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Abstract

Bush thickening reduces herbaceous species diversity and forage production, leading to a decline in grazing capacity.
Hence, altering the micro-climate and woody-grass competition in bush-encroached rangelands using bush clearing is
instrumental for the restoration of herbaceous vegetation. The short-term recovery potential of herbaceous species
composition, basal cover and biomass production was assessed following bush clearing at Makapaanstad, North West
province, South Africa. The mean density was 6908 woody plants ha™', with Vachellia tenuispina encroaching at 6301
plants ha™'. Paired observations were conducted in bush-cleared sites (where woody plants were cut using saws, with
stumps treated with picloram at 1% concentration) and uncleared sites (where the woody cover was left intact). Forty-
nine different herbaceous species were recorded, with grasses being more abundant in cleared (62%) than in
uncleared sites (50%). Herbaceous species showed interspecific responses, with Brachiaria eruciformis and Panicum
coloratum colonising in cleared sites, whereas the frequency of other species remained comparable between cleared
and uncleared sites. Graminoids, largely bunch grasses, had a significantly greater basal cover in cleared (496 cm?® m ™)
compared to uncleared (301 cm? m™?) sites. Likewise, total biomass production was significantly (p = 0.05) higher in
cleared (760 kg DM ha™") than in uncleared (636 kg DM ha™") sites. The principal component analysis (PCA) showed
that most herbaceous species were associated with soils having high total nitrogen and nitrite. Seedlings of forbs (7 =
0.81), grasses ( = 097) and succulents (¥ = 0.98) were highly associated with nitrate-rich soils. Our results revealed
that even at a short term, bush clearing is important for the restoration of herbaceous vegetation.
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Introduction

Semi-arid savannas of South Africa have high floristic diver-
sity and are an important source of forage for herbivores
(Osborne et al. 2018). Recently, bush thickening has in-
creased vigorously, leading to the decline in rangeland graz-
ing potential, owing to the reduction in forage production
(Sebata 2017; Mndela et al. 2022). Bush thickening is defined
according to Kellner et al. (2021) as an increase in cover and
density of already established stands of woody plants. Bush
thickening is caused by reduced fire frequencies and
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overgrazing as well as increasing CO, concentrations (Ding
and Eldridge 2019; Quirk et al. 2019; Kellner et al. 2021).
Bush thickening does not only reduce biomass production,
but also herbaceous species diversity (Liao et al. 2018). Thus,
bush clearing is essential to restore the herbaceous cover and
diversity to maximise forage resources in bush-encroached
rangelands (Archer and Predick 2014).

However, the success of vegetation restoration depends
largely on the bush clearing method applied, as different
methods disturb soils to varying magnitudes (Mndela et al.
2020). The methods that use heavy machinery, e.g. bulldoz-
ing and mastication, may derail native vegetation restoration
(Williams and Henderson 2002) and enhance regeneration
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of invasive species (Havrilla et al. 2017; Rubin and Roybal
2018). On the other hand, biological agents and chemical
control are, in most cases, non-discriminant against non-
target plants (DiTomaso et al. 2010). Thus, manual control
of woody plants using chainsaws followed by chemical stump
treatment is appropriate for opening a recruitment window
for shade-intolerant herbaceous species (Frank et al. 2018).

In South Africa, a national programme called Working
for Water (WfW) which controls woody invasion and en-
croachment was launched by the Department of Water
Affairs and Forestry in 1995 (Fourie 2008). Bush-cleared
areas by WfW are normally left to regenerate spontan-
eously, under the assumption that soil propagule bank will
facilitate passive recovery of vegetation (Blanchard and
Holmes 2008). However, in some rangelands, successful
restoration may not be guaranteed because soil propagule
bank or seeds dispersed from nearby areas may be domi-
nated by undesirable species (Stephens et al. 2016). More-
over, the size of the soil seed bank might be too small to
facilitate effective herbaceous vegetation restoration
(Fourie 2008). Thus, early monitoring of the recovery po-
tential of vegetation is crucial to establish the efficacy of
passive restoration and decide if active restoration is ne-
cessary (Cuevas and Zalba 2010).

Herbaceous species composition, ground cover and
biomass production are used as key indicators of vegeta-
tion recovery following bush clearing (Archer et al
2011). These indicators are important as the modifica-
tion of micro-climate and woody-grass competition
through bush clearing is expected to improve these indi-
cators (Stephens et al. 2016). However, according to
Ruiz-Jaen and Aide (2005), assessing herbaceous restor-
ation based only on vegetation indicators is not ad-
equate. Thus, the whole vegetation recovery process and
its potential drivers should be assessed holistically in
order to inform appropriate future restoration applica-
tions (Ruwanza et al. 2013). Herbaceous species recruit-
ment following bush clearing depends largely on the
soils’ capacity to meet species-specific recruitment and
establishment requirements (Zuquim et al. 2019). How-
ever, despite the significance of soil properties in deter-
mining vegetation restoration success (Valladares et al.
2015), a knowledge gap still exists regarding the relation-
ship between soil properties and vegetation. Understand-
ing the relationship between soil properties and
vegetation is significant not only for distinguishing plant
communities, but also for designing management inter-
ventions for future restoration (Chen et al. 2020).

The objectives of the study were (1) to assess the
short-term effects of bush clearing on herbaceous spe-
cies composition, ground cover and biomass production
and (2) to ascertain the relationship between various soil
properties and herbaceous species communities. Our
aim was to answer the following questions: (1) Does
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bush clearing result in changes in herbaceous species
composition over a short term? (2) Do herbaceous basal
cover and biomass production improve over a short
term following bush clearing? and (3) How do herb-
aceous vegetation communities following bush clearing
relate to soil properties?

Materials and methods

Description of the study area

The study was conducted at Radi communal rangeland at
Makapaanstad (25° 14" 36" S and 28° 7’ 19" E) in Bojanala
District in North West province of South Africa (Fig. 1).
The rangeland is used solely for grazing by cattle, sheep
and goats owned by a group of Batswana pastoralists
known as Barua Kgomo (translated as Makapaanstad cattle
farmers). The Makapaanstad pastoralists are predomin-
antly males, aged 51 years or older (Moerane 2013). Sub-
sistence farming, largely livestock production, is the main
production system from which pastoralists of Makapaan-
stad derive their livelihoods and economic returns (Moer-
ane 2013). Continuous grazing is the main grazing system
applied by Makapaanstad pastoralists. During informal in-
terviews, pastoralists indicated that when forage is depleted
in winter, they supplement their livestock with hay pur-
chased from local hay markets. The herd size ranges from
two to 63 cattle per pastoralist, with a mean of 12 cattle
per pastoralist (Moerane 2013). The altitude of the range-
land ranges from 900 to 1200 m a.s.l. The annual rainfall in
2016 and 2017 was 563 and 622 mm year ', respectively.
The maximum monthly average temperatures in summer
range from 27 to 34 °C and 20 to 23 °C in winter, and the
respective minimum temperatures range from 15 to 16 °C
in summer and 3 to 6°C in winter (DIGES 2012). The
vegetation type of the rangeland is Springbokvlakte Thorn-
veld found in the Central Mixed bushveld bioregion
(Mucina et al. 2006). The vegetation type comprises open
to dense low thorn savanna, dominated by Acacia species
recently divided into two genera, namely Vachellia and
Senegalia. The common woody species include Vachellia
karoo, Vachellia tortilis, Vachellia nilotica, Senegalia melli-
fera, Vachellia luederitzii and Ziziphus mucronata (Mucina
et al. 2006). Vachellia tenuispina forms a homogenous
shrub layer, making up 92% of woody vegetation (Mndela
et al. 2019). The herbaceous layer is dominated by the fol-
lowing grasses: Ischaemum afrum, Dichanthium annula-
tum, Aristida bipartita and Brachiaria eruciformis
(Mucina et al. 2006). Parts of the rangeland are former cul-
tivated land which were encroached by woody plants fol-
lowing the abandonment of cultivation (Appendix: Fig. 6).
Woody cover increased from 33 to 42% from 1984 to
1996; thereafter, it increased to 56% in 2007 before bush
clearing by WfW in 2013 (Appendix: Fig. 6). In 2016, the
mean woody plant density was 6908 plants ha™*, with

Vachellia tenuispina encroaching at 6301 plants ha ™.
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Fig. 1 The map showing the study area of Makapaanstad in North West province of South Africa

Black vertic A clays (turf soils) also referred to globally as
vertisols, with high cation exchange capacity and calcium
carbonate content, dominate the rangeland. Turf soils have
poor drainage with high swelling, shrinking, and cracking
potential due to high smectitie clay minerals that facilitate
self-mulching (Fey 2010).

Pre-treatment vegetation survey
The pre-treatment assessment of both herbaceous and
woody vegetation was conducted during the flowering stage
and peak production in February 2016. Three blocks (50 x
50 m) with similar woody vegetation structures, located in
the same soil type and topography, were identified using fine
resolution aerial maps (http://earthexplorer.usgs.gov). The
coordinates of the blocks were recorded in the aerial maps
and used to locate and peg the survey blocks. In each block,
eight 25—m” plots were marked, with four plots marked par-
allel to each other. These two parallel lines of plots were 20
m apart, with the plots in each line interspaced by 5m.
Three 1.3 x 1.3 m quadrats were placed in the two opposite
corners and centre of each 25-m> plot, totalling 72 quadrats
(three quadrats x eight plots x three blocks).

Herbaceous species were identified by species, and their
minimum and maximum tuft diameters were measured
using a ruler in each quadrat. Herbaceous plants were

identified as seedlings when they are at a two-leaf stage.
Seedlings were recorded according to plant functional
groups as forbs, grass and succulent seedlings. For creep-
ing species, directions of extraviginal stems (rhizomes and
stolons) within the quadrat were tracked and diameters
measured at every shoot emergence along the stem. In this
scenario, a shoot emerging > 10 cm away from the preced-
ing shoot was treated as an individual plant (Davies et al.
2012). Thereafter, herbaceous vegetation was clipped at a
stubble height of 5cm in the whole 25-m” plots using
sheep shears. During clipping, fresh biomass of grasses
was sorted by species and placed into brown paper bags.
Biomass of forbs and legumes was bulked according to
plant functional groups. Fresh biomass was oven-dried at
75 °C until constant weight and weighed to determine the
dry matter production. Biomass production was also sepa-
rated into plant functional groups (grasses, forbs and
legumes).

Post-treatment vegetation survey

All woody plants in the half of each block (25 x 50 m) were
mechanically cleared and removed in April 2016, and the ad-
jacent plots of the same size were left uncleared. Woody
plants were cut at 6 cm above the soil surface using saws and
loppers, with the stumps treated with picloram 4-amino-
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3,5,6-trichloro-2-pyridinecarboxylic acid (240 g/Lt active in-
gredients). The picloram was mixed at a recommended con-
centration of 1% with a Browser for stump treatment and
water for resprout control. The stump treatment was con-
ducted within 10 min of woody plant sawing, whereas re-
sprout control was conducted during the rainy season using
knapsack sprayers. Post-treatment survey of vegetation was
conducted during peak production in February 2017. In each
microsite replicate, four 25-m” plots were marked, and the
quadrats were nested in a similar way as the pre-treatment.
Plant identification, measurement of tuft diameters and har-
vesting of biomass were conducted using the same method
as for the pre-treatment. During plant identification, plants
were recorded as seedlings or mature plants. The plants were
regarded as seedlings if they were at or before reaching the
two-leaf stage.

Species composition was determined by species identifica-
tion, thereafter expressed as frequencies. Herbaceous species
were further categorised according to Tainton (1999) using
the ecological status (decreasers, increaser I and II species
and invaders) and lifeforms (annual and perennial). The
decreaser species are defined as the herbaceous species that
dominate in well-managed or moderately grazed rangelands.
Increaser I species are defined as the species that dominate
in underutilised rangelands, whereas increaser II species are
those that dominate in disturbed or overgrazed rangelands.
The dominant grass species (six bunch grasses and three
creeping species) were selected to assess the effect of bush
clearing on their basal cover. The selected bunch grasses
were Eragrostis lehmanniana, Aristida bipartita, Brachiaria
eruciformis, Digitaria eriantha, Aristida congesta subsp. bar-
bicollis and Tragus berteronianus, and the creeping species
were Cynodon dactylon, Bothriochloa insculpta and Panicum
coloratum. Species nomenclature by Van Oudtshoorn (1999)
for grasses, Smith et al. (2017) for succulents and Van der
Walt (2009) for forbs, sedges and legumes were used for
plant identification.

To avoid confounding effects of chemical sprays on
herbaceous responses following bush clearing, we con-
ducted resprout control after sampling.

Soil chemical analysis and physical measurements

Soil samples were collected to a depth of 200 mm in the
centre and two corners of each 25-m? plot in the cleared and
uncleared sites. Soil samples for each plot were composited
(n = 12 samples per microsite type), sieved and crushed to a
fine form. The samples were analysed for pH, exchangeable
cations [calcium (Ca®"), magnesium (Mg>*), potassium (K*)
and sodium (Na")], total carbon (TC), total nitrogen (TN),
nitrite (NO,"), nitrate (NO5"), chloride (Cl~ phosphate (PO,
7), sulphate (SO,") and soil fractions (clay, sand and silt). Sol-
uble anions (NO5~, CI°, PO,>", SO, and NO,") were ana-
lysed using the saturated water paste extract (SWPE)
method in a 1:5 soil:water slurry, whereas pH (H,O) was
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determined using a pH metre. The basic cations (Ca™,
Mg**, K" and Na*) were analysed according Reeuwijk (2002)
using the ammonium acetate method. The total carbon (TC)
and total nitrogen (TN) were analysed using LECO CR-412
Carbon Analyzer (McDonald et al. 2006) and Kjeldahl
method (AOAC 1990), respectively. The hydrometer method
was used to determine clay, silt and sand fractions (Beretta
et al. 2014). A double-ring infiltrometre was used to deter-
mine the infiltration rate, in which the infiltrometre was
hammered to a depth of 10 cm in each 25-m? plot. Ten litres
of water was poured in- and outside the inner ring and mea-
sured infiltrated water at 5-min intervals for 45 min per infil-
trometre. Soil compaction was measured using a dynamic
cone penetrometre by taking two penetrations on the boppo-
site corners of each 25-m? plot.

Statistical analysis

A univariate analysis was conducted to test the normality
and equality of variances using the Shapiro-Wilk and
Levene’s tests. Biomass production and basal cover were
transformed using log. (x + 1) and log;, (x + 1) transforma-
tions, respectively. The mixed-effect model using Proc Mixed
statement of SAS 9.4 was employed to assess the fixed effects
of treatments (cleared and uncleared sites) and random ef-
fects of a block on biomass production and basal cover. The
plots were nested within the blocks. A ¢-test was used to sep-
arate the means of paired treatments (cleared and uncleared
sites) at a 95% confidence level. After data analysis, the
means were back-transformed to the original mean values.
Because pre-treatment data was collected during a severe
drought in early 2016, there was no basis to use this data as
a baseline because the herbaceous cover was heavily depleted
relative to 2017 when rainfall was reliable.

A principal component analysis (PCA) was conducted to
determine the relationships between soil properties and
herbaceous species using a randomisation test with 999 ran-
domisations and 200 runs. Because the species composition
and soil properties of the cleared and uncleared sites did not
differ considerably, a PCA biplot of the relationship of spe-
cies and soil properties of cleared sites was created using Eu-
clidean distance. The ordination was executed using PC-
ORD for Windows 98 version 6.0, MjM software (McCune
and Mefford 2011).

Results

Herbaceous species composition

Species frequency (%) in the cleared and uncleared sites in
2017 at Makapaanstad is shown in Table 1. In total, 49 spe-
cies distributed across 16 families, dominantly Poaceae, Faba-
ceae and Amaranthaceae, were recorded, with forbs having
higher species richness (n = 22 species) followed by grasses
(n = 16 species). Cleared sites had higher species richness (#
= 44 species) than uncleared sites (1 = 40 species). Grasses
were more frequent in cleared sites (62%) compared to
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Table 1 Herbaceous species frequencies (%) in cleared and uncleared sites

Species Family Ecological status Life form® Cleared Uncleared
Grasses
Aristida bipartita (Nees.) Trin & Rupr. Poaceae Increaser |l P 73 4.5
Aristida congesta subsp. barbicollis Roen. & Schult. Poaceae Increaser |l WP 2.2 0.8
Bothriochloa insculpta (Hochst) ex A. Rich. Poaceae Increaser |l WP 2.1 3.0
Brachiaria eruciformis (Sibth. & Sm.) Griseb. Poaceae Increaser Il A 9.9 3.2
Chloris virgata Sw. Poaceae Increaser |l A 1.0 0.0
Cynodon dactylon (L.) Pers. Poaceae Increaser |l P 5.8 54
Digitaria eriantha (Stent.) Steud. Poaceae Decreaser P 5.6 7.8
Eragrostis lehmanniana (Nees.) Poaceae Increaser |l P 14.5 16.0
Fingarhuthia africana Lehm. Poaceae Increaser |l P 0.1 0.0
Heteropogon contortus (L) Roen & Schult. Poaceae Increaser |l P 0.3 0.0
Ischaemum afrum (JF Gmel.) Dandy Poaceae Increaser | P 1.2 29
Panicum coloratum L. Poaceae Decreaser P 6.2 0.7
Setaria sphacelata (Schumach.) Stapf & C.E. Hub Poaceae Decreaser P 0.7 0.0
Sporobolus ioclados (Trin.) Nees. Poaceae Increaser |l WP 0.0 0.6
Sporobolus ludwigii Hochst. Poaceae Increaser |l P 0.0 2.6
Sorghum versicolor Andersson. Poaceae Increaser Il P 0.2 0.0
Tragus berteronianus (Schult) Poaceae Increaser |l A 4.0 1.5
Urochloa mosambicensis (Hack) Dandy. Poaceae Increaser |l A 0.9 0.5
Total 62.0 49.6
Forbs
Achyranthes aspera (L) Griseb. Amaranthaceae Invader P 0.0 0.0
Amaranthus hybridus (L) Timeroy. Amaranthaceae Invader P 0.8 0.7
Blepharis integrifolia (Lf.) Schinz. Acanthaceae Increaser |l P 8.6 18.0
Chochorous asplenifolius (Burch.) Tiliaceae Invader P 5.6 5.2
Commelina benghalensis L. Commelinaceae Invader P 0.2 14
Corbichonia decumbens (Forssk.) Exell. Molluginaceae Increaser |l A 5.5 8.8
Crabbea acaulis N.EBr. Amaranthaceae Invader P 0.4 0.2
Crabbea angustifolia (Nees.) Nees. Amaranthaceae Invader P 14 0.1
Embrosia artemisiifolia L. Asteraceae Invader P 0.4 0.3
Gomphrena celosoides Mart. Amaranthaceae Invader P 0.0 0.0
Hibiscus trionum L. Loranthaceae Increaser |l A 24 0.8
Ipomoea sinensis (Desr.) Choisy. Convolvulaceae Invader P 0.1 0.0
Jamesbrittennia aurantiaca Burch Scrophulariaceae Invader P 0.2 0.1
Justicia flava (Vahl) Vahl. Acanthaceae Increaser |l P 1.9 7.7
Kohautia virgata (Willd)) Bremek Acanthaceae Increaser |l P 14 19
Kyphocarpa angustifolia (Moq.) Lopr. Amaranthaceae Invader A 0.7 0.2
Schkuhria pinnata (L.) Kuntze ex Thell. Asteraceae Invader P 1.5 0.2
Nidorella resedifolia DC. Acanthaceae Increaser Il A 0.7 1.0
Spermacoce sinensis (Klotzsch.) Hiern. Rubiaceae Increaser |l A 2.0 0.2
Phyllanthus maderaspatensis L. Phylanthaceae Invader A 1.5 1.0
Phyllanthus uniraria Phylanthaceae Invader A 0.7 0.5
Tribulus terrestris (L) Oliv. Zygophyllaceae Invader A 0.1 0.1
Total 36.1 48.4
Legumes
Crotalaria heidmannii Schinz. Fabaceae Invader P 0.3 0.1
Senna italica Mill. Fabaceae Increaser |l P 0.1 0.1

Sesbania bispinosa (Willd.) Pers. Fabaceae Increaser |l B 0.2 0.1
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Table 1 Herbaceous species frequencies (%) in cleared and uncleared sites (Continued)

Species Family Ecological status Life form® Cleared Uncleared
Rhyncosia minima (L.) Pers. Fabaceae Increaser |l P 0.5 0.5
Tephrosia purpurea (L.) Pers. Fabaceae Invader P 0.3 0.4
Total 1.4 1.2

Succulents
Kalanchoe brachyloba Welw. ex Britten Crassulaceae Invader P 0.3 0.4
Portulaca quadrifida L. Portulacaceae Invader A 0.1 0.0
Total 0.4 0.4

Others
Cyperus rotundus L. Cyperaceae Invader P 0.1 0.4
Rush spp. Hyacinthaceae - - 0.0 0.0
Total 0.1 0.4

fLife form: P perennial, A annual, B biennial, WP weak perennial

uncleared sites (50%). The short-term responses of herb-
aceous species to bush clearing were inter-specific. The fre-
quency of the most dominant grass species (E. lehmanniana)
was comparable between the cleared and uncleared sites.
The annual grasses (Brachiaria eruciformis and Tragus ber-
teronianus) and a stoloniferous perennial (Panicum colora-
tum) increased more than twofold in cleared relative to
uncleared sites. Likewise, threeawns (Aristida bipartita and
Aristida congesta subsp. barbicollis) were marginally more
abundant in cleared compared to uncleared sites. The highly
palatable grass (Digitaria eriantha) and Ischaemum afrum
were less abundant in cleared compared to uncleared sites.
The abundance of forbs was either lower in cleared sites or
comparable between the two treatments.

Basal cover

The treatment effects varied by plant functional group (p =
0.02) on the basal cover, with graminoids covering a larger
area compared to non-graminoides in both treatments
(Fig. 2). Basal cover of graminoids was significantly (p < 0.05)
higher (496 cm® m™>) in cleared compared to uncleared sites
(301 cm® m™% Fig. 2). Bunch grasses (E. lehmanniana, A.
bipartita, D. eriantha and B. eruciformis) had a relatively
greater basal cover compared to the creeping species in
cleared than in uncleared sites (Fig. 3). Specifically, each
bunch grass covered more than a 2-fold larger area in cleared
compared to uncleared sites. Using stoloniferous growth, P.
coloratum covered more than double the area covered by
each of the selected creepers, more significantly (p < 0.05) in
cleared than in uncleared sites (Fig. 3).

Biomass production

The interaction between treatment and plant functional
groups on biomass production was not significant (p > 0.05).
Treatments had a significant effect (p = 0.05) on the total
biomass production (TBP), with cleared sites having higher
biomass (760.1kg DM ha™') compared to uncleared sites
(6364kg DM ha™1). However, bush clearing had no net

effect on grass biomass (p > 0.05). The grass biomass in
cleared and uncleared sites was 550 and 561 kg DM ha™", re-
spectively (Fig. 4). Bush clearing rather increased forb bio-
mass 2-fold in cleared than uncleared sites (Fig. 4). Of all the
grass species, Eragrostis lehmanniana contributed most to
the TBP in cleared sites (Table 2). Similarly, Panicum colora-
tum and A. congesta subsp. barabicollis contributed more to
the TBP in cleared than in uncleared sites. Conversely,
Ischaemum afrum and A. bipartita contributed significantly
(p < 0.05) more biomass to the TBP than other species in
uncleared than in cleared sites (Table 2).

Soil properties and herbaceous communities

The PCA separated four distinct herbaceous vegetation com-
munities (Fig. 5). The total variance explained by principal
components on herbaceous communities was 68%, with axes
1 and 2 accounting for 36 and 32%, respectively. Community
1 was the most species-rich community, characterised by a
mosaic of grasses (1 = 8 species) and forbs (n = 7; Fig. 5).
The species in this community, eg. B. eruciformis, T.
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Fig. 2 The mean basal cover of graminoid and non-graminoid
plants in cleared and uncleared sites. Bars indicate the mean values,
and the whiskers indicate the standard errors
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Fig. 3 The mean basal cover of the selected bunch and creeping
grass species in cleared and uncleared sites. Bars indicate the mean
values, and the whiskers indicate the standard errors. Key to species:
E. lehmanniana, Eragrostis lehmanniana; C. dactylon, Cynodon
dactylon; P. coloratum, Panicum coloratum; B. eruciformis, Brachiaria
eruciformis; A. bipartita, Aristida bipartita; D. eriantha, Digitaria
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eriantha; B. insculpta, Bothriocloa insculpta

berteronianus and P. coloratum, were potential colonisers in
cleared sites associated mostly with nitrite-rich soils (r = 0.6—
0.94; Fig. 5, Table S1). Community 2 was the second largest
vegetation community characterised by seedling recruitment
of herbaceous plants. Seedling abundance of grasses (r =
0.97), forbs (r = 0.81) and succulents (r = 0.98) correlated
mostly with NO3™~ content, whereas most of species (e.g. D.
eriantha, C. rotundus and G. celociodes) in community 2
were associated with Na*, SO,~ and Mg>* contents (Fig. 5,
Table S1). The third largest community 3 was a forb com-
munity (n = 7 species), with only two grass species (I afrum
and F. africana), associated mostly with soils high in nitrogen
(Fig. 5). Community 4 comprised three grasses (E. lehmanni-
ana, C. dactylon and Setaria sphacelata), a legume and two
forbs. The species in community 4 correlated positively with

~ 1000 5 = | egumes
'g - C—3 Forbs
= == Grasses
S 800 — Total
(=] -
<
; 600 —
5 i
3
B 400
[~}
p i
(%]
g 200
k]
2 i
0 -l
Cleared Uncleared
Treatments
Fig. 4 The mean biomass production of various herbaceous
functional groups in cleared and uncleared sites. Bars indicate the
mean values, and the whiskers indicate the standard errors
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Table 2 Percent (%) contribution of herbaceous species to total
biomass production in cleared and uncleared sites

Species Palatability’ Cleared Uncleared
Aristida bipartita L 8.0 11.6
Aristida congesta subsp. barbicollis L 114 20
Sporobolus ludwigii L 00 43
Tragus berteronianus L 1.5 0.0
Brachiaria eruciformis M 40 52
Bothriochloa insculpta M 18 32
Chloris virgata M 29 00
Cynodon dactylon M 5.7 74
Eragrostis lehmanniana M 155 11.0
Fingerhuthia africana M 0.0 08
Ischaemum afrum M 58 20.1
Digitaria eriantha H 8.5 89
Heteropogon contortus H 03 0.0
Panicum colorotum H 125 2.7
Setaria sphacelata H 22 74
Sesbania bispinosa H 0.5 0.0
Urochloa mosambicensis H 23 5.7
Forbs U 144 88
Indigofera species U 0.6 04
Rhyncosia minima U 13 04
Sena italica U 0.7 0.0
Tephrosia purpurea U 03 0.0

*1 low palatability, M moderate palatability, H high palatability, U unpalatable

silt content, infiltration, PO,*>” and K* and negatively with
soil compaction and sand content (Fig. 5).

Discussion

Species frequencies and composition over the short-term
following bush clearing

The results of this study indicated that the regeneration fol-
lowing bush clearing was species-specific and that grasses
increased to the dominant plant functional group in cleared
sites (Table 1). However, the dominant grass (E. lehmanni-
ana) was not altered by bush clearing, with its frequency be-
ing comparable between cleared and uncleared sites. This is
not surprising given that E. lehmanniana is highly tolerant
of the competition exerted by woody plants (Pease et al.
2006), and its seedlings tend to be protected from herbivory
by woody plants (Ndlovu et al. 2011). These results concur
with McClaran and Angell (2007) who found that the cover
of E. lehmanniana remained comparable between mesquite
(Prosopis velutina) cleared and uncleared sites.

The high recruitment of an annual grass (B. eruciformis)
was due mainly to increased regeneration from the seeds in
bare patches. Brachiaria eruciformis has high seed produc-
tion, and its seeds germinate vigorously during early spring
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Fig. 5 Principal component analysis showing the relationships between soil properties and herbaceous species. Key to species: Ababi, Aristida
congesta subsp. barbicollis; Abip, Aristida bipartita; Berus, Brachiaria eruciformis; Htrio, Hibiscus trionum; Tbet, Tragus berteronianus; Umoz, Urochloa
mosambicensis; Cvirg, Chloris virgata; Cangu, Crabbea angustifolia; Pcolo, Panicum coloratum; Spin, Schkuhria pinnata; Space, Setaria spacelata;
Sbisp, Sesbania bispinosa; Sperm, Spermacoce sinensis; Fafri, Fingerhuthia africana; Hcont, Heteropogon contortus; Sital, Senna italica; Pmad,
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Nidorella resedifolia; Etemi, Embrosia artemisifolia; Bint, Blepharis intergrifolia; Koha, Kohausia virgata; Jflava, Justicia flava; Cdac, Cynodon dactylon;
Rmin, Rhyncosia minima; Cdec, Corbichonia decumbens; lafrum, Ischaemum afrum; Casp, Chochorous asplenifolius; Deri, Digitaria eriantha; Elem,
Eragrostis lehmanniana; Cbeng, Commelina benghalensis; Slud, Sporobolus ludwigii; Cyp, Cyperus rotundus; Kbrac, Kalanchoe brachyloba; Tpurp,
Tephrosia purpurea; Cauc, Crabbea acaulis; Kangu, Kypocarpa angustifolia; Pquad, Portulaca quadrifida; Jaura, Jamesbrittenia aurantiaca; Ssine,
Ipomoea sinensis; Gomp, Gomphrena celocioides; Fseeds, forb seedlings; Gseeds, grass seedlings; Sseeds, succulent seedlings. Key to soil properties:
Comp, compaction; Infil, infiltration
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rains when temperatures and light are maximal (McGillion
and Storrie 2006). Thus, according to Mndela et al. (2019),
high seedling recruitment, short growing cycle (4—6 weeks)
and early response to change in micro-climate in cleared
sites are the main underlying drivers of higher colonisation
by Brachiaria eruciformis in cleared sites. Another potential
coloniser (P. coloratum) did not emerge in the soil seed
bank study conducted by Mndela et al. (2019) at Radi. Thus,
high colonisation of P. coloratum in cleared sites was largely
a function of clonal regeneration, largely by stolons. In con-
trast, Mndela et al. (2019) found a substantial decline in the
seed bank densities of B. eruciformis, T. berteronianus and
threeawns during the rainy season in cleared sites. Mndela
et al. (2019) deduced that a decline in the seed bank dens-
ities and increase in above ground recruitment demon-
strated that regeneration of these species was a function of
the soil seed bank.

High recruitment, especially of fast-growing annuals in
cleared sites, is driven mainly by an increase in light, soil nu-
trients and moisture availability (Stephens et al. 2016). This
view holds for this study because for both cleared and un-
cleared sites, regeneration during the wet season depended
on similar pre-treatment seed bank density. This signifies
that herbaceous recruitment in cleared sites was due largely
to high resource availability rather than differences in the
seed bank densities between sites. The low frequency of forbs
in the cleared sites suggested that although the richness of
undesirable forbs (e.g. Blepharis intergrifolia and Corbiconia
decumbens) was higher (Table 1), they do not pose a serious
threat to grass recovery in cleared sites. This is likely due to
the higher competitive effect of grasses for resources over
forbs (Smit 2005; Xu et al. 2012), as grasses tended to grow
taller and shade forbs in cleared sites.

Effect of bush clearing on herbaceous basal cover

The basal cover of graminoids, particularly bunch grasses,
was higher than that of non-graminoids because most of the
forbs recorded in this study had small erect stems that do
not spread clonally, nor do they exhibit basal tillering. The
results are in accordance with Bates et al. (2000) who re-
corded a large basal cover in Juniper cleared relative to un-
cleared sites, with perennial bunch grasses covering a large
area. Similarly, Ndlovu et al. (2016) recorded a higher basal
cover in Prosopis cleared sites compared to uncleared sites.
The observed increase in basal cover in this study was attrib-
uted to basal tillering of bunch grasses because the frequency
of these species remained similar between cleared and un-
cleared sites. On the other hand, annual bunch grass (B. eru-
ciformis) colonised vigorously from the seed bank in bare
patches, thereby covering bare patches in cleared sites.

The results obtained in this study suggest that increase in
tuft diameters of perennial bunch grasses compensated for
the lack of plant colonisation, whereas regeneration
depended largely on the soil seed bank for annuals following
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bush clearing. Thus, any disturbance, e.g. grazing, burning
and trampling, that would deteriorate the vigour of perennial
bunch grasses and or impair the seedling recruitment of an-
nuals should be avoided following bush clearing. In contrast
to the results of this study, Pierson et al. (2015) found min-
imal responses of herbaceous cover one season after bush
clearing. The differences can be attributable to the differ-
ences in the type of cleared woody species, site-specific con-
ditions and methods applied. The mastication as applied in
the latter study was more destructive than the use of saws
applied in the former. Moreover, this study assessed herb-
aceous responses to clearing of leguminous species (Wickens
et al. 1995), whereas Pierson et al. (2015) studied herbaceous
recovery following the clearing of non-leguminous species.

The species exhibiting prostrate growth, e.g. the creepers
studied here, are, according to Scasta et al. (2015), vulnerable
to competition for light where they coexist with tall bunch
grasses as the latter intercept light more efficiently than the
former. Thus, a low basal cover of creepers could be ascribed
to restricted clonal growth and spread due to limited space
and access to resources. Except for limited clonal spread,
creeping species were generally less abundant than bunch
grasses (Table 1), with P. coloratum being the only stolonifer-
ous species that responded positively to bush clearing. A gen-
erally low basal cover in uncleared sites is driven mainly by
shade and competition for soil water and nutrients imposed
by woody plants (Stephens et al. 2016). Thus, reducing this
competition through bush clearing opened a window for re-
generation, which increased the abundance of annual species
and tufts of most perennial species.

Effect of bush clearing on biomass production

The results revealed that despite an increase in total biomass
production, over a short term, bush clearing was not benefi-
cial for increasing grass biomass. Instead, bush clearing re-
sulted in the increase in biomass production of unpalatable
forbs, and this could reduce grazing capacity of cleared sites.
Higher forb biomass could be attributed to higher leaf pro-
duction because they remained less frequent in cleared rela-
tive to uncleared sites (Table 1). In contrast, a marginally low
biomass production of grasses in cleared sites relative to un-
cleared sites was due to the colonisation of small-leafed an-
nual species, e.g. B. eruciformis and T. berteronianus, in
cleared sites. Moreover, at the time of vegetation sampling,
some leaves of these annual species were already lost due to
their short growing cycle that causes early senescence. Due
to the short-term nature of this study, no conclusions could
be drawn regarding the long-term vegetation change follow-
ing clearing. However, given that rainfall was above average
and soil seed bank of grasses was high in 2017 (Mndela et al.
2019), it is highly likely that biomass production of grasses
increased post-2017 in cleared sites. Hence, long-term pro-
hibition of herbivory is needed to allow plant recruitment
and establishment following bush clearing.
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However, not only do the growing conditions deter-
mine the responses of herbaceous vegetation to bush
clearing but also the type, canopy size, age and densities
of cleared woody species play a central role (Scholes and
Archer 1997). For example, in this study, I afrum and A.
bipartita produced more biomass in uncleared sites
where probably N-fixation by V. tenuispina benefitted
the understory species. The coexistence of L afrum and
V. tenuispina was also reported by La Grande (2010),
suggesting a close relationship between these species.
Moreover, because most of V. tenuispina shrubs are
short (< 1.5 m), competition with understory grasses for
light should be minimal. Effects of bush clearing on
herbaceous vegetation may be strong in scenarios where
cleared encroachers were tall with large dense canopies
(Scholes and Archer 1997).

Effects of soil properties on herbaceous communities

The ordination results showed that the largest vegetation
community (community 1) was strongly associated with
NO,~ content (Fig. 5). The correlation between herb-
aceous species in community 1 and NO,~ was moderate
(r = 0.45) to high (r > 0.70; Table S1), underpinning that
dependence on NO,~ varied by species, as the NO,™ re-
quirements and tolerance differ by species. The species in
this community did not correlate with many other soil
properties measured in this study. This suggests that the
occurrence of this community might also be explained by
other environmental factors not considered here. More
interestingly, vegetation community 2 was associated with
seedling regeneration of forbs, grasses and succulents.
These seedlings were correlated with NO3~, suggesting
that this nitrogenous compound facilitates seedling re-
cruitment either through breaking seed dormancy or as a
nutrient or both.

The soil NO3;~ stimulate the breaking of seed dor-
mancy through reducing abscisic acid, a hormone that
promotes seed dormancy (Bethke et al. 2006; Mcln-
tyre et al. 1996). NO3;™ not only acts as a nutrient,
but also as a signal during germination (Duermeyer
et al. 2018) and is more active in seeds exposed to
light (Vanderlook et al. 2008). It is therefore not sur-
prising to see higher recruitment of annual grass spe-
cies in cleared sites where light is probably higher
than in uncleared sites. Our results further indicated
that soil N was the key nutrient maintaining this forb
dominated community (community 3). This was ex-
pected given that the species in this community colo-
nised mostly in Vachellia tenuispina clumps, where N
content is expected to be high due to N fixation and
deposition of N-rich litter.

The correlation between species in community 4 with
infiltration rate and silt content indicated that this vege-
tation type occurs mostly in moist soils. The negative
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correlation of the species in this cluster with soil com-
paction was not surprising because compaction reduces
not only the infiltration, but also rooting depth thereby
limiting nutrient and water uptake (Nawaz et al. 2013).
Moreover, the cohesive strength of compacted soils im-
pairs germination and seedling emergence (Nawaz et al.
2013); hence, compacted soils tend to lack vegetation
cover due to poor plant adaptation.

The role pastoralists can play in bush control and post-
clearing vegetation recovery

.09pt?>Our results indicated that basal cover and biomass
production increase over a short term following bush
clearing. This indicates a necessity for a temporary exclu-
sion of grazing in bush cleared sites to allow the succes-
sional recovery of herbaceous vegetation. In the interim,
Barua Kgomo pastoralists can utilise the green and lush
grassland areas along the river to ease grazing pressure in
bush cleared areas (Appendix: Fig. 6). In this instance, pas-
toralists through herding may redirect their cattle herds to
areas along the river and kraal them during the night. This
herd management strategy may assist in increasing the
seed production and vigour of grasses, thereby improving
grass cover in bush cleared sites. It is, however, reported
that re-encroachment may occur within 5 years following
bush clearing (Archer and Predick 2014). Thus, pastoral-
ists’ involvement in post-clearing management and moni-
toring of bush cleared rangelands may play a significant
role in ensuring improved and sustained rangeland pro-
duction following bush clearing. Amongst other strategies,
pastoralists need to increase goat herd sizes to manage
resprouting and seedling recruitment of woody plants
through browsing (Maguraushe 2015). Increasing goat
herds is not only the strategy to manage bush thickening,
but also for diversifying livestock products to sustain pas-
toralists’ livelihoods (Behnke 2021).

Conclusion

This study revealed that herbaceous responses to
bush clearing are interspecific, as some grass species
regenerated in cleared sites, whereas the frequencies
of others remained comparable between cleared and
uncleared sites. More interestingly, forbs were less
abundant in cleared sites highlighting that by increas-
ing grass cover, bush clearing reduces the likelihood
of forb invasion. Moreover, an increase in ground
cover and biomass production following bush clearing
showed that even in a short term, bush clearing is a
reliable management tool for the restoration of herb-
aceous vegetation.
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Fig. 6 The NDVI maps indicating vegetation cover change from 1984 to 2018 at Makapaanstad. NDVI > 0.4 = woody cover, NDVI > 0.3-04 = humid
grasslands and NDVI 2 0.2-0.3 = arid grasslands. NDVI < 0.2 are bare areas and water cover. Dotted square indicates an increase in woody cover in
abandoned croplands, and dotted triangle indicates an increase in woody cover of grazing land. In 2018, woody cover declined in the dotted triangle
and the rectangle where bush clearing was conducted by the Working for Water programme. The arrows indicate the areas along a stream. The red
area with negative NDVI in 1996 indicates water overflowing from the stream

Additional file 1: Table S1. Pearson’s correlation between herbaceous
species and soil properties at Makapaanstad rangeland.
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