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Wild ungulates and shrub
control interact to restore
herbaceous vegetation in
shrub-encroached mesic
grassland of South Africa
Mthunzi Mndela1,2*, Alan S. Barrett2 and Leslie R. Brown2

1Department of Livestock and Pasture Science, University of Fort Hare, Alice, South Africa,
2Applied Behavioural Ecology and Ecosystem Research Unit, Department of Environmental
Science, University of South Africa (UNISA), Florida, South Africa
Shrub encroachment threatens grassland ecosystem services including

herbaceous plant diversity, productivity, and overall grazing capacity.

Hence, various shrub control methods including mechanical removal and

herbicides are applied to restore herbaceous vegetation. However, the

knowledge regarding the outcomes of integrated shrub management on

herbaceous vegetation is limited. We investigated herbaceous vegetation

responses after 7 years following the integration of shrub control and

herbivory at Telperion Nature Reserve, Mpumalanga Province, South Africa.

In a split-plot experiment using four enclosures and non-enclosures as main

plots, we randomly assigned each of the following treatments in four 4 × 4-m

subplots in each main plot: 1) foliar metsulfuron-methyl herbicide, 2) 50%

mechanical shrub removal, 3) 100% removal, and 4) no removal (untreated

controls). A one-off Seriphium plumosum removal and the application of

species-specific herbicide were conducted in 2015. Shrub control by

herbivory interaction was significant (p < 0.05) for herbaceous canopy

cover, basal cover, density, and species richness. The effects of herbivory

were significant (p < 0.05) in the 50% removal treatment, increasing

herbaceous plant diversity, density, and richness to the same level as 100%

removal and herbicide treatments. In enclosures, however, the 50% shrub

removal treatment attained relatively low herbaceous plant cover, density,

species diversity, and richness compared to the herbicide treatment. Overall,

this study revealed that herbivory and shrub control interact to facilitate

herbaceous vegetation restoration, with 50% shrub removal by herbivory

combination showing potential for management of S. plumosum-

encroached grasslands.
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1 Introduction

Shrub encroachment defined as the increase in shrub cover,

density, and biomass disrupts ecosystem processes and services and

changes the structure and functioning of grasslands (Zhou et al.,

2019; Mochi et al., 2022; Wieczorkowski and Lehmann, 2022). This

phenomenon is ascribed to complex interactions of overgrazing and

inappropriate fire regimes together with global drivers including

elevated atmospheric CO2 and variable rainfall regimes (Stevens

et al., 2016). Overgrazing reduces herbaceous cover, abundance, and

biomass, giving shrubs a competitive advantage and a recruitment

pulse, especially when the rainfall is above average (Erfanzadeh

et al., 2016; Weber-Grullon et al., 2020). Overgrazing not only

reduces understory vegetation production and cover but also

changes the composition from grass to unpalatable forb-

dominated herbaceous communities (Erfanzadeh et al., 2016).

Even in water-limited ecosystems, high atmospheric CO2 by

increasing water use efficiency and fertilization facilitates an

increase in shrub cover and biomass (Stevens et al., 2016; Mndela

et al., 2022a). Shrub proliferation is more prevalent in infrequently

burned rangelands with low browsing ungulate densities (Dreber

et al., 2019), as this promotes an increase in shrub cover and root

biomass, thereby intensifying shrub–grass competition for light and

below-ground resources (Van Zyl and Avenant, 2018).

Shrub encroachment causes biodiversity loss and a decline in

rangeland and livestock productivity, adversely affecting the local

economy (Anadon et al., 2014; Wieczorkowski and Lehmann, 2022)

and pastoralist’s livelihoods (Liao et al., 2018; Hare et al., 2021). In

South Africa, a dwarf shrub, Seriphium plumosum (L.) Thunb.

(Asteraceae) previously known as Stoebe vulgaris, has encroached

vastly in grassland and savanna biomes (Urban et al., 2021). The

encroachment of this shrub was first noticed early 1920s in

Southern Africa, after which its abundance increased abruptly

(Clark et al., 2020). An increase in S. plumosum encroachment

characterizes degradation (Wepener, 2007) and is partly driven by

the high production of wind-dispersed seeds together with high

recruitment success in nutrient-poor soils (Snyman, 2012).

S. plumosum both competes with understory plants and limits

germination and establishment via allelopathy (Snyman, 2010).

Nonetheless, the legacy effects of the S. plumosum allelopathy

following shrub control are transient, with its autotoxicity persisting

only for 12 to 16 weeks in the soil (Van Zyl and Avenant, 2018). This

presents a great opportunity for herbaceous vegetation restoration

through shrub control. Various shrub control methods have been

proposed including chemical, burning, and mechanical measures

(Avenant, 2015; Pule et al., 2023). These control measures have

different efficacies (Marquart et al., 2022) and impose differential

effects on the herbaceous plant diversity, cover, and production (Nkosi

et al., 2018; Clark et al., 2020; Graham et al., 2020). Thus, herbaceous

vegetation responses following shrub control need to be ascertained

from short- to long-term temporal scales.

A plethora of research has been conducted on S. plumosum

control (Snyman, 2012; Clark et al., 2020; Marquart et al., 2022);

however, none of these studies assessed long-term vegetation

responses above 3 years. This limits our understanding of the

long-term outcomes of shrub control on understory vegetation.
Frontiers in Ecology and Evolution 02
Monitoring long-term vegetation responses to shrub control is

important to devise appropriate vegetation restoration

management (Mndela et al., 2022b). In most studies, e.g.,

Marquart et al. (2022), shrub control has never been integrated

with herbivory to mimic the ideal scenarios where ungulates are an

integral part of the ecosystem. This questions the reliability and

practicality of the results obtained from such studies for biodiversity

conservation and vegetation restoration. Ungulates through

browsing and trampling open shrub canopies for herbaceous

plant recruitment (O’Connor et al., 2020). Furthermore, ungulates

play a crucial role in reducing shrub seedling recruitment (Hare

et al., 2021) and resprouting of partially killed shrubs, thereby

minimizing re-encroachment (Venter et al., 2017).

A comprehensive study that considers holistic responses of

herbaceous vegetation to integrated management of S. plumosum is

crucial (Nkosi et al., 2018). This study, therefore, investigates

herbaceous plant responses after 7 years following the integration

of chemical and mechanical shrub control with herbivory. The

objective of the study was to assess the long-term impacts of shrub

control on herbaceous vegetation and determine how wild ungulates

modulate herbaceous vegetation responses to shrub control.
2 Materials and methods

2.1 Site description

The study was conducted at Telperion Nature Reserve (TNR)

close to the town of Bronkhorstspruit in the Mpumalanga Province

of South Africa (Figure 1). The reserve is 11,000 hectares in size and

is 1,350 m above sea level. The reserve is used mainly for the

conservation of populations of wild ungulates including Plains

zebra, Blue and black wildebeest, Red hartebeest, Eland,

Springbok, Kudu, Gemsbok, Waterbuck, and Blesbok (Table 1;

Roux, 2017). The stocking rate of the wild ungulates at TNR is

0.20 large stock unit/ha (MacFadyen, 2014). The mean annual

rainfall at TNR ranges from 650 to 700 mm per year, with the

highest rain received during the summer months around January

(Graham et al., 2020). The average minimum and maximum

temperatures are 7°C and 27°C, respectively. The reserve

comprises grasslands, wetlands, mosaics of woodlands on the

ridges, forest in the valleys, and the free-flowing Wilge River,

which supports wild ungulates through forage provision,

drinking, and insulation against heat. The main vegetation type at

TNR is Rand Highveld Mesic Grassland, with the largest parts being

classified as Eragrostis curvula–S. plumosum midslope plateau

grassland (Brown et al., 2022). The common grass species are

Themeda triandra, Elionurus muticus, and Tristachya leucothrix

(Mucina et al., 2006). S. plumosum encroaches heavily with the

highest density of 9,500 plants/ha (Graham et al., 2020) and a mean

canopy cover of 50.0% ± 8.9% where ungulates are present to 83.8%

± 6.3% where ungulates are absent (Figure 2). The shrub cover was

on average 80% across the plots before shrub control. In 2022, the

shrub cover in 50% removal treatment was 25% and 68% in non-

enclosures and enclosures, respectively, and these were 2- and 1.2-

fold lower than shrub cover in no removal treatments (Figure 2;
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FIGURE 1

Map showing the location of Telperion in Mpumalanga Province of South Africa.
TABLE 1 Wild ungulate species and their feeding habits and diet composition.

Animal species Feeding habitj

Common
name Scientific name

CGR BGR BR IF Diet composition

Eland Tragelaphus oryx ✓

Grasses constitute 18%, and the rest is woody plant material, e.g.,
twigs, leaves, and pods1

Blue wildebeest Connochaetes taurinus ✓

Grasses constitute 95% of the diet mainly during wet season and
only small proportion of woody material2

Blesbok Damaliscus pygargus ✓

Grasses constitute 84%, and the other portion is constituted
by browsing

Black wildebeest Connochaetes gnou ✓

Grasses constitute 95%, and the species browse occasionally when
grass production is low1

Red hartebeest Alcelaphus buselaphus ✓

Grasses constitute 87%, and the other portion is constituted
by browsing2

Plains zebra Equus quagga
✓ Depends largely on grazing, with C4 grasses constituting 89% of

the diet2

Gemsbok Oryx gazella ✓
Grasses constitute 88%, but the species browse when grass forage
is scarce1

Waterbuck Kobus ellipsiprymnus ✓ A sole grazer, with grasses constituting 92% of the diet2

Impala Aepyceros melampus ✓
Grasses constitute approximately 52% of the diet, and the rest is
woody plant material1

Kudu
Tragelaphus
strepsiceros ✓

Grasses constitute as small as 4% of the diet, with the largest
portion constituted by woody plant material1

Springbok Antidorcas marsupialis ✓

Grasses constitute approximately 17% of the diet, and the largest
proportion is constituted by browsing of woody plants2
F
rontiers in Ecology and Evolution
 03
CGRj, concentrate grazers; BGRj, bulk grazers; BRj, browsers; IFj, intermediate feeders.
1Cerling et al. (2003).
2Venter and Kalule-Sabiti (2016).
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Supplementary Table 1). The soil types characterizing the reserve

are sandy soils derived from Quartzite of the Witwatersrand

Supergroup, Pretoria group, and the Selons River formation of

the Rooiberg group (Mucina et al., 2006).
2.2 Experimental design

Four spatially distributed sites were located at TNR. At each site,

a 50 × 25-m area was demarcated and divided into two paired 25 ×

25-m plots, with one plot fenced to preclude wild ungulates

(enclosure) and the other plot left open to wild ungulates (non-

enclosure; Table 2). A 1.5-m-high wire mesh was erected to prevent

access of medium- to large-sized ungulates to enclosures. Thus, the

enclosures were only accessible to small mammals including

rodents and lagomorphs. The wild ungulates kept in the reserve

and their feeding regime (Mentis, 1981) and diet composition

(Venter et al., 2017; Cerling et al., 2003) are presented in Table 1.

Five ungulates are grazers, two are browsers, and four are

intermediate feeders (Table 1). More than 80% of the diet of

grazers is C4 grasses, whereas 82%–96% diet of browsers consists

of woody plant twigs, pods, and leaves (Table 1).

Following a split-plot design, each enclosure or non-enclosure was

subdivided into sixteen 4 × 4-m subplots, for which each of the

following shrub control treatments was assigned randomly in four

subplots: foliar herbicide, 50% shrub removal, 100% removal, and no

removal (untreated controls) (Nkosi et al., 2018). The subplots were

interspaced by 1.5 m to avoid spillover effects of shrub control treatment

to another. A 2-m wide buffer was maintained around the main plot to

account for the edge effect. Collectively, enclosures and non-enclosures

are loosely referred to as herbivory treatment in this study.
2.3 Shrub control treatments

The mechanical treatment, which included 50% and 100%

shrub removal, was conducted by cutting and grubbing the
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above-ground stems and rhizomes of S. plumosum stems (Nkosi

et al., 2018). Since the shrub is rhizomatous, cutting the above-

ground stem only would lead to resprouting, which, therefore,

justifies pulling out rhizomes from the soil by grubbing in 50%

and 100% removal treatments (Snyman, 2012). For 50% shrub

removal, half of the S. plumosum individuals in each subplot were

removed, whereas all S. plumosum plants were removed for the

100% removal treatment. For the herbicide treatment, metsulfuron-

methyl herbicide was applied at a concentration of 4 g/L of water by

spraying the photosynthetic foliage of S. plumosum using knapsack

sprayers. Metsulfuron-methyl was selected owing to its known

efficacy in shrub control (Marquart et al., 2022) and its high

selectivity against non-target plants when applied to the foliage

(Du Toit, 2012). This is a systematic herbicide that is translocated to

plant parts below ground (Spencer, 2012), making it the most

relevant to control rhizomatous shrub species. To avoid the pre-

emergent effects of the herbicide on the soil-stored seeds, shrub

control treatments were applied during the 2015 growing season

long after seedling recruitment (Nkosi et al., 2018).
2.4 Data collection

Vegetation was assessed in October at the end of the spring

season of 2022 after 7 years of the establishment of shrub control

and herbivory experiment. Three 1-m2 quadrats were sampled in

two opposite corners and at the center of each subplot, giving a total

of 384 quadrats. All plants encountered in each quadrat were

identified to species level using the nomenclature by Van

Oudtshoorn (1999) for grasses and Van der Walt (2009) for

forbs, legumes, shrubs, and sedges. The minimum and maximum

basal diameters were measured at the 3-cm stubble height of each

plant encountered in each quadrat using a standard ruler. For

creeping plants, each above-ground shoot was identified as an

independent plant when the distance between shoots was >10 cm

(Davies et al., 2012). All individuals encountered in each 1-m2

quadrat were used to estimate plant density, whereas the total
FIGURE 2

Shrub cover across different shrub control methods within enclosures and non-enclosures.
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number of different species per quadrat was used as the estimate of

species richness. Plant density was divided into graminoids (grasses

and sedges) and non-graminoids (forbs and rushes). The

herbaceous cover was estimated in each subplot as a collective

proportion of graminoids, forbs, and rushes. The plant cover was

estimated visually in the whole subplot by two researchers, and the

estimates were later averaged to obtain a single representative cover.

The basal cover was calculated as the total ellipsoid area of all basal

crowns of plants per quadrat and expressed as a proportion of the

area of a quadrat. The ellipsoid area was calculated from the

minimum and maximum basal diameters.
2.5 Statistical analysis

All analyses were conducted in JASP statistical software. Two-

way analysis of variance (ANOVA) was performed in a split-plot

design, with enclosures and/or non-enclosures (n = 2) and shrub

control treatments (n = 4) included as the main plots and subplots,

respectively. Generalized linear mixed-effects models (GLMEMs)

were fitted to determine the fixed effects of herbivory, shrub control

treatments, and their interactions on herbaceous cover, basal cover,

species richness, diversity, and plant density. Experimental sites

were added as random factors in the GLMEMs. For species richness

and plant density, plant functional groups (graminoids and non-
Frontiers in Ecology and Evolution 05
graminoids) were further included as the additional independent

variable to assess three-way interactions between herbivory, shrub

control, and plant functional groups. The species diversity was

calculated using the Shannon–Wiener diversity index (H′)
according to Magurran (2004), as follows (Equation 1):

H 0 = −o
S

i=1
Pi ln Pi (1)

where S is the number of species in each subplot and Pi is the

relative abundance of species i.

When the interactions were significant at a = 0.05, a Tukey’s

post-hoc test was used to conduct multiple mean comparisons.
3 Results

3.1 Herbaceous plant canopy and
basal cover

Herbivory (F1, 128 = 31.24, p < 0.001), shrub control (F3, 128 =

21.11, p < 0.001), and herbivory by shrub control interaction (F3, 128
= 2.83, p = 0.050) had significant effects on herbaceous canopy cover

(Table 3). Non-enclosures had 3-fold and 4-fold higher herbaceous

canopy cover compared to enclosures for 50% removal (t = 4.86, p <
TABLE 2 The study design indicating shrub control treatments within enclosures and non-enclosures across three experimental sites.

Enclosure Non-enclosure

Site 1 NR MH 50% 100% 50% 100% MH NR

50% 100% NR MH NR MH 50% 100%

MH 50% 100% NR 100% 50% NR MH

100% NR MH 50% MH NR 100% 50%

Non-enclosure Enclosure

Site 2 100% NR MH 50% NR 50% 100% MH

NR 50% 100% MH MH 100% 50% NR

MH 100% 50% NR 100% NR MH 50%

50% MH NR 100% 50% MH NR 100%

Enclosure Non-enclosure

Site 3 50% 100% NR MH 100% MH NR 50%

MH NR 50% 100% 50% NR 100% MH

NR MH 100% 50% MH 100% 50% NR

100% 50% MH NR NR 50% MH 100%

Non-enclosure Enclosure

Site 4 MH 50% 100% NR 50% 100% MH NR

100% MH NR 50% NR MH 50% 100%

50% NR MH 100% 100% 50% NR MH

NR 100% 50% MH MH NR 100% 50%
NR, no removal; MH, metsulfuron-methyl herbicide; 50%, 50% shrub removal; 100%, 100% shrub removal.
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0.001) and no removal treatments (t = 3.62, p = 0.018), respectively

(Figure 3A). In non-enclosures, the shrub control treatments had

similar herbaceous canopy cover, with herbicide treatment
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exhibiting higher herbaceous cover (t = 3.20, p = 0.050) than no

removal treatment (Figure 3A). In enclosures, 100% removal and

herbicide treatments attained similar herbaceous canopy cover (t =

0.07, p = 1.000), which was 3 to 6-fold higher than in the 50%

removal and no removal treatments (Figure 3A).

The herbivory (F1, 128 = 14.42, p < 0.001), shrub control (F3, 128
= 10.53, p < 0.001), and herbivory by shrub control interaction (F3,

128 = 4.49, p = 0.009) had a significant effect on basal cover (Table 3).

Basal cover (BC) was 4-fold and 2-fold higher in non-enclosures

relative to enclosures for 50% removal (t = 3.60, p = 0.019) and

100% removal treatments (t = 3.36, p = 0.034), respectively

(Figure 3B). Herbicide treatment had a significant 3- to 5-fold

higher basal cover compared to other shrub control treatments in

enclosures (p < 0.001; Figure 3B).
3.2 Species diversity

Herbivory (F1, 128 = 18.51, p < 0.001) and shrub control (F3, 128
= 4.39, p = 0.009), but not their interaction (F3, 128 = 1.26, p = 0.301),

had a significant effect on species diversity (Table 3). The 50%

removal and no removal treatments attained a significantly higher

diversity in non-enclosures than enclosures (Figure 4A). The 100%

removal and herbicide treatments had comparable diversity in

enclosures and non-enclosures (Figure 4A). Generally, shrub

control treatments exhibited a similar diversity of 1.70 (±0.24) on

average in non-enclosures, whereas herbicide treatment had a

significantly higher diversity (p < 0.05) of 1.60 (±0.17) compared

to 50% removal (0.76±0.17) and no removal treatments (0.63±0.17)

in enclosures (Figure 4A).
3.3 Species richness

Species richness was significantly affected by herbivory (F1, 128 =

19.08, p < 0.001), shrub control (F3, 128 = 7.15, p < 0.001), and their

interaction (F3, 128 = 3.29, p = 0.031; Table 3). Species richness was

similar (p > 0.05) between non-enclosures and enclosures for all shrub

control treatments except 50% removal, which had significant (t = 4.54,

p = 0.001) 3-fold more species in non-enclosures than in enclosures

(Figure 4B). On average, shrub control treatments had eight species in

non-enclosures, which were 3-fold more than species recorded in 50%

removal and no removal treatments in enclosures (Figure 4B).

A three-way interaction between herbivory, shrub control, and

plant functional groups (PFGs) was not significant (Table 3). Shrub

control by PFG (F3, 128 = 3.24, p = 0.028) and herbivory by PFG

(F1, 128 = 13.34, p < 0.001) interactions were significant for species

richness (Table 3). For all shrub control treatments, the species

richness of graminoids was significantly higher than that of non-

graminoids (p < 0.01; Figure 5A). Graminoid richness in 100%

removal and herbicide treatments was similar but significantly

higher compared to that in 50% removal and no removal

treatments (Figure 5A). There were more graminoid species in

non-enclosures than enclosures (p < 0.001) and even three times

more than non-graminoids in both enclosures and non-

enclosures (Figure 5B).
TABLE 3 The F-test and p-values of the herbivory treatment, shrub
control, plant functional groups (PFG), and their interactions on
herbaceous vegetation indicators.

Dependent variable Source
of variation

F p

Herbaceous plant cover Herbivory 31.24 <0.001

Shrub control 21.11 <0.001

Herbivory ×
Shrub control

2.83 0.050

Basal cover Herbivory 14.42 <0.001

Shrub control 10.53 <0.001

Herbivory ×
Shrub control

4.49 0.009

Species diversity Herbivory 18.51 <0.001

Shrub control 4.39 0.009

Herbivory ×
Shrub control

1.26 0.301

Total species richness Herbivory 19.08 <0.001

Shrub control 7.15 <0.001

Herbivory ×
Shrub control

3.29 0.031

Total plant density Herbivory 22.86 <0.001

Shrub control 4.51 0.008

Herbivory ×
Shrub control

3.59 0.022

Species richness for plant
functional groups

Herbivory 15.36 <0.001

Shrub control 4.69 0.005

Herbivory ×
Shrub control

3.03 0.036

Plant functional
group (PFG)

113.81 <0.001

PFG × Herbivory 13.34 <0.001

PFG × Shrub control 3.24 0.028

PFG × Herbivory ×
Shrub control

0.71 0.548

Plant density for plant
functional groups

Herbivory 12.01 <0.001

Shrub control 3.71 0.016

Herbivory ×
Shrub control

3.17 0.030

Plant functional group 95.46 <0.001

PFG × Herbivory 14.16 <0.001

PFG × Shrub control 2.85 0.044

PFG × Herbivory ×
Shrub control

1.92 0.135
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3.4 Plant density

The herbivory (F1, 128 = 22.86, p < 0.001), shrub control (F3, 128
= 4.51, p = 0.008), and their interaction (F3, 128 = 3.59, p = 0.022)

had a significant effect on the total plant density (Table 3). The plant

density was significantly higher (t = 4.39, p = 0.002) in non-

enclosures relative to enclosures for 50% removal (Figure 6). All

shrub control treatments had similar plant densities in non-

enclosures, but these densities were 4-fold higher than for 50%

removal and no removal treatments in enclosures (Figure 6).

A three-way interaction of the herbivory, shrub control, and

PFGs was not significant for plant density (Table 3). Nonetheless,

shrub control by PFG (F3, 128 = 2.85, p = 0.044) and herbivory by

PFG interactions (F1, 128 = 14.16, p < 0.001) significantly affected

plant density (Table 3). Graminoids had higher densities than non-
Frontiers in Ecology and Evolution 07
graminoids in 100% removal (t = 2.95, p = 0.049) and herbicide

treatment (t = 2.95, p < 0.001; Figure 5C). When graminoids were

compared across shrub control treatments, herbicide treatment

attained a 2-fold higher density than the 50% removal (t = −4.10,

p = 0.003) and no removal treatment (t = 4.14, p = 0.002; Figure 5C).

However, graminoid density was nearly 2-fold more in non-

enclosures than enclosures and 7-fold more in non-graminoids in

both enclosures and non-enclosures (Figure 5D).
4 Discussion

Our results revealed that herbaceous canopy cover and basal

cover responses depended largely on the interactive effects of

herbivory and shrub control, indicating that herbivory had
A

B

FIGURE 3

Herbaceous canopy cover (A) and basal cover (B) across different shrub control treatments in enclosures and non-enclosures. Bold dotted and
undotted lines inside the box denote the mean and median, respectively, and the lower and upper limits of the box denote 25th and 75th quartiles,
respectively. The lower and upper whiskers are minimum and maximum values, respectively.
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additive effects. These effects were more apparent in the 50% shrub

removal and no removal treatments (Figure 3), largely due to

ungulates, which reduced shrub cover further in non-enclosures

(Figure 2; Supplementary Table 1). For 50% removal treatment

particularly, wild ungulates reduced shrub cover to 25%, which is

below a 40% encroachment threshold identified by Roques et al.

(2001) for encroached rangelands of Southern Africa (Figure 2).

Generally, if shrub cover increases above 40%, herbaceous cover

and density decline due to competition for light and below-ground

resources in the semi-arid savannas of Southern Africa (Roques

et al., 2001). Thus, the shrub–grass competition is expected to be

minimal in 50% removal treatment in non-enclosures, given that

shrub cover was nearly 2-fold less than the threshold. These

responses were due to wild ungulates in non-enclosures that
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opened shrub cover, thereby increasing herbaceous plant cover,

basal cover, and plant density in the 50% removal to similar levels as

the 100% removal and herbicide treatments. This result is

attributable to browsing and trampling by wild ungulates, which

break shrub twigs and open shrub cover further, subsequently

enhancing herbaceous plant recruitment and establishment

(O’Connor et al., 2020). This was affirmed by plant density

response trends, which resembled herbaceous cover responses

(Figure 6), with densities responding more positively in non-

enclosures that received 50% removal relative to 100% removal

and herbicide treatments. These results signified that the integration

of wild ungulates and shrub control facilitated plant colonization in

non-enclosures, probably by creating a microclimate favorable for

plant regeneration and recruitment.
A

B

FIGURE 4

Species diversity (A) and total species richness (B) across different shrub control treatments in enclosures and non-enclosures. Bold dotted and
undotted lines inside the box denote the mean and median, respectively, and the lower and upper limits of the box denote 25th and 75th quartiles,
respectively. The lower and upper whiskers are minimum and maximum values, respectively.
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A low herbaceous plant cover in enclosures for 50% removal

treatment was probably due to shrub cover recovery due to the

absence of ungulates to control resprouting. S. plumosum exerts

serious competitive effects (Snyman, 2012; Marquart et al., 2022),

with shading from shrub canopy reducing leaf production, leading

to low herbaceous plant cover (Mndela et al., 2022c). In contrast to

previous studies (e.g., Stokely et al., 2020), we found higher plant

cover in herbicide treatment regardless of the herbivory treatment.

Our findings concur with Marquart et al. (2022), who recorded

higher herbaceous plant cover in plots where S. plumosum was

treated with metsulfuron-methyl. This herbicide is highly selective

against non-target herbaceous plants (Du Toit, 2012) and generally

achieves a 100% mortality of S. plumosum (Marquart et al., 2022),
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though a minor shrub recovery of 10% and 16% cover occurred in

non-enclosures and enclosures, respectively, in this study (Figure 2;

Supplementary Table 1). Since metsulfuron-methyl was applied

during summer long after several rains, seedling recruitment and

establishment were not interrupted; hence, plant density and cover

were the highest in shrub-cleared treatments.

Herbaceous cover responses to herbicide and 100% removal

treatment were similar (Figure 3), and this was not surprising, given

that shrub cover recovery was minimal after 7 years in these

treatments (Figure 2; Supplementary Table 1). Hence, graminoid

densities were the highest in the herbicide and 100% removal

treatments compared to 50% removal and no removal treatments

(Figure 5). This finding indicates that graminoids, largely grasses,
A B

DC

FIGURE 5

Species richness (A) and plant density (C) of different plant functional groups across shrub control treatments and between enclosures (B) and non-

enclosures (D). The bars indicate the mean (�X), and the error bars indicate the standard error.
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are more vulnerable to S. plumosum encroachment and that a

reduction in shrub cover created habitat conditions favorable for

grass colonization. Generally, a reduction in shrub cover triggers an

increase in seed production by graminoids, contributing greatly to

herbaceous plant recruitment (Bakker et al., 2014; Mndela et al.,

2020). The increase in graminoid densities is a result of increased

light availability to the understory layer and a release from shrub

competition for soil nutrients and moisture (Haussman et al., 2016).

This was further underpinned by the interaction between plant

functional groups and herbivory treatment, with graminoid density

responding more positively to wild ungulates in non-enclosures

where shrub cover was low for all treatments. A reduction in shrub

cover increases the decomposition and N positively of organic

material due to increased temperatures and microbial activity

(Ward et al., 2015). This, therefore, increases organic matter and

nutrient availability, thereby creating safe sites for plant recruitment

and establishment. Since the clearing of shrubs allows the dispersal

of seeds from nearby areas into cleared sites, dispersed seeds

together with those produced by local vegetation colonize

vigorously in nutrient-rich patches following shrub control

(Mndela et al., 2022b; Mndela et al., 2022c).

Furthermore, we found that species diversity responded

similarly in enclosures and non-enclosures, more so for 100%

removal and herbicide treatments (Figure 4), highlighting that

herbivory had a marginal effect on species diversity in these

treatments. As a result, for both 100% removal and herbicide

treatments, diversity was not different from that of 50% removal

in non-enclosures. Generally, habitat heterogeneity in 100%

removal and herbicide treatments is low due to the removal of

almost all shrubs (Nkosi et al., 2018); hence, higher species richness
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did not translate to higher diversity in these treatments than in the

50% removal treatment. This is ascribed to the dominance of a few

species, which led to these few species homogenizing vegetation in

the 100% removal and herbicide treatments. Certain herbaceous

species adapted to high light conditions tend to monopolize space,

exploit resources, and eliminate late colonizers following shrub

control (Mndela et al., 2022a).
5 Conclusions

This study was designed to provide a mechanistic understanding

of how integration of shrub control and herbivory affected

herbaceous vegetation after 7 years of a one-off shrub management

event. The results revealed that herbaceous vegetation responses with

regard to plant cover, density, and richness depend on the

interactions between herbivory and shrub control. Herbivory effects

were more apparent in the 50% shrub removal treatment signifying

that wild ungulates had additive effects on the herbaceous vegetation

responses. This suggests that ungulates should be considered an

integral part of the management plan for S. plumosum

encroachment in mesic grasslands. Although the 50% removal

treatment had lower graminoid richness than the 100% removal

and herbicide treatments, species diversity together with herbaceous

plant cover and density remained comparable between the former

and latter two treatments. Overall, our results suggest that apart from

herbicide treatment, the integration of 50% removal and herbivory

holds great promise for the restoration of S. plumosum-encroached

mesic grasslands. The use of 50% shrub removal combined with wild
FIGURE 6

Plant density across different shrub control treatments in enclosures and non-enclosures. Bold dotted and undotted lines inside the box denote the
mean and median, respectively, and the lower and upper limits of the box denote 25th and 75th quartiles, respectively. The lower and upper
whiskers are minimum and maximum values, respectively.
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ungulates is not only ecologically significant but also economically

viable relative to 100% shrub removal. The results of this study are a

basis for the management and conservation of herbaceous vegetation

diversity and productivity for sustainable wildlife production.
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