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Abstract: Bush encroachment is a habitat change phenomenon that threatens savanna and grassland
ecosystems worldwide. In Africa, large carnivores in bush encroached landscapes must adjust to
increasing woody plant cover and biomass, which could affect predation success at multiple stages
through complex and context-dependent pathways. We highlight, interpret, and compare studies
that assessed how bush encroachment or related habitat parameters affect the predation stages of
large African carnivores. Bush encroachment may directly or indirectly affect predation success in
various ways, including by: (1) altering habitat structure, which may affect hunting efficiency and
prey accessibility; (2) changing prey abundance/distribution, with smaller species and browsers be-
ing potentially favoured; (3) influencing interference competition within the carnivore guild. For
habitat or dietary specialists, and subordinate predators that are vulnerable to both top-down and
bottom-up ecosystem effects, these alterations may be detrimental and eventually incur population
fitness costs. As the threat of bush encroachment continues, future studies are required to assess
indirect effects on competitive interactions within the large African carnivore guild to ensure that
conservation efforts are focused. Additionally, to better understand the effects of bush encroach-
ment across Africa, further research is necessary in affected areas as overall little attention has been
devoted to the topic.

Keywords: Africa; apex predator; bush cover; grassland ecology; habitat structure; predator—prey
interactions; prey accessibility; prey availability; savanna ecology

1. Introduction

Bush encroachment is defined as the increase in the density and biomass of woody
plant species in grassland ecosystems [1,2]. Encroachment of woody vegetation occurs
globally [1,3-6] and can lead to land degradation and possible habitat loss, habitat frag-
mentation and downstream ecosystem effects [1,7,8]. Evidence suggests that there are
multiple interplaying causal factors, notably overgrazing by livestock, alterations in fire
regimes, climate change and reduction or removal of browsing herbivores, including
megaherbivores [9], which suppress woody biomass accumulation and regulate shrub
density [10-13]. The issue is exacerbated in arid and semi-arid ecosystems that are prone
to drought and high rainfall variability, such as much of the African continent [2,14]. Ev-
idence is starting to emerge indicating that bush encroachment in African landscapes can
alter the hunting habitats of large predators [2], for example by decreasing the availability
of habitat edges used by large predators such as the cheetah (Acinonyx jubatus) to visualise
and stalk prey [15,16]. Ecosystem effects of bush encroachment, such as increased bush
density and altered prey availability, may influence the predation success of carnivores,
but concrete evidence and synthesis are lacking. Furthermore, different hunting strategies
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of competing predators and local contexts will likely lead to variable impacts of bush en-
croachment and altered levels of competition.

Animals may avoid predation in a number of ways, for example by avoiding preda-
tor-dense areas or by seeking refuge in safe patches in areas where perceived or actual
predator densities are high [17]. Therefore, in addition to removing animals from the eco-
system via predation, predators influence prey densities and distributions by altering
prey behaviour and forcing prey to employ avoidance mechanisms. Habitat features can
provide refugia for small prey and decrease detectability, thereby facilitating predator
avoidance [18,19]. In African savanna ecosystems, Guenther’s dik-dik (Madoqua guentheri)
is a small antelope species (ca. 5 kg) that prefers to forage in dense bushland habitats
which are avoided by the larger-bodied impala (Aepyceros melampus; ca. 40 kg), which
nonetheless overlaps substantially in diet with dik-dik [20]. The preference for dik-dik for
bushland habitats has been attributed to a reliance on crypsis to avoid detection by pred-
ators [21]. In contrast, complex vegetation creates risky habitats for large prey such as
Cape buffalo (Syncerus caffer), because large ambush predators such as lions (Panthera leo)
can find concealment for ambush therein, and prey may struggle to escape due to vegeta-
tion barriers [22].

The effects of bush encroachment on carnivore predation success may be easier to
predict when considering a simple food web, such as where only one carnivore is present,
or where intraguild predation is absent or minimal [23]. In such systems, an absence or
reduction in interspecific competition is likely to decrease pressure on predators that
might otherwise be subordinate to larger carnivores; opening opportunities to locate safe
optimal habitats for successful predation and consumption of prey. However, this is a rare
scenario, as many ecosystems include diverse primary consumers and complex predator
guilds [24]. Subordinate secondary consumers must hunt prey to survive while also
avoiding predation and interference competition by dominant predators [25]. The effects
of habitat change phenomena such as bush encroachment on competitive interactions
within carnivore guilds are likely to be complex and highly context-dependent and have
thus far been understudied.

To date, reviews on bush encroachment in ecology and conservation have focused
on the causes of bush encroachment and effects on vegetation structure (e.g., [26-28]),
with little attention paid to effects on predators. Previous discussion of effects on preda-
tors has been limited to general considerations supported by little evidence [29]. Our work
herein complements previous outputs by highlighting, interpreting, and comparing stud-
ies that assess the effects of bush encroachment, or related habitat variables, on African
predators and their prey in the context of predation success. Our focus is on large African
carnivores (>15 kg). These species often exist in ecosystems heavily impacted by bush en-
croachment and are likely to be particularly affected by habitat change due to their large
spatial requirements and high movement rates [30,31]. As predation success depends on
multiple stages that may all be affected by bush encroachment, our review addresses bush
encroachment effects on, and associations with, carnivore hunting behaviour at each stage
of predation. Studies included mainly focus on predation on ungulate species, as these
tend to be the preferred prey choice of large African carnivores [32-34]. The review con-
cludes by discussing an important topic that has received little attention: competitive in-
teractions among large carnivores in bush-encroached landscapes.

2. Methodology
2.1. Search Methodology for Publication Trends

To derive the number of outputs published annually for large carnivores from 2011
to 2020 (Figure 1), in March 2022 we conducted a search in Google Scholar using the com-
bination of the words and phrases “bush encroachment”, “Africa” and “large carnivore”.
We opted to use Google Scholar because it outputs more records than online publication
databases such as Web of Science or Scopus [35,36]. By using Google Scholar, we increased
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the chance that search outputs included reports, book chapters, and theses/dissertations,
in addition to peer-reviewed scientific journal articles. This search engine was used exclu-
sively in other recent reviews of topics in ecology and predator—prey interactions (e.g.,
[37-39]). To estimate the research effort on carnivores compared to herbivores, we per-
formed an additional search replacing “large carnivore” with “large herbivore” and dis-
played the cumulative results on a clustered bar chart created in RStudio 2021.09.0 [40]
(Figure 1).
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Figure 1. Annual frequency of publications relating to bush encroachment and large African carni-
vores for a recent 10-year period (2011-2020). Publications related to bush encroachment and herbi-
vores are included for comparison. Search conducted in Google Scholar in March 2022.

2.2. Search Methodology for Comprehensive Review

To provide as comprehensive a search as possible for our review, we used the Clari-
vate Analytics Web of Science Core collection, the Elsevier Scopus database and Google
Scholar to search for combinations of key words and terms periodically between May 2021
and July 2022. These three databases were used collectively in other ecological reviews of
predator—prey relationships (e.g., [41-43]) and their combined use facilitates a broad over-
view of the target research topic. Specifically, Web of Science and Elsevier can produce
search outputs that might be more specific to the search terms used, whereas Google
Scholar supplements output by bringing in additional results from the peer-reviewed as
well as grey literature [35,36]. Combinations of keywords and terms that we searched for
(using the “Advanced document search” option in the Web of Science and the “All Fields”

i V/A7i

section in Scopus), included: “bush encroachment”, “carnivore”, “predator”, “kleptopar-
asit*”, “prey abundance”, “prey accessibility”, “Africa”, “habitat”, “habitat cover”. These
terms and words were also combined with the common names and scientific names for
large African carnivore species.

To investigate the geographical distribution of relevant outputs that were returned
from this search and used in the review synthesis and discussion (Table S51), we created a
map in QGIS 3.10 [44] (Figure 2). A large proportion of the literature used in the synthesis
and discussion (57%) pertained to the relationship between various vegetation or habitat
factors and predation success without explicit reference to bush encroachment (Table S1).
We included these on the map (marked with an asterisk) as we were able to use these
outputs to make inferences about the possible effects of bush encroachment on predation
success.
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Figure 2. Distribution by country across Africa of publications relating to bush encroachment and
large African carnivores that were identified in the review. Relative frequency of publications for
each species indicated by size of icons; inclusion of paper(s) for species that assessed habitat varia-
bles without reference to bush encroachment indicated by an asterisk; #% cheetah, leopard,
A% brown hyena, ¥ spotted hyena, wy lion, #4* African wild dog. Data used to create map

available in Table S1. Map generated in QGIS 3.10 (QGIS Association) [44]; map of Africa layer from
ICPAC GeoPortal [45]; Ecoregion layer produced by Dinerstein et al. [46].

3. Current Knowledge

Large African carnivores and herbivores have not received the same amount of at-
tention in the literature regarding bush encroachment (Figure 1). Annual search outputs
returned from Google Scholar revealed a consistently and substantially lower volume of
publications for carnivores than herbivores. A cyclic or potentially only slight increase in
outputs over time is apparent for carnivores, whereas for herbivores the increase in out-
puts is more evident. There is therefore no evidence of rapid growth in research efforts
for carnivores, even though bush encroachment is a critical conservation challenge in
many grassland and savanna systems. This gap in research effort for carnivores is im-
portant to highlight and illustrates that overall, research assessing the effects of bush en-
croachment on predation success is rare. These effects can therefore mostly be inferred
from research that has assessed associated habitat variables, such as vegetation density,
vegetation cover and habitat visibility.

The search output for publications that we identified from the literature search, and
used in the review discussion and synthesis, is visually summarised according to species
and country in Figure 2. As this search returned no publications for African countries lo-
cated outside of sub-Saharan Africa, the map extent in Figure 2 was limited to sub-Saharan
Africa. As evidenced, study areas of published outputs are restricted mainly to southern
Africa, particularly South Africa and Namibia with the largest focus being on the Namib-
ian cheetah (Acinonyx jubatus) population.

The stages of predation are defined by Endler [47] as: search, encounter, kill and con-
sumption. Each stage is influenced by multiple factors relating to habitat, predator and
prey [48], which may all be affected directly or indirectly by bush encroachment [8,49].
For the purpose of this review, the additional stage “capture” will be referred to, as this
takes place after an encounter, but may not lead to a kill.

3.1. Search, Encounter, Capture and Kill Stages

Because predators employ different hunting strategies, the success of predator
search, encounter, capture and kill stages in bush-encroached areas likely varies between
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species. The success of each stage may be determined by habitat structure, which could
affect hunting efficiency and prey accessibility, and prey abundance and distribution, all
of which may be influenced by bush encroachment [4,8,18].

3.1.1. Habitat Structure
Hunting Efficiency

Bush encroachment alters the predators’ hunting grounds [50] (Figure 3a). Search
and recognition may be diminished by the decreased sighting visibility that accompanies
increased shrub cover, especially for predators that rely on the identification of prey from
great distances [15,51]. Greater bush cover may decrease capture success for cursorial
predators that are adapted to run by impeding prey chases while enhancing capture for
ambush predators that can more easily conceal themselves to employ the sit-and-wait
strategy [52,53]. Additionally, the dense bush may impede the movement of larger prey
and displace these species [54]. Predators may then be required to hunt smaller prey more
frequently to satisfy energy requirements, leading to increased hunting effort.

Figure 3. Bush encroachment affects various stages of predation, such as by impacting hunting effi-
ciency and prey accessibility (a). Open areas are important for cursorial predators to detect and
subdue prey and bush encroachment may affect capture success (b). Kleptoparasitism can decrease
in bush-encroached areas, but in such areas, subordinate predators can be at greater risk of encoun-
tering dominant ambush predators (c). Photos by the Cheetah Conservation Fund.

Previous studies have indicated that male cheetah habitat selection is more strongly
influenced by hunting requirements than prey density [55-59]. Muntifering et al. [18] and
Nghikembua et al. [15] tracked cheetahs in north-central Namibia, where bush encroach-
ment poses a threat to ecosystems [60] and identified significantly increased use of open
shrubland and grassy areas, where sighting visibility was high. Habitat structure in open
areas likely allows greater search and encounter success, as well as potentially providing
the cheetah, a cursorial predator, with open areas to increase capture success (Figure 3b).
Marker et al. [31] found that radio-tracked females in the same region preferred medium
(30-75% canopy) bush areas and coalition males preferred thick bush habitats, but this
habitat selection was not strongly correlated with the estimated presence of ungulate prey.



Earth 2022, 3, 58

1015

The purpose of their study was to determine large-scale cheetah habitat selection (home
range) and therefore time intervals between relocations (4-7 days) were not small enough
to determine fine-scale resource selection directly related to hunting. However, Bissett
and Bernard [59] noted that hunting success was about the same (~50%) for cheetahs in
both open and heavily wooded habitats in a South African reserve, where dense bush
covered 70% of the area. Therefore, cheetahs are likely to be able to hunt efficiently in
bush-encroached habitats, but the selection of these habitats to optimise hunting success
is likely context dependent and may only be identified at the correct spatial scale.

Marker et al. [31] and Muntifering et al. [18] addressed a gap in the literature for long-
term studies by using eight-year and seven-year datasets, respectively. Additionally,
Marker et al. [31] analysed a large number of individuals/groups (n = 41). However, while
these studies are representative of Namibian farmlands, many natural predators and com-
petitors of the cheetah, such as lions (Panthera leo) and spotted hyenas (Crocuta crocuta)
[17,61] have been extirpated from the region [50]. Findings from these studies therefore
may not reflect cheetah habitat selection in ecosystems where intact large carnivore guilds
are present.

Bush density was not found to be a significant determinant of cheetah habitat use by
Muntifering et al. [18], who measured multiple habitat metrics and used these to develop
a model through which cheetah high-use areas could be characterised. Other studies of
carnivore habitat preference and abundance in bush-encroached areas measured addi-
tional vegetation variables, commonly shrub cover [62,63]. Failure of studies to detect a
significant relationship between bush density and carnivore abundance or habitat prefer-
ence could indicate that bush density may not always be the optimal variable to directly
predict large carnivore habitat use in bush-encroached areas. Instead, bush density may
indirectly affect habitat use, for example through effects on prey density or prey availa-
bility, or through decreasing grass cover that is relied on by some large predators [18,54].
In areas of moderate bush density, search, encounter and capture rates of prey may not
be altered enough to change large carnivore abundances. Increased vegetative cover can
also benefit predators, especially those using ambush strategies that rely on habitat cover
to approach prey undetected; for example, lions have been shown to kill more frequently
in densely vegetated areas [52,53]. Using Global Positioning System (GPS) collar data,
Nghikembua et al. [15] found that cheetahs significantly avoided dense shrubland, where
tree/bush density was greater than 75%. Cursorial predators such as the cheetah may
avoid areas where bush density has surpassed a threshold and homogenised the land-
scape, as suitable hunting habitats are likely to be either lacking or non-existent.

Soto-Shoender et al. [63] found no significant effects of vegetation cover or season on
spotted hyena abundance in two reserves of north-eastern Eswatini, presumably due to
the very low detection rate of this species on camera traps. Studies that directly assess the
effects of vegetation cover on the hunting success of large carnivores in Africa are lacking,
and in the context of bush encroachment appear to be non-existent for most large carni-
vores. Therefore, it is difficult to determine the appropriateness of bush cover as a meas-
ure of bush encroachment impacts on large carnivore hunting efficiency. As detection
rates of carnivores during ecological surveys can be low [63], future studies should fine-
tune methods to enable higher detection rates and highlight any significant habitat asso-
ciations.

A 2020 study surveying the response of predators in north-central Namibia to bush
thinning [16] mitigated the low detection rates of some large carnivores by placing camera
traps in areas of high detection, including scent-marking posts and trails [64-67], and by
clearing areas around camera traps. The number of captures of leopards (Panthera pardus)
and brown hyenas (Parahyaena brunnea) on camera traps was significantly higher in habi-
tats where the bush was sparse, suggesting that habitat structure is important to these
predators. This result was suggested to be due to higher ungulate abundance, as well as
higher availability of habitat margins in less dense areas providing cover for stalking
predators and increasing visibility of open areas where cursorial predators can easily
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detect, chase and capture prey [2,15,18,68]. The latter conclusion is strengthened by find-
ings from Nghikembua et al. [15], who observed that GPS-collared cheetahs frequently
used habitat margins. Therefore, a homogenised landscape with no margins, for example,
where bush encroachment is managed poorly or not at all, may provide poor hunting
grounds for large predators by decreasing search, encounter and capture rates.

Although no studies appear to have assessed the effects of bush encroachment on
African wild dogs (Lycaon pictus), landscape homogenisation may have similar effects on
wild dog hunting success. Adaptation to landscapes homogenised by bush encroachment
may be difficult for wild dogs, which tend to occupy areas with a mosaic of habitats
[62,69]. Previous studies that have assessed wild dog habitat preference, show conflicting
results, with more dense habitats being avoided in some cases [70] and preferred in others
[69]. Whittington-Jones et al. [69] observed a strong preference for woodland habitats by
wild dogs, despite low visibility in these habitats, and previous findings suggest that wild
dogs prefer to hunt in woodland habitats [30,71]. However, prey capture success of wild
dogs in relation to habitat type varies greatly within the literature [72-75].

The effects of bush encroachment on search, encounter and capture rates likely vary
between large felids and canids due to reliance on different sensory systems to hunt. As
felids rely primarily on vision to hunt [76], decreased visibility in dense habitats may
greatly impair hunting success. However, the heightened sense of smell of canids, likely
decreases reliance on high habitat visibility to detect prey and could lead to greater hunt-
ing success in bush-encroached habitats. For example, this is supported by findings from
Kriiger et al. [71], which suggested that lower visibility in denser habitats had little impact
on prey capture success by wild dogs. Future research to compare the capture success of
large felids and canids living in bush-encroached environments would be useful.

Prey Accessibility

Bush encroachment may influence capture success of prey by creating areas that alter
prey accessibility. As accessibility is influenced by prey size, increased bush density may
provide important refugia for smaller animals [19] but prevent escape of larger prey [54],
making larger prey more accessible. Some predators, such as lions in the Serengeti [52],
may prioritise prey accessibility over other factors such as prey abundance when choosing
habitats for predation.

In Eswatini, Soto-Shoender et al. [63] observed increased species richness of mam-
mals with increasing grass cover, which is negatively correlated with shrub biomass [4].
They also observed decreased ungulate species richness with increasing shrub cover and
predicted a decrease in abundance of ungulate species with further bush encroachment.
This supports findings from Smit and Prins [8] showing decreased species diversity and
decreased densities of grazer species in Kruger National Park with increasing woody
cover over a 7-year timeframe. Previous studies suggest that blue wildebeest (Connochaetes
taurinus) avoid thickets due to higher predation risk, potentially to avoid stalking lions
[77]. Findings from both Soto-Shoender et al. [63] and Smit and Prins [8] support this by
revealing a significant decrease in wildebeest densities with increasing woody cover. Wil-
debeest density also significantly increased with increasing grass cover [63], which was
partly attributed to the availability of quality forage. However, short grass enables pred-
ators to be spotted from greater distances and can allow quicker escapes [54], especially
for larger prey that cannot take refuge in shrubs. Therefore, accessibility to larger prey
such as wildebeest may be increased in bush-encroached areas.

Multiple studies have highlighted the influence of predation risk on habitat selection
by prey species [78-81]. Smit and Prins [8] found a decrease in densities of four grazers,
namely roan antelope (Hippotragus equinus), plains zebra (Equus quagga), sable antelope
(Hippotragus niger) and eland (Taurotragus oryx), with increasing woody cover. This was
attributed to the decreased forage availability that accompanied increased woody cover.
However, Smit and Prins [8] did not assess predator-related factors, nor did they discuss
the influence of predation risk, making it difficult to determine the effects of predators on
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these prey densities. Furthermore, Soto-Shoender et al. [63] studied a fenced reserve
where large predators consisted of low densities of spotted hyena and leopard, which may
have resulted in prey utilising areas that elsewhere might have greater accessibility to
predators. However, similar findings are described in other studies addressing predation
risk; an association between numbers of larger herbivores and open areas, where visibility
is higher, has been identified in Hluhluwe-iMfolozi Park, South Africa [81], where preda-
tors are abundant [82,83], and in Laikipia County, Kenya [84]. This further suggests that
high grass cover —where bush encroachment is low [2] —leads to an increased chance of
escape of large herbivores from large predators and therefore lower accessibility of prey.

Nghikembua et al. [16] assessed predator and prey presence in habitats of different
post-bush thinning ages in Namibia. Differences relating to prey size were also assessed
by analysing both large and small ungulate habitat preferences. They found no significant
difference in camera-trap detection rates of ungulates or smaller, subordinate (meso)
predators between thinned and non-thinned habitats, despite the finding that ungulate
abundance was actually higher in thinned habitats. The authors suggested this to be the
result of greater predator preference for thinned plots and the subsequent establishment
of a “landscape of fear” [85], where ungulates and mesopredators feel unsafe in both
thinned and non-thinned plots due to the high presence of large predators. Alternatively,
this finding may have resulted from random variability in the data and small sample sizes
or could indicate the importance of variability in habitat structure for prey when evading
predation risk. Bush encroachment tends to increase habitat homogeneity and could
therefore have an impact on predator-prey interactions by influencing the detection of
prey, predator avoidance, and prey accessibility.

Shrub cover in savanna ecosystems can provide an important refuge for smaller ani-
mals [19,86] that may be predated by some large carnivores, such as rodent species and
scrub hare (Lepus saxatilis) that have been identified in leopard scats [87,88]. Smit and Prins
[8] found that average herbivore body size decreased with increasing woody cover. How-
ever, the prey size threshold at which bush cover becomes unsafe is unclear and, exceed-
ing a bush density threshold may have negative consequences for those that have other-
wise benefitted from the increased woody vegetation [15]. Smit and Prins [8] identified
unchanged average herbivore biomass with increasing bush cover. However, the bush
cover was only assessed up to 65%. Above this, herbivore biomass could decrease, and
prey may consist primarily of smaller animals that may find refuge from large carnivores
in densely vegetated areas.

3.1.2. Prey Abundance and Distribution

Prey availability can strongly influence carnivore demography [89]. Prey distribution
and abundance are determined by the trade-off between food availability, competition
and, as discussed, predation risk [48,90,91]. Increased competition and potential elimina-
tion of some herbivorous species may occur through decreased grazing capacity, as bush
encroachment can decrease land productivity [2]. Multiple studies have discussed the ef-
fects of bush encroachment on herbivore abundance and distribution [63,92-94]. These
parameters can affect predator search and encounter success, as fewer prey in an area may
lead to increased search times and decreased encounters [48]. Low encounter rates with
wild prey may then lead to higher levels of livestock predation [95].

Studies have predicted that bush encroachment in semi-arid ecosystems will lead to
a shift in herbivore communities towards browsers [8,93,96] due to the replacement of
grass with browse. Similar to Smit and Prins [8], Kiffner et al. [93] assessed changes in
large herbivore densities in relation to bush encroachment. However, instead of assessing
outcomes over a gradient of woody cover in a cross-sectional study, they assessed long-
term population trends within a gradually changing landscape, allowing a better under-
standing of adaptive responses of wildlife populations. The study used a 58-year dataset
of densities for 13 herbivore species in Lake Manyara National Park (LMNP), northern
Tanzania, collected through total species counts (1959-2008) and line transect surveys



Earth 2022, 3, 58

1018

(2011-2016). Bush encroachment was determined by measuring habitat visibility in 2017
and comparing it with baseline data for 1985 and 1991 [97]. Access to such an extensive,
long-term density dataset that can be tied to baseline vegetation data is lacking in the lit-
erature. Species counts collected prior to 2011 were argued to be reliable due to the small
park size (~100 km?) and the greater visibility afforded by a more open landscape during
earlier years, an argument supported by the finding that horizontal visibility greatly re-
duced from 43-95% to 9-38% over the study period.

Reduced predator lines-of-sight, which are determined by measuring horizontal vis-
ibility, in LMNP were associated with increased bush encroachment, but Kiffner et al. [93]
were unable to assess changes in other vegetation variables such as shrub height due to a
lack of baseline data for these. However, predator sight lines are directly affected by bush
encroachment [15,18,51], and this variable is therefore likely to be a good indicator of
predator search and encounter success in bush-encroached landscapes. Reduced visibility
was suggested by Kiffner et al. [93] to be partially responsible for the large decrease in
density of waterbuck (a grazer; Kobus ellipsiprymnus) and sharp increases in densities of
bushbuck (a browser; Tragelaphus sylvaticus) and impala (a mixed feeder; Aepyceros
melampus). Similarly, Smit and Prins [8] found an increase in densities of two browsers,
kudu (Tragelaphus strepsiceros) and giraffe (Giraffa camelopardalis), but a decrease in densi-
ties of most grazer species with higher woody cover. Interestingly, Kiffner et al. [93] also
identified increased densities of wildebeest and zebra (both grazers). This finding partly
aligns with predictions from Gordon and Prins [96] that, while ruminant bulk or roughage
grazers (e.g., wildebeest) will decrease with increasing bush encroachment, grazers that
are hind-gut fermenters (e.g., zebra) will increase, as they are less nitrogen-limited than
ruminant bulk grazers. However, other factors unrelated to bush encroachment that were
not measured in these studies will also influence herbivore densities, such as proximity to
water sources [63] and land use pressures [98]. These findings should therefore be inter-
preted with caution.

If grazers are forced into bush-encroached habitats, they may experience higher pre-
dation risk than browsers due to reliance on long sight lines to detect predators, thereby
enhancing predator capture success. A potential decrease in grazer numbers and a com-
munity shift towards browsers may have negative consequences for large predators that
prey mainly on grazer species, such as lions [32]. However, lions may have an advantage
over cheetahs as they are able to take down the largest browser species, including giraffes
and young elephants (Loxodonta africana), which may be favoured in bush-encroached ar-
eas [8,93]. Leopards, lions and spotted hyenas also have a wider dietary niche breadth
than cheetahs [99]. These species may be able to better adjust their diet to herbivore com-
munity shifts or reductions. Nonetheless, a meta-analysis by Khorozyan et al. [95] indi-
cated that large ungulate availability significantly limits the survival of some large felids,
including the lion, and that wild prey biomass most strongly predicts whether lions and
leopards access alternative prey that incurs more risk. For example, these predators may
resort to livestock predation and suffer persecution as a result. Kiffner et al. [93] showed
that herbivore biomass decreases with increasing bush encroachment. In contrast, Smit
and Prins [8] found that herbivore biomass remained the same with a greater bush cover
but noted a reduction in prey size. Both effects could influence large predator hunting
success, for example by increasing the abundances of smaller species that are harder to
catch in areas with high refuge availability, or by reducing herbivore densities and de-
creasing encounter rates. Downstream effects of this may include increased livestock pre-
dation or increased competition between apex predators and the exclusion of subordinate
predators such as cheetahs.

3.2. Consumption Stage

Consumption of prey by predators may be affected by the presence of kleptopara-
sites. Kleptoparasitism occurs when individuals from one species steal food procured by
another species [100]. Because predator presence or abundance may be determined by the
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extent of bush encroachment [16,18], kleptoparasitism rates may also be affected. Subor-
dinate predators must select habitats that optimise both predation success and avoidance
of apex predators that may kill them or steal their prey [61,101], with optimal sites some-
times occurring in dense vegetation [102]. Subordinate predators may establish a wide
dietary niche to reduce competitive interactions with dominant predators or partition
their resource use on fine temporal or spatial scales [103]. Some large subordinate preda-
tors, such as cheetahs, may hunt smaller prey that can be rapidly consumed to avoid de-
tection by kleptoparasites [33]. This may lead to depleted energy intake with possible con-
sequences for individual survival and overall population fitness.

Previous studies have focused on predator—prey relationships in relation to vegeta-
tion structure in African savannas and grasslands [104,105] and some have assessed com-
petitive interactions between predators in these habitats [59,70,105,106]. However, studies
on the latter topic are rare, especially in the context of habitat change resulting from bush
encroachment.

The cheetah and the African wild dog are subordinate predators in the African large
carnivore guild. Lion predation is the primary cause of cheetah mortality in the Serengeti
[61] and a common cause of wild dog mortality in the Kruger National Park (KNP) [107].
Both the cheetah and the wild dog may also experience interference competition by lions
and spotted hyenas via kleptoparasitism [68,108]. Despite this, and the vulnerable status
of both species, no study has assessed the effect of bush encroachment on competitive
interactions between these species and dominant predators. Mills and Gorman [70] ob-
served significantly strong avoidance of Acacia thickets by wild dogs in KNP, despite the
preference for this habitat type by impala, the preferred and most important prey species
of wild dogs in this area. Playback experiments aiming to attract nearby competing carni-
vores such as lions to various habitats showed the common occurrence of lions in the three
habitats most strongly avoided by wild dogs. This included two habitats where vegeta-
tion/bush density was high. It could therefore be inferred that, for wild dogs that are hab-
itat generalists [30,109], the effects of bush encroachment on prey consumption may be
indirect through the creation of more densely vegetated areas that support higher densi-
ties of lions and increase the risk of kleptoparasitism. However, the method used to meas-
ure habitat vegetation densities by Mills and Gorman [70] is not entirely clear and habitats
were only broadly defined. Fine-scale habitat use in bush encroached areas, for example,
the use of optimal patches to safely consume prey within areas of highly competitive pres-
sure, requires further attention.

Gigliotti et al. [106] assessed cheetah survival in the context of predation risk, prey
densities and habitat complexity in a reserve in northern KwaZulu-Natal, South Africa,
and briefly discussed bush encroachment. Complex vegetation (dense habitat with high
Enhanced Vegetation Index) was found not to be favoured by cheetahs, possibly because
cheetahs are not protected from ambush predators here [110,111]. This aligns with find-
ings from studies previously discussed suggesting that increased perceived predation risk
is associated with shrub cover for larger prey animals [8,63,112]. Findings from the study
are strong, as the authors assessed both seasonal (short-term) and long-term effects, mon-
itoring the reserve monthly over a 10-year period and following a large number (n = 133)
of individual cheetahs over their lifetime. However, one weakness of the study was the
assessment of only one closed population. The same weakness can be identified in another
study that assessed kleptoparasitism and predation of cheetahs in a fenced game reserve
in South Africa [59]; the study found that kleptoparasitism increased in areas of lower
cover and solitary females, which used thicket vegetation the most, experienced no klep-
toparasitism when tracked continuously for 14 days, contradicting the suggestion by Gi-
gliotti et al. [106] that cheetahs are less safe in thicket vegetation (Figure 3c). However,
levels of kleptoparasitism were low overall, potentially because only one lion pride was
present in the reserve and individual tracking periods were short.

In addition to subordinate predators, top predators within the African carnivore
guild may also experience kleptoparasitism. In one study, lions succeeded in stealing
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hyena kills with every attempt, even when outnumbered six to one [113]. Leopards in
some populations frequently store and consume prey in trees [114,115], a unique strategy
believed to be employed to avoid kleptoparasitism. A study in a South African reserve
identified a 21% steal rate of leopard prey, with the primary kleptoparasite being the spot-
ted hyena [115]. Brown hyenas are unique in the large African carnivore guild as in many
regions they are primarily scavengers. Their presence may therefore be determined by the
availability of carrion such as facilitated by the presence of other large carnivores, which
provide potentially larger prey items to scavenge [116]. However, previous research has
shown avoidance of competing top predators, such as the spotted hyena, by brown hye-
nas [117,118]. Studies regarding the scavenging success of brown hyenas in relation to
vegetation cover are lacking, and with respect to bush encroachment are non-existent,
making further discussion on this species difficult.

Lions are capable of stealing kills from Africa’s top predators, including spotted hy-
enas [113] and leopards [115]. Loarie et al. [104] assessed the effect of vegetation structure
on lion predation in KNP using Light Detection and Ranging (LiDAR) and GPS-tracking
of lions. The study did not discuss bush encroachment despite this currently being a chal-
lenge faced in the park [119] but did find that male lions rested in more open areas than
females, possibly to intimidate competitors. This reasoning is also given by Hopcraft et al.
[52], who found a significant and positive association between scavenged kills and prox-
imity to kopjes (rocky outcrops) used by plains lions, suggesting that lions used kopjes to
identify scavenging, and presumably hunting opportunities. Bush cover may help preda-
tors decrease the chance of kleptoparasitism while consuming prey. However, Loarie et
al. [104] found that male lions used areas of dense bush cover when hunting, where lines
of sight were significantly lower. This was attributed to the ambush strategy favoured by
male lions, compared with more cooperative hunting observed in female lion groups
[120]. A balance between adequate cover and open habitat is likely required to allow fine-
scale resource partitioning by predators in areas with complex and/or abundant carnivore
guilds, and such a trade-off is probably unlikely to be obtained in homogenous highly
bush-encroached areas, which also have lower prey biomass available. As a result, bush
encroachment may lead to consistently low satiation levels in some large predator popu-
lations, which could affect population densities, fitness and survival.

4. Management Implications

Conservation efforts should aim to maintain intact carnivore guilds or restore guilds
that have been simplified, for example as a result of human persecution. These guilds are
key to ensuring healthy, balanced ecosystems, as they control prey abundance and diver-
sity, suppress mesopredators that otherwise may alter ecological communities [121], and
may also protect ecosystems from the effects of invasive species [122]. Management of
bush-encroached habitats, for example through bush-thinning methods [123], should aim
to optimise habitat utilization and promote predation success of endangered large carni-
vores, while also ensuring that patches of preferred habitat are available for prey species.
Through the latter, a large wild prey base can be established, decreasing interference com-
petition between carnivores and potential reliance on livestock depredation by large car-
nivores and subsequent human-carnivore conflict.

Various techniques may be used to identify thresholds at which to manage habitats
for increasing or optimising predation success. Studies have often employed ground-
based survey methods, measuring variables such as shrub density [18] and shrub cover
[49,63] in sampling grids placed non-randomly or over vegetation gradients within habi-
tats. These techniques may be more accessible and accurate within selected plots and may
be the best options when identifying thresholds at which to manage habitats at a finer
scale, for example, to preserve beneficial patches or habitat margins within larger land-
scapes. However, as some carnivores may select habitats at a broader (home range) scale
to avoid encounters with top predators [124], it is important to utilise methods that allow
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for feasible and time-efficient habitat assessment to inform management at the appropri-
ate scale.

The availability of high-resolution remote sensing data has allowed for a fast, quan-
titative assessment of habitat variables that are indicative of bush encroachment over large
areas. For example, woody vegetation cover, inclusive of both trees and shrubs, may be
mapped for entire regions at high resolutions using synthetic aperture radar (SAR)-de-
rived satellite data and remote sensing training data [125]. Using data produced via these
methods, Atkinson et al. [126] determined fractional woody cover (FWC) thresholds con-
ducive to high predation success for cheetahs and leopards in north-central Namibia. Op-
timal predation success was indicated to differ between carnivore species, suggesting that
management of woody cover at certain thresholds may have species-specific benefits in
this region. With the increasing availability of high-resolution remote sensing datasets,
there is a greater opportunity to assess habitat thresholds at broader scales across Africa,
which could allow for the development of standardised habitat management protocols.

In conjunction with habitat management, closed or fenced systems could benefit
from close monitoring of predator and prey abundances and, if necessary, supplementa-
tion of these populations via translocation. This would help to minimise interference com-
petition and the potential mortality of less dominant predators [124].

5. Conclusions and Future Research

Bush encroachment poses a challenge in savannas and grasslands throughout Africa
and therefore requires further attention and research focus. Effects appear to be species
and region-specific, but trends suggest a community shift towards browsing herbivorous
species and smaller prey in bush-encroached areas, lower prey species diversity, as well
as changes in prey availability, and possibly in vulnerability to predation. This may re-
quire some large carnivores to alter their hunting strategy or target less desirable prey,
which may be easier to achieve for habitat and dietary generalists. Generally, it appears
that areas with moderate bush and grass cover may be optimal for large predators, in-
cluding the cursorial cheetah that may frequently use habitat margins to increase hunting
success. However, above a certain threshold, bush encroachment may be detrimental to
most predator and prey species, but this requires further investigation.

So far, most studies have been cross-sectional, providing good baseline data for fu-
ture studies but failing to highlight adaptive responses of populations to bush encroach-
ment over time as longitudinal studies would. Additionally, most studies, including lon-
gitudinal studies, have only assessed effects in small areas, which may be fenced reserves
without emigration or immigration or areas where some large apex predators have been
extirpated. Therefore, long-term as well as large-scale studies of populations that experi-
ence immigration and emigration and high kleptoparasitic pressure are needed to under-
stand the effects of habitat change on the hunting success of large, vulnerable African car-
nivores. This understanding will be furthered with greater knowledge of prey habitat use
in bush-encroached landscapes, which could be obtained if studies assess all three of the
main prey habitat determinants: resource availability, predation risk and competition.

Understanding the drivers of bush encroachment and quantifying their relative as
well as cumulative contributions, remain important focus areas for research. Efforts
should continue to also focus on impacts on vegetation structure, composition and density
triggered by altered herbivore communities, such as reduction or extirpation of megaher-
bivores, shifts in smaller herbivores from grazers to browsers, as well as overgrazing by
livestock. The impacts of changes in fire regimes and the influence of climatic factors also
need to be understood, as they will likely increasingly affect the ecology of African savan-
nas and grasslands in complex and dynamic ways.

Ecological parameters of predator and prey populations, such as abundance and dis-
tribution, have received the most focus in the literature and, bush encroachment effects
on predator populations as well as fitness effects have yet to be comprehensively assessed.
Additionally, behavioural studies, particularly those assessing competitive interactions
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among large carnivores in bush-encroached areas, are severely lacking and would likely
yield context-dependent insights, suggesting that studies should occur across ecosystems
and in varying carnivore guilds. For example, cheetahs and African wild dogs are threat-
ened and endangered subordinate predators among large African carnivores, making
them vulnerable to both top-down and bottom-up effects caused by bush encroachment;
whereas in systems where lions and spotted hyenas have been lost, subordinate carni-
vores might have different responses in habitat selection with bush encroachment, due to
absence of top-down regulation that operates in intact large carnivore guilds. High levels
of kleptoparasitism, changes in hunting grounds and decreased prey abundance or diver-
sity that may result from bush encroachment could decrease predation and handling suc-
cess, increase levels of human-wildlife conflict, and further threaten these species. Future
work should explore the indirect effects of bush encroachment on competitive interactions
among large predators according to their hunting strategy, socio-biology, and dominance
hierarchy, to inform the conservation of carnivores at most risk.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1: Publications assessing bush encroachment or related habitat var-
iables in relation to large African carnivore species.
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