia hydrological processes, water quality, dust
storms, food security, poverty, rural development and the social consequences of
uprooted people. The challenge is therefore to transform rangeland manage-
ment, many of which are still unsustainable into practices that produce food op-
timally while conserving rangelands. The profitability of the livestock sector
could further be drastically increased if sustainable rangeland management prac-
tices are implemented for arid and semi-arid environments (Van der Westhui-
zen et al., 2020).

4. Conclusion

This study makes a useful contribution towards the understanding of the dy-
namics of arid and semi-arid rangelands in South Africa, especially with regard
to the negative impact of rangeland degradation on effective soil depth. For the
different homogeneous communities investigated, relative soil depth decline
from 90% + 14% to 73% + 24% when rangeland conditions deteriorate from ex-
cellent to poor condition classes. The change in rangeland condition classes, as
rangeland deteriorated, manifested in a decrease of relative basal cover from 94%
+ 15% to 39% + 17%, and hence an ecosystem functioning loss of <6% to >70%.
As a consequence of higher grazing pressure over the degradation gradients,
degradation of rangelands in arid and semi-arid environments is driven by dif-
ferent vegetation and soil processes: 1) changing of plant species composition
where palatable high producing species is replaced by unpalatable or low pro-
ducing species, 2) decline of vegetation cover, 3) loss in effective soil depth due
to soil erosion and soil compaction and 4) changes in the texture of topsoils.
This will further lead to a decline in fodder production, grazing capacity and

rangeland ecosystem functioning.
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The sensitivity of these degradation processes varies between the different
homogeneous vegetation types. The loss in effective soil depth for deep sandy
soils, with a clay fraction of less than 15%, declines by more than 50% as range-
land deteriorates. Soil texture changes were inconsistent for the different homo-
geneous vegetation types, while the basal cover of the arid Eragrostis
grass-Karoid vegetation type declines to less than 1% as rangeland deteriorates.
The calculated loss in ecosystem functioning was also striking, with a loss more
than 90% for the Panicum Grassland of the floodplains of the Vet and Sand riv-
ers.

Consequently, the study highlights the importance of sustainable rangeland
management practices to reduce the loss in effective soil depth and to ensure the
sustainable utilization of the rangeland ecosystem. As data was collected over a
range of different vegetation biomes, different mean annual rainfall conditions
and different soil types, it could probably be extrapolated to other arid and

semi-arid environments worldwide where the same conditions prevail.
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