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Abstract  41 

Understanding how donor (bottom-up) and trophic (top-down) modes of population control 42 

shape food web structure and dynamics has long been a major goal of ecology, yet consensus 43 

about mechanisms is lacking. Two prevalent patterns hint at generality in mechanisms that shape 44 

predator-prey communities. First, within communities, herbivore biomass declines and plant 45 

biomass increases in the presence of predators, regardless of ecosystem productivity, evoking a 46 

trophic cascade. Second, across communities, predator biomass density increases sublinearly 47 

with prey biomass density, a ‘power law’ which often is assumed to arise from donor control. 48 

We show how both patterns can emerge simultaneously, using data from ungulate assemblages 49 

in African savannas. Within three savannas where mechanisms underlying trophic dynamics are 50 

understood (the Greater Serengeti ecosystem, Kruger National Park, and the Laikipia highlands), 51 

prey biomass is dominated by one or a few ungulate species that are donor controlled, yet they 52 

support most of the predators. The same predators also consume less abundant prey species that 53 

are trophic controlled. In effect, donor and trophic control of prey are coupled by generalist 54 

predators via ‘non-reciprocal apparent competition’ (NRAC). Within 56 African savannas where 55 

ungulate biomass densities but not dynamics are known, mean ungulate biomass rankings 56 

resemble those of Serengeti, Kruger, and Laikipia, and are therefore consistent with the 57 

hypothesis of NRAC. Under NRAC, total prey biomass declines within systems because trophic-58 

controlled prey are suppressed by predators. Among systems, power law patterns emerge from 59 

the dynamics of dominant prey that are donor controlled. Given that coupled donor and trophic 60 

control can occur wherever there are generalist predators, NRAC is a candidate mechanism 61 

contributing to the prevalence in nature of both trophic cascades and predator-prey power laws. 62 

63 
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Introduction 64 

Understanding how donor (bottom-up) and trophic (top-down) modes of population control 65 

shape food web structure and dynamics has long been a focus of empirical and theoretical 66 

ecologists (Hairston et al. 1960, Oksanen et al. 1981, Fretwell 1987, Power 1992), yet consensus 67 

about mechanisms is lacking. Two sets of macroecological patterns provide clues about food 68 

web structure and function. First, a meta-analysis of studies that manipulated donor and trophic 69 

control in real ecosystems – by adding nutrients and removing predators, respectively – revealed 70 

that herbivore biomass declines and plant biomass increases in the presence of predators, 71 

regardless of ecosystem productivity (Borer et al. 2005). This suggests that trophic control (via 72 

trophic cascades) is prevalent in nature. Second, across diverse ecosystems, herbivore biomass 73 

density increases as a sublinear function of primary productivity (McNaughton et al. 1989), and 74 

predator biomass density increases as a sublinear function of prey biomass density (Carbone and 75 

Gittleman 2002, Hatton et al. 2015, Perkins et al. 2022). Such power laws can arise from models 76 

driven either by donor control (Hatton et al. 2015, Salahshour 2023) or by trophic control 77 

(Mazzarisi et al. 2025), but it is not clear which of these models best reflect real food webs. We 78 

address how both macroecological patterns can arise and persist within and among ecosystems. 79 

 80 

Barbier and Loreau (2019) envisioned such macroecological patterns as representing two distinct 81 

but complementary domains of food web theory. The first, which they called the ‘dynamical 82 

paradigm’, emphasizes interactions among species, such as between predators and prey, and 83 

seeks to understand how effects of predators cascade downwards in food webs. The second, 84 

which they called the ‘energetic paradigm’, seeks to understand how energy flows upwards in 85 

food chains, and how allometric scaling (sensu Hatton et al. 2015) emerges from environmental 86 
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and physiological processes. As a first step towards unifying the energetic and dynamical 87 

paradigms, Barbier and Loreau (2019) proposed a model that, in its basic form, features four 88 

trophic levels, each behaving as a single entity comprising the sum of within-level biomass. This 89 

linear food chain is either donor controlled with levels stacked like a stepped pyramid, or trophic 90 

controlled with biomass totals alternating in size between sequential trophic levels. Transition 91 

between donor- and trophic-controlled versions of the model depends partly on the strength of 92 

predation, relative to the strength of density dependence within prey. 93 

 94 

In addition to linear food chains, real food webs feature a variety of trophic motifs, such as 95 

omnivory and intraguild predation (e.g. Bascompte and Melián 2005), with donor and trophic 96 

control operating simultaneously within and across levels. Modeling these interactions is 97 

challenging, but Wollrab et al. (2012) showed that equilibrium dynamics of donor and trophic 98 

control depend on only two properties: the length of component food chains and the presence of 99 

a generalist top predator. In their classification of food chain types, ‘branched’ chains become 100 

‘looped’ if two or more branches are coupled at the apex by a generalist predator, thereby 101 

enabling indirect effects among prey, mediated by predators (Wollrab et al. 2012).  102 

 103 

Within food webs, apparent competition (Holt 1977) can be the most frequent type of indirect 104 

effect (see, e.g., Table 3 in Bascompte and Melián 2005). Apparent competition rarely features 105 

explicitly in multi-layer model food webs (for example, the term apparent competition does not 106 

appear in Barbier and Loreau (2019), although their model can be extended to include it). 107 

However, stabilizing effects of apparent competition have been widely explored in two-level 108 

systems (Holt and Lawton 1994, Holt and Bonsall 2017). In the simplest (1-predator, 2-prey) 109 
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models, stability depends on key processes such as the shape of a predator’s functional response 110 

(Lou et al. 2025). In a 1-predator, n-prey system with a linear functional response, Seno (2025) 111 

proved that apparent competition has a globally stable equilibrium (i.e., an equilibrium to which 112 

all solutions converge, regardless of initial conditions), with numerically dominant prey 113 

exhibiting higher ratios of recruitment to predation rates, while other prey with lower ratios are 114 

numerically subordinate or may go extinct. In addition, theoretical models and empirical 115 

evidence have suggested that prey switching, which affects the shape of functional responses, 116 

can contribute to food web stability by dampening population oscillations and preventing 117 

predator-prey cycles (e.g., Van Baalen et al. 2001, Saha and Samanta 2021, Prokopenko et al. 118 

2022, Archibald et al. 2023, Kamaru et al. 2024; but see Hopcraft et al. 2005). The stabilizing 119 

properties of apparent competition might therefore help to explain the prevalence of generalist 120 

predators in nature (Closs et al. 1999).  121 

 122 

Typically, apparent competition is asymmetric because multiple prey species are unlikely to be 123 

affected identically by the predators they share (Holt 1977). Asymmetry becomes extreme when 124 

populations of one or more prey species are negatively affected by shared predators, while 125 

populations of other prey species are not affected. Chaneton and Bonsall (2000) referred to this 126 

as ‘non-reciprocal apparent competition’ (herein referred to as NRAC). Chaneton and Bonsall 127 

(2000) found that NRAC operated in 76% of a putatively random sample of 34 terrestrial and 128 

freshwater food webs. Given the prevalence in their sample, they inferred that non-reciprocal 129 

indirect effects are prevalent in nature. This is plausible, given that NRAC occurs when one or 130 

more prey species that share predators escapes trophic control to become donor controlled. 131 
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However, Chaneton and Bonsall (2000) did not consider the potential for NRAC to couple donor 132 

and trophic control. 133 

 134 

The central theme of our synthesis is that donor and trophic control are coupled by NRAC. We 135 

believe that the significance of this process has been overlooked in food web theory, perhaps due 136 

to mathematical intractability, and under-reported in empirical studies of food webs, perhaps 137 

because its diagnosis is onerous, requiring knowledge of how each prey species in a community 138 

is controlled. We assessed the prevalence of NRAC in large-mammal assemblages in African 139 

savannas. 140 

 141 

Savanna mammal assemblages have featured prominently in food web studies because they are 142 

relatively intact (Fløjgaard et al. 2022), they have a linear trophic structure (Figure 1), and the 143 

component species are sufficiently large (>~10 kg) to be censused reliably. Herbivore and 144 

carnivore abundances have been quantified across many localities to reveal consistencies in 145 

community structure (e.g. Hatton et al. 2015). Temporal dynamics of herbivore (i.e., wild 146 

ungulate) populations have been sufficiently monitored in three well-studied locales to support 147 

the inference that donor control of abundant species was coupled with trophic control of less 148 

abundant species by NRAC (Georgiadis et al. 2007a). We present evidence suggesting that 149 

savanna ungulate communities are shaped by predation, and infer that NRAC operates widely in 150 

savannas. We show that NRAC can simultaneously produce the patterns described by Borer et al. 151 

(2005) and by Hatton et al. (2015). Since there is nothing functionally unique about savanna food 152 

web dynamics, we conclude that there is potential for NRAC to occur wherever there are 153 
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generalist predators, providing a candidate mechanism contributing to the prevalence of trophic 154 

cascades and predator-prey power laws in nature. 155 

 156 

Donor and trophic control in African savannas 157 

Early comparisons of ungulate biomass density and primary production within and among 158 

savannas affirmed that resources – rainfall and nutrients – underlie producer and consumer 159 

dynamics. Evidence included positive relationships between mean annual rainfall and plant 160 

biomass density (Deshmukh 1984), rainfall and ungulate biomass density (Coe et al. 1976, East 161 

1984, Fritz and Duncan 1994), rainfall and herbivory (McNaughton et al. 1989), and primary 162 

production and ungulate biomass (Coe et al. 1976). Subsequently, predator (i.e., large carnivore) 163 

and prey (i.e., wild ungulate) biomass densities were shown to be correlated, both within 164 

(Hayward et al. 2007) and among savannas (Hatton et al. 2015). The generality and consistency 165 

of these correlations led to broad acceptance that, from plants to apex predators, savanna 166 

communities are strongly donor controlled. 167 

 168 

In contrast, evidence for trophic control of prey was initially scarce, rarely featuring in early 169 

studies on wild ungulates (reviewed by McNaughton and Georgiadis 1986, but see Sinclair 170 

1985). Foundational work on the behavior and population biology of large carnivores (e.g., 171 

Kruuk 1972, Schaller 1972) preceded emergent properties of multi-predator, multi-prey food 172 

webs (Ford and Goheen 2015, Allen et al. 2019, Atkins et al. 2019, Montgomery et al. 2019). 173 

Trophic control may also have been overlooked because predation is often challenging to qualify 174 

either as contributing to additive mortality, or as compensatory mortality that would otherwise 175 

have been caused by starvation or disease (but see Sinclair and Arcese 1995a). These reasons do 176 
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not imply that trophic control of savanna ungulate assemblages is weak; rather, impacts of large 177 

carnivores on their ungulate prey simply had not been quantified. Still, there was a prevailing 178 

view that predation did not rival primary production as a principal driver of population dynamics 179 

for African ungulates. This perception applied to ungulate populations elsewhere, leading 180 

Sinclair and Krebs (2002) to conclude that “food supply drives changes in large-mammal 181 

populations and top-down processes rarely intervene”. They listed predation as one of three 182 

secondary processes capable of modifying or overriding donor control (the others were 183 

intraspecific sociality and stochastic events).  184 

 185 

One year later, Sinclair et al. (2003) reported that a subset of the ungulate species in the Greater 186 

Serengeti Ecosystem (Tanzania and Kenya) was trophic controlled. Since then, evidence has 187 

accumulated that the same is true of two other well-studied savannas, Kruger National Park in 188 

South Africa (Du Toit et al. 2003) and the Laikipia region of northern Kenya (Georgiadis et al. 189 

2007a, Georgiadis et al. 2007b, Georgiadis 2011). Much of what is known about the mechanisms 190 

underlying the dynamics of savanna ungulates comes from these three ecosystems. 191 

 192 

Greater Serengeti Ecosystem, Tanzania and Kenya 193 

Serengeti is defined by its iconic wildebeest (Connochaetes taurinus) migration. Following the 194 

eradication of rinderpest (an exotic viral disease introduced via domestic ruminants; Sinclair 195 

1977) in 1962, the migratory wildebeest population irrupted from ~250,000 to stabilize at 1.0-1.5 196 

million, ultimately to be limited by food availability and density-dependence (i.e., donor control) 197 

during the dry season (Mduma et al. 1999). Such profusion was likely driven by extensive 198 

grasslands and seasonal rainfall patterns that closely matched the resource requirements of 199 
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wildebeest (Hopcraft et al. 2015). In addition, their migratory lifestyle and synchronous breeding 200 

satiates predators at the time when calves are at their most vulnerable (Estes and Estes 1979, 201 

Holdo et al. 2009). The result is a high annual birth rate and high calf survival (compared to non-202 

migratory wildebeest in the same system; Ndibalema 2009), allowing wildebeest to proliferate 203 

and maintain their numerical dominance.  204 

 205 

By contrast, topi (Damaliscus lunatus), impala (Aepyceros melampus), waterbuck (Kobus 206 

ellipsiprymnus), warthog (Phacochoerus africanus), and especially migratory plains zebra 207 

(Equus burchelli; hereafter “zebra”) were likely controlled by predation (Sinclair 1985, Grange 208 

et al. 2004, Hopcraft et al. 2010), while the evidence was less conclusive for non-migratory 209 

wildebeest (Sinclair et al. 2003, Hopcraft et al. 2010, Ndibalema 2009), Thomson's gazelle 210 

(Eudorcas thomsonii) and Grant's gazelle (Nanger granti; Sinclair 1985). Additional evidence of 211 

trophic control for numerically subordinate prey was reported by Sinclair et al. (2003) following 212 

a human-caused perturbation in northern Serengeti, where, from 1981 to 1986, predators (lions 213 

Panthera leo, hyenas Crocuta crocuta, and jackals Canis spp) were suppressed by illegal snaring 214 

that targeted migratory wildebeest. During this interval, smaller-bodied ungulates, including 215 

oribi (Ourebia ourebi), Thomson’s gazelle, impala, warthog, and topi increased in abundance, 216 

only to decline again when snaring abated and predators recovered. Across the international 217 

border with Kenya, where snaring was less severe, there was no corresponding change in the 218 

abundance of these species. Thus, a key feature of ungulate population dynamics in Serengeti is 219 

the contrast between donor control of numerically dominant migratory wildebeest, and trophic 220 

control of mostly smaller, less abundant ungulates.  221 
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 222 

Kruger National Park, South Africa 223 

Population monitoring of wild ungulates over multiple decades revealed complex modes of 224 

control (Owen-Smith and Mills 2006, Owen-Smith and Mills 2008) that varied subtly within and 225 

among prey species. Species that maintained high abundance (giraffe Giraffa camelopardalis, 226 

impala, wildebeest, and zebra) over time were most consistently affected by a combination of 227 

density dependence and rainfall (i.e., donor control), and were minimally affected by predation. 228 

Lion numbers varied with the abundance of zebra, wildebeest, and buffalo (Syncerus caffer; 229 

Mills et al. 1995), but the degree of trophic control of these abundant wild ungulates changed 230 

with rainfall (Owen-Smith and Mills 2008) over seasonal and decadal time spans (Gertenbach 231 

1980, Mills et al. 1995). During wet phases, lion diets featured more wildebeest and zebra and 232 

fewer buffalo, but the reverse was true during dry phases (when anthrax may also have 233 

contributed to buffalo declines; Huang et al. 2022). Thus, zebra, wildebeest, and buffalo were all 234 

primary prey (i.e., the numerically dominant species that comprised the bulk of lion diets) at 235 

different times. When the relative abundance of primary prey declined—independently of lion 236 

abundance—lions killed greater proportions of alternative prey, including giraffe, greater kudu 237 

(Tragelaphus strepsiceros), waterbuck, and warthog (Owen-Smith and Mills 2008). 238 

 239 

Eland (Taurotragus oryx), greater kudu, tsessebe, waterbuck, and warthog were generally trophic 240 

controlled, although populations of each were sensitive to drought. Roan (Hippotragus equinus) 241 

and sable (H. niger) declined steeply following an increase in lion predation driven by an influx 242 

of zebra and wildebeest to human-installed water points (Harrington et al. 1999), providing 243 

evidence for apparent competition (Owen-Smith et al. 2011). Overall, the roles of donor and 244 
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trophic control were more nuanced than in Serengeti, possibly because prey relative abundance 245 

in Kruger was more equitable. Each species of wild ungulate was regulated by a unique 246 

combination of donor and trophic control that was modulated by rainfall (Owen-Smith 2015, 247 

Ogutu and Owen-Smith 2005). 248 

 249 

Laikipia, Kenya 250 

In the Laikipia region of northern Kenya, the abundance of wild and domestic ungulates changed 251 

when land use shifted from beef production (up to the mid-1980s) to wildlife conservation (1990 252 

onwards). It was intended that wildlife would generate income for landowners, initially by 253 

consumptive use, and later from ecotourism (Georgiadis et al. 2007b). From the mid-1950s to 254 

mid-1980s, wild ungulates perceived to compete with cattle (Bos indicus) – principally zebra – 255 

were lethally suppressed or excluded from many private holdings, as were large carnivores. The 256 

suppression of wild ungulates mostly ceased in the mid-1980s, allowing their populations to 257 

grow to the highest recorded levels in 1990-1991 (Georgiadis 2011). Zebra abundance increased 258 

five-fold to dominate the biomass density of wild ungulates. Several years later, lethal control of 259 

large carnivores also abated, allowing lions, hyenas (C. crocuta, Hyaena hyaena), leopards 260 

(Panthera pardus) and wild dogs (Lycaon pictus) to recover over the following decade (Frank 261 

2011, Woodroffe 2011, Bauer et al. 2015, Frank 2023). In essence, this staggered restoration of 262 

prey and then predators provided another perturbation yielding insights about the impact of large 263 

carnivores on a wild ungulate assemblage that initially was donor controlled. 264 

 265 

As predator populations recovered across Laikipia, zebra, Grant’s gazelle, and impala maintained 266 

high abundances, with zebra numbers depending on lagged rainfall and zebra density 267 
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(Georgiadis et al. 2003, Georgiadis et al. 2007b). In contrast, hartebeest (Alcelaphus buselaphus), 268 

waterbuck, Thomson’s gazelle, eland, buffalo, and to a lesser extent giraffe, all declined. An 269 

assessment of nine hypotheses concluded that trophic control was the most plausible cause for 270 

these population declines (Georgiadis et al. 2007a): only predator restoration, by itself, explained 271 

the synchrony, lagged timing, and extended declines of wild ungulates with such disparate food 272 

and habitat preferences (Georgiadis et al. 2007a; Figure 2, Table 1). Predation shaped the 273 

ungulate assemblage by decreasing the biomass density of many species, thereby promoting 274 

dominance by zebra (and to a lesser extent Grant’s gazelle and impala), reducing community 275 

evenness (Figure SI 1). By the early 2000s, the biomass density of wild ungulates in Laikipia had 276 

declined by ~60% (Figure 2). 277 

 278 

Coincident with the return of large carnivores to Laikipia, two parallel studies revealed support 279 

for the hypothesis of trophic control. Ford et al. (2015) documented a ca. 33% decrease in the 280 

density of Guenther’s dik-dik (Madoqua guentheri), the primary prey of wild dogs, following the 281 

recovery of wild dogs in the mid-2000s. Dik-dik were trophic controlled, as their densities were 282 

better explained by energetic demands of the wild dog population than by density dependence or 283 

rainfall. In a second study, population growth of hartebeest switched from negative to positive 284 

following experimental exclusion of lions (Ng’weno et al. 2017). Hartebeest within a lion-proof 285 

sanctuary exhibited negative density dependence, while those exposed to lions exhibited an Allee 286 

effect (positive density dependence, supporting trophic control; Ng’weno et al. 2017).  287 

 288 

Non-reciprocal Apparent Competition (NRAC) 289 
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The three focal savannas share key similarities regarding how prey populations are controlled. In 290 

each case, ungulate biomass is dominated by one or a few a species (wildebeest, buffalo, or 291 

zebra; Packer et al. 2005, Funston and Mills 2006, Maruping-Mzileni et al. 2017, Frank 2023) 292 

that, despite comprising the primary prey of predators, are donor controlled. The same predators 293 

also consume subordinate (i.e., less common) prey species, some of which are trophic controlled 294 

(Figure 3). As described above, this coupling of donor and trophic control by predation qualifies 295 

as non-reciprocal apparent competition (NRAC).  296 

 297 

That NRAC was operating in Laikipia was affirmed by a combination of field experiments and 298 

monitoring of primary prey (zebra), a focal species of secondary prey (hartebeest), and predator 299 

(lion) populations (Ng’weno et al. 2017, Ng’weno et al. 2019a, Ng’weno et al 2019b). In 300 

addition to the Allee effect described above, lions killed hartebeest selectively (but infrequently, 301 

given their scarcity), especially in proximity to their primary prey, zebras, such that areas >0.5 302 

km from zebra herds functioned as spatial refugia for hartebeest (Ng’weno et al. 2019b). The 303 

same indirect effects, involving many of the same species, also operate in Kruger and Serengeti 304 

(Georgiadis et al. 2007a). Sinclair et al. 2010 described this process as “the bottom-up [food] 305 

chain intensif[ying] the top-down [food] chain”. 306 

 307 

Serengeti, Kruger, and Laikipia also differ in ways that are instructive about how NRAC 308 

operates. First, different populations of a given prey species are not controlled uniformly by the 309 

same mode of control. Zebras are strongly donor controlled in Laikipia, are mostly donor 310 

controlled in Kruger, and appear to be trophic controlled in Serengeti. Second, the focal savannas 311 

also differ in the evenness of their ungulate biomass distributions. In Serengeti, a single donor-312 
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controlled population (migratory wildebeest) comprises ~79% of the prey biomass (Figure 3), 313 

whereas in Kruger, four species are trophic controlled, comprising ~73% of total biomass 314 

(buffalo, zebra, giraffe, and wildebeest). Migratory wildebeest in Serengeti are strongly donor 315 

controlled; in Kruger, donor and trophic control vary subtly among and even within ungulate 316 

species over time. Therefore, despite profound differences in climate and landscape attributes, 317 

histories of human-caused perturbations, and the identity of prey species that are donor vs. 318 

trophic controlled, NRAC is a persistent feature of trophic dynamics in all three focal savannas. 319 

Is NRAC widespread among African savannas? 320 

Assuming the three focal savannas comprise a random (albeit small) sample, such consistency 321 

suggests that NRAC is a prevalent feature of predator-prey dynamics among African savannas. 322 

Support for the NRAC hypothesis is threefold. 323 

 324 

1. The potential for indirect effects is high 325 

As observed by Wollrab et al. (2012), linear food chains within food webs become ‘looped’ if 326 

two or more are linked by a generalist predator. A food web with 2 species of apex predator 327 

sharing 3 species of prey has a maximum of 6 looped pathways (Figure 1). With 5 predators 328 

sharing 10 prey species – typical of an intact savanna large-mammal system – the maximum 329 

number of looped pathways increases nonlinearly to 225 (Estes et al. 2013). Not all looped food 330 

chains necessarily manifest as apparent competition, but the potential for indirect effects in 331 

savannas is high.  332 

 333 
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2. Outside savannas, large carnivore-ungulate systems exhibit similar structure and dynamics 334 

Across the globe, large carnivore-ungulate systems exhibit similar dynamics to African savanna 335 

systems. At temperate and boreal latitudes, biomass density of wild ungulates collectively 336 

increases with resource availability (Figure 1 in Fløjgaard et al. 2021), yet trophic control of 337 

ungulates also is prevalent (e.g., Estes et al. 2011, Kauffman et al. 2007, Christianson and Creel 338 

2014, Donadio and Buskirk 2016, MacNulty et al. 2016, Smith et al. 2019). Some ecologists 339 

have even proposed that strong trophic control should be the null expectation of large mammal 340 

predator-prey systems (Terborgh and Estes 2010, Estes et al. 2011, Ripple et al. 2014). 341 

Repeatedly, and in temperate and boreal systems, trophic control via apparent competition has 342 

been documented following disturbance by humans (e.g. Latham et al. 2011, Serrouya et al. 343 

2021, but see Tjaden-McClement et al. 2025). In a review of declining species for which 344 

apparent competition had been implicated, DeCesare et al. (2010) observed that “common to 345 

most systems linking apparent competition and species endangerment is a predator population 346 

supported by an abundant primary prey species” (see also Wittmer et al. 2013, Holt 2023). 347 

 348 

3. Traits that affect predation risk shape biomass distributions of savanna ungulates 349 

A feature of Serengeti, Kruger, and Laikipia is that the same species—wildebeest, buffalo, and 350 

zebra—tend to dominate ungulate biomass (Figure 3). This feature is widespread across African 351 

savannas. Among 56 other savannas (Table SI 2), biomass distributions were dominated by the 352 

same three species (in addition to giraffe; Figure 4). Despite being among the preferred prey of 353 

lions (Hayward and Kerley 2005), populations of these ungulates are likely to escape trophic 354 

control for several reasons. First, they are medium- to large-bodied, and therefore preyed upon 355 

only by the largest of carnivores (Sinclair et al. 2003, Hopcraft et al. 2010). They also tend to be 356 
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gregarious, tend to graze in open habitats with less cover for predators, and tend to flee from – 357 

or, in the case of buffalo, can fight off – predators. By contrast, numerically subordinate species 358 

tend to be smaller-bodied and are thus preyed upon by more species of predators (Sinclair et al. 359 

2003, Radloff and Du Toit 2004). They tend to be solitary or live in small groups, relying on 360 

crypsis and camouflage to avoid predators (Ford and Goheen 2015b, Atkins et al. 2019), rather 361 

than the enhanced predator detection and risk dilution afforded by larger groups (Hamilton 1971, 362 

Schmitt et al. 2014, Ford and Goheen 2015a).  363 

 364 

Collectively, these traits – body size, group size, and feeding style – have long been accepted to 365 

affect vulnerability to predation (Jarman 1974, Brashares et al. 2000, Creel et al. 2014, Le Roux 366 

et al. 2019, Owen-Smith 2019). To test if differences among species in vulnerability to predation 367 

were correlated with prey abundance, we used a linear mixed model to correlate species biomass 368 

density (see http://datadryad.org/share/vTtYm0p8erwl8RozWe4I7L04lGfTZ0SyALojeQhI660) 369 

with estimates of mean body size, group size, and feeding preference (measured as percent 370 

graminoids in the diet) from the literature (Table SI 3). Prey biomass density was positively 371 

correlated with all three traits, particularly body size (Table 2; Figure SI 3), suggesting that 372 

predation is a potent factor shaping ungulate biomass distributions within African savannas. 373 

 374 

Structural congruence (i.e., similarity in species identity and rank) between the 56 ungulate 375 

assemblages and the three systems where NRAC has been confirmed provides inferential basis 376 

that biomass distributions of savanna ungulates are shaped by the same interplay of donor and 377 

trophic control. Although they support an abundant and diverse suite of predators, prey species 378 

that are less vulnerable to predation account for most of the biomass, consistent with those from 379 

http://h52wvrds.r.us-west-2.awstrack.me/L0/http:%2F%2Fdatadryad.org%2Fshare%2FvTtYm0p8erwl8RozWe4I7L04lGfTZ0SyALojeQhI660/1/01010198ee10e4aa-d9ab0c1f-eab0-4339-b954-f10c5dde0fa5-000000/7I5YIJvMENBVkO6sFLSUd3eA_No=442
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Serengeti, Kruger, and Laikipia that are donor controlled. In contrast, species with traits that 380 

make them more vulnerable to predation are numerically subordinate, consistent with those from 381 

Serengeti, Kruger, and Laikipia that are trophic controlled.  382 

 383 

When isn’t it NRAC? 384 

Although the evidence from 56 African ungulate assemblages is consistent with NRAC, it is 385 

based on correlation and congruence of patterns among prey biomass distributions. Holt et al. 386 

(2008, also Holt and Lawton 1994) cautioned that mechanisms underlying indirect effects are 387 

challenging to predict. For example, if the migratory wildebeest population in Serengeti crashed, 388 

trophic control might actually intensify for numerically subordinate ungulates, at least until 389 

predator numbers declined. In this regard, prey switching—a behavioral response of predators 390 

involving changes in prey consumption rates—would precede declines in predator populations, 391 

which is the ultimate expectation under NRAC. For the three focal savannas, NRAC was inferred 392 

to operate because numerically dominant ungulates were shown to be donor controlled. But 393 

donor control of numerically dominant ungulates cannot be assumed. For example, in Etosha 394 

National Park (Namibia) and Liuwa National Park (Zambia), numerically dominant wildebeest 395 

and zebra declined steeply following human-caused perturbations (perimeter fencing in Etosha, 396 

and poaching in Liuwa). In the 1990s migratory wildebeest and zebra dominated ungulate 397 

biomass in Etosha, yet all ungulates were trophic controlled, by a combination of disease 398 

(anthrax) and predation (Gasaway et al. 1996, Trinkel 2013). In Liuwa, a migratory wildebeest 399 

population dominated prey biomass, but was limited mostly by hyenas (lions had been almost 400 

eradicated; Watson et al. 2022, Martens et al. 2025). This does not mean that NRAC cannot 401 

operate in a food web featuring only trophic control, just that it cannot be assumed that NRAC is 402 
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operating solely from a prey biomass distribution, even when it resembles the ‘mean’ distribution 403 

(Figure 4). Because these were severely perturbed systems that likely were not in equilibrium, 404 

we posit that NRAC is likely to operate in systems that are at or close to equilibrium. 405 

 406 

Conservation Implications 407 

Of the 57 species of terrestrial wild ungulates (artiodactyls and perissodactyls) inhabiting African 408 

savannas, 14 (25%) are categorized as “Threatened” by the IUCN, and 34 (60%) are reported to 409 

exhibit “decreasing” population trends (International Union for the Conservation of Nature, 410 

2025). By definition, rare species of conservation concern are likely to occupy a low rank within 411 

ungulate biomass distributions, and thus be susceptible to trophic control via NRAC (Figure 3, 412 

Figure 4). Apparent competition has been demonstrated through focal studies on roan 413 

(Harrington et al. 1999), hartebeest (Georgiadis et al 2007a, Ng’weno et al 2019b), and perhaps 414 

sable (Chirima et al. 2012), but not Grevy’s zebra (Equus grevyi; O’Brien et al. 2018). The 415 

world’s rarest antelope—hirola (Beatragus hunteri)—exhibits characteristics consistent with 416 

population suppression by apparent competition: loss of preferred habitat (open grasslands), 417 

within a geographic range where abundant large carnivores reduce its annual population growth, 418 

but subsist on more abundant wild ungulates (Ali et al. 2017; Ali et al. 2018).  419 

 420 

When NRAC presents challenges for conservation, it usually is the proximate cause for 421 

population declines. Instances where apparent competition jeopardizes populations or entire 422 

species tend to be driven ultimately by environmental disturbances, like species introductions, 423 

habitat fragmentation, or habitat alteration (DeCesare et al. 2010, Wittmer et al. 2013, Berger et 424 

al. 2020). Additionally, NRAC can result from the reintroduction of (native) predators following 425 
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a period of extirpation, as shown in Laikipia. NRAC is likely to arise following predator 426 

reintroduction, especially when predators have been absent for lengthy periods, during which 427 

environmental conditions may have changed to make prey more vulnerable to predation than 428 

they were historically (DeCesare et al 2010, Alston et al. 2019). Against the backdrop of shifting 429 

environmental conditions, effects of predator reintroductions often are stronger than expected, 430 

presenting an insidious threat to species of numerically subordinate prey that already were rare 431 

prior to predator reintroduction (DeCesare et al 2010). 432 

 433 

Under NRAC, declines of already-rare species sometimes reflect a transient dynamic, through 434 

which a wild ungulate assemblage transitions toward a new equilibrium. Strong potential exists 435 

for NRAC to extirpate rare species if predation is depensatory (i.e., mortality due to predation is 436 

proportionally higher at lower population sizes; Holling 1959, DeCesare et al. 2010). 437 

Depensatory predation often coincides with both a Type II predator functional response and an 438 

Allee effect of prey, thereby decoupling predator population size from that of rare prey. 439 

Alternatively, if predation is regulatory (i.e., mortality due to predation abates at lower 440 

population sizes), predators exhibit a Type III functional response, such that prey populations 441 

have the potential to increase when rare (Holling 1959, DeCesare et al. 2010). In the absence of 442 

lethal control of predators (see, e.g., Lamb et al. 2024), Sinclair et al. (1998) described one of the 443 

few strategies with empirical support available to offset undesired effects of depensatory 444 

predation: spatial separation between primary and rare prey. Spatial separation between 445 

numerically dominant prey and numerically subordinate prey can result in ‘gradients of 446 

consumption’, in which risk of consumption varies directionally (Orrock et al 2008) thereby 447 

creating refuges and reduce encounter rates between predators and secondary prey (see also 448 
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Forrester and Steele 2004). In giving numerically subordinate prey a potential foothold for 449 

positive population growth, refuges are one of the few ways empirically demonstrated to negate 450 

Allee effects in nature, resulting in a shift by predators from a Type II to a Type III functional 451 

response (Sinclair et al. 1998). Although they have been limited in number and scope, attempts 452 

to create spatial separation between numerically dominant and numerically subordinate prey 453 

species within assemblages of savanna ungulates are promising, and have focused on habitat 454 

manipulations (e.g., increased fire return intervals [Pacifici et al. 2015], rotational grazing 455 

[Ng’weno et al. 2019b]). 456 

 457 

Conclusions 458 

For ungulate assemblages across African savannas, published evidence for donor control 459 

exceeded that for trophic control until the last 20 years. Our analysis affirms that such 460 

assemblages are dominated by prey species with a suite of traits associated with lower 461 

vulnerability to predation, suggesting that apex predators shape ungulate prey composition and 462 

relative abundance. Given structural congruence with three well-studied savannas (Serengeti, 463 

Kruger, Laikipia) in which donor and trophic control of prey are coupled by shared predators, it 464 

is parsimonious to assume that such widespread conformity arises by non-reciprocal apparent 465 

competition, at least for systems that are at or close to dynamic equilibrium. 466 

 467 

Under NRAC, total ungulate biomass declines because populations of trophic-controlled prey are 468 

suppressed by predators. In turn, plant biomass persists that would otherwise have been 469 

consumed (as has been shown at many savanna locations by herbivore exclusion experiments). 470 
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Thus, NRAC can cause the cascading pattern that Borer et al. (2005) revealed to be pervasive 471 

among experimentally perturbed ecosystems. 472 

 473 

Also under NRAC, total ungulate biomass is dominated by species that escape trophic control to 474 

become donor controlled (comprising 72-79% of total biomass in Serengeti, Kruger and 475 

Laikipia). By definition, this biomass varies with resource availability, both within and among 476 

systems. For example, donor control permits allometric patterns to arise along a rainfall gradient 477 

(Hatton et al. 2015). Species that fail to escape predator control contribute little to these 478 

correlations, but play an often-hidden role in ecosystem dynamics. Only trophic-controlled 479 

species conform with expectations of the Exploitation Ecosystem Hypothesis (Oksanan et al. 480 

1981), because their total biomass does not increase much with net primary productivity (as in 481 

Letnic and Ripple 2017). Donor-controlled species do not conform because their total biomass 482 

does increase with net primary productivity. Under NRAC, therefore, both donor- (Hatton et al. 483 

2015) and trophic-controlled mechanisms (Borer et al. 2005) operate simultaneously.  484 

 485 

There is nothing about the patterns, processes, and mechanisms described in this synthesis that is 486 

unique to savanna large-mammal assemblages. Few food webs lack generalist predators, are 487 

entirely donor controlled, or are entirely trophic controlled, at least not at equilibrium. 488 

Collectively, these observations create the potential for NRAC to operate wherever there are 489 

generalist predators, providing a candidate mechanism contributing to the prevalence of 490 

allometric power laws and trophic cascades in nature. 491 

492 
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Tables 815 

 816 

Table 1.  Details of the linear model simulating the transition from donor to trophic control 817 

among ungulate species that declined in Laikipia over the period of predator recovery (depicted 818 

as the red line in Figure 2). The model relates total Biomass Density (kg.km-2) of declining 819 

species to Cumulative Monthly Rainfall between surveys, Predation Pressure, and their 820 

interaction. All data were log10 transformed. Data are provided in Supplementary Information 821 

Table SI 1. 822 

 823 

 824 

Summary of Fit 
r 0.7305  -  -  - 
Adjusted r 0.6294  -  -  - 

Root Mean Square Error 0.1928  -  -  - 
Mean of Response 0.8411  -  -  - 
Observations 12  -  -  - 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 3 0.8060 0.2687 7.2277 
Error 8 0.2974 0.0372 Prob > F 
Total 11 1.1034  - 0.0115* 

Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 0.8675 0.2451 3.54 0.0076* 
Cumulative Rainfall 0.6520 0.2580 2.53 0.0354* 
Predation Pressure -0.8526 0.1961  -4.35 0.0025* 
Cumulative Rainfall * Predation Pressure -2.8286 0.9832  -2.88 0.0206* 

 825 

826 
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Table 2. Details of the mixed effects linear model showing that ungulates that ungulate species 827 

dominating the biomass density of savanna systems across Africa tend to have larger body sizes, 828 

gather in larger groups, and graze more than browse. The model relates ungulate Biomass 829 

Density (kg.km-2) to Body Weight (kg), mean Group Size, and Percent Monocotyledons in the 830 

diet. Because body size and mean group size were correlated (r = 0.69; Figure SI 2), residuals of 831 

mean group size were used to reduce collinearity. Protected Area was the random independent 832 

variable. Data available from: 833 

http://datadryad.org/share/vTtYm0p8erwl8RozWe4I7L04lGfTZ0SyALojeQhI660). All data 834 

were log10 transformed, and independent variables were centered.  835 

 836 

 837 

Random Effects Covariance Parameter Estimates 
Variance Component Var Ratio Estimate Std Error Wald p-Value Pct of Total 
Protected Area 0.9893 0.3781 0.0805 <.0001* 49.732 
Residual  0.3822 0.0265 - 50.268 
Total  0.7603 0.0835 - 100 

Fixed Effects Parameter Estimates 
Term Estimate Std Error DFDen t Ratio Prob>|t| 
Intercept -0.7020 0.1705 399.5 -4.12 <.0001* 
Body Weight 1.0659 0.0678 429.9 15.71 <.0001* 
% Monocots in Diet 0.1934 0.0499 424.7 3.88 0.0001* 
Residual of Mean Group Size 0.2666 0.0971 427.5 2.75 0.0063* 

 838 

839 

http://h52wvrds.r.us-west-2.awstrack.me/L0/http:%2F%2Fdatadryad.org%2Fshare%2FvTtYm0p8erwl8RozWe4I7L04lGfTZ0SyALojeQhI660/1/01010198ee10e4aa-d9ab0c1f-eab0-4339-b954-f10c5dde0fa5-000000/7I5YIJvMENBVkO6sFLSUd3eA_No=442
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Figures 840 

 841 

Figure 1. A hypothetical African savanna food web, simplified to illustrate the pathways and 842 

processes in our study. Two apex predators, hyenas (H) and lions (L), share three prey species 843 

that do not compete with each other for resources: wildebeest (W), a grazer, impala (I), a mixed 844 

feeder, and greater kudu (K), a browser. This structure yields six ‘looped’ trophic pathways, 845 

linking WHI, WLI, WHK, WLK, IHK, and ILK. Arrow color represents mode of control. 846 

Wildebeest and impala are donor controlled (blue) by rainfall and density, but kudu are trophic 847 

controlled by predators (red). Apparent competition is non-reciprocal because wildebeest and 848 

impala are not affected by predation. Within trophic layers, biomass density of each species is 849 

proportional to its silhouette area, with dotted black lines depicting biomass density in the 850 

absence of trophic control (kudu), or of intraguild competition and predation (double-ended red 851 

arrow). 852 
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854 
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 Figure 2. The impact of predators on a savanna ungulate community in Laikipia, Kenya. Prior to 855 

1990, predators were suppressed, and wild ungulate populations were donor controlled 856 

(Georgiadis et al. 2007b). Predator recovery between ~1987-2005 was the most likely cause of 857 

declines in a subset of ungulate species (buffalo, eland, giraffe, Thomson’s gazelle, waterbuck 858 

and especially hartebeest; Georgiadis et al. 2007a). The combined biomass density of declining 859 

species (red dots) initially varied with rainfall (dashed blue line), but the mode of population 860 

control transitioned from donor to trophic with increasing predation pressure (dashed red line). 861 

This transition was modeled (red line) by B = 0.87 + 0.65.R – 0.85.P – 2.83.R.P, where B is 862 

Biomass Density, R is Cumulative Monthly Rainfall between surveys (dashed blue line), and P is 863 

Predation Pressure (dashed red line; details in Table 1). Cumulative monthly rainfall between 864 

surveys was normalized, such that wetter (drier) than average intervals had values greater (less) 865 

than 1 (methods and data in Georgiadis et al. 2007b, also given in Table SI 1). The shape of the 866 

predation pressure curve (dashed red line), which reflected the recovery of all predator species, 867 

was optimized as described in Supporting Information Figure SI 4. 868 

869 
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Figure 3. Ranked biomass distributions of ungulates in three well-studied savannas: (a) Greater 870 

Serengeti Ecosystem, after rinderpest was eradicated (Mduma and Hopcraft 2008); (b) Kruger 871 

National Park (Table 1 in Owen-Smith and Mills 2006); Laikipia before (c) and after (d) predator 872 

recovery (Georgiadis et al. 2007b). Columns are colored blue if a species is donor controlled, red 873 

if trophic controlled (some are both, alternating over time; buffalo were also reduced by disease 874 

and culling in Kruger, and by illegal hunting in Serengeti). In Laikipia, predation reduced prey 875 

evenness by reducing the biomass density of trophic-controlled prey (Figure SI 1). 876 

 877 

878 
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Figure 4. Mean proportions of biomass contributed by each of 27 species at 56 savanna ungulate 879 

assemblages in sub-Saharan Africa (data from Daskin and Pringle 2018; Serengeti, Kruger and 880 

Laikipia data were omitted from this analysis, as were species that occurred at fewer than 4 881 

locations). Error bars are 95% confidence intervals. Numbers above the error bars are the percent 882 

of locations at which a species was found (upper), and the percent of those in which a species 883 

had the highest biomass (lower). To illustrate, buffalo occurred at 76% of the 56 savannas, and 884 

of those, dominated the biomass in 83%. ‘F’ and ’H’ denote species that flee or hide from 885 

predators. 886 

 887 

888 
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Georgiadis et al. 2025: Supporting Information 889 

 890 

Table SI 1. Data used to derive the linear model described in Table 1.  891 

 892 

893 

Survey Date
Biomass Density

of Declining Species a Rainfall Deficit  b

1987.8 0.8099 0.8400
1990.8 1.6351 1.1765
1991.9 1.2158 0.7526
1992.8 0.6475 0.7068
1994.9 0.8529 0.9199
1997.2 0.9576 1.0727
1997.5 0.8424 1.1842
1999.2 0.8103 1.4157
2001.2 0.6346 0.6002
2003.2 0.5902 1.0761
2004.2 0.5858 1.3697
2005.2 0.5113 1.0050

a
b

Total biomass of herbivore species that declined during the period of predator recovery (kg.km-2).
Cumulative rainfall deficit (<1) or surplus (>1) over months that elapsed between surveys, normalized by mean monthly rainfall.
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Table SI 2. Names, countries, and latitude/longitude coordinates of savanna locations featured in 894 

this paper. 895 

 896 

 897 

898 

Number Country Protected Area Name Latitude Longitude
1 Kenya Amboseli NP -2.65 37.26
2 CAR Bamingui-Bangoran 8.16 19.76
3 Tanzania Biharamulo & Burigi GR -2.63 31.31
4 Uganda Bokora Corridor Wildlife Reserve 2.43 34.00
5 Nigeria Borgu Forest Reserve 9.42 3.67
6 Cameroon Bouba Ndijida 8.72 14.71
7 Namibia Caprivi Reserve/Nkasa Rupara NP/Mudumu NP -18.35 23.67
8 Zimbabwe Chizarira NP -17.75 28.17
9 Namibia Etosha NP -18.95 15.90

10 DRC Garamba NP 4.18 29.51
11 Zimbabwe Gonarezhou NP -21.67 31.67
12 Mozambique Gorongosa NP -18.69 34.07
13 South_Africa Hluhluwe Nature Reserve; Umfolozi GR -28.04 32.06
14 South_Africa Ithala NR -27.52 31.33
15 Tanzania Katavi NP -6.83 31.25
16 Uganda Kidepo Valley NP 3.88 33.87
17 South_Africa Kruger NP -25.36 31.89
18 Tanzania Lake Manyara NP -3.50 35.83
19 Kenya Lake Nakuru NP -0.36 36.08
20 Zambia Liuwa NP -14.50 22.48
21 Zambia Lower Zambezi NP -15.95 28.92
22 Zambia Luambe NP -12.50 32.33
23 Angola Luengue-Luaiana NP -16.58 21.83
24 Zambia Lukusuzi NP -13.00 32.50
25 Zambia Lupande GMA -12.00 31.00
26 Kenya Maasai Mara NR -1.49 35.14
27 Zimbabwe Mana Pools NP -15.94 29.46
28 CAR Manovo-Gounda St Floris 8.46 21.77
29 Mozambique Marromeu Game Reserve -18.29 35.95
30 Zimbabwe Matetsi Safari Area -18.52 25.66
31 Zimbabwe Matusadona NP -16.83 28.58
32 Kenya Meru Cons Area 0.09 38.19
33 Tanzania Mikumi NP -7.41 37.06
34 Tanzania Mkomazi GR -4.29 38.39
35 South_Africa Mkuzi GR -27.64 32.21
36 Tanzania Moyowosi & Kigosi GRs -4.01 30.91
37 Kenya Mpala Ranch 0.33 36.88
38 Uganda Murchison Falls NP 2.15 31.81
39 Kenya Nairobi NP -1.36 36.84
40 Tanzania Ngorongoro Conservation Area Authority -2.98 35.45
41 Mozambique Niassa GR -11.83 36.88
42 Malawi Nkhota-Kota Wildlife Reserve -12.00 34.02
43 Zambia North Luangwa NP -12.00 32.00
44 Benin Pendjari NP 11.23 1.49
45 Uganda Pian Upe Wildlife Reserve 2.06 34.21
46 South_Africa Pilanesberg NP -25.33 27.15
47 Uganda Queen Elizabeth NP -0.16 30.02
48 Kenya Rahole NR -0.17 38.42
49 Tanzania Ruaha NP -7.61 34.90
50 Kenya Ruma NP -0.65 36.91
51 Kenya Segera Private Nature Reserve 0.18 36.80
52 Tanzania Selous GR -7.82 38.35
53 Tanzania Serengeti NP -2.33 34.83
54 Zambia South Luangwa National Park -13.17 31.50
55 Kenya Taita Hills Wildlife Sanctuary -3.51 38.25
56 Tanzania Tarangire NP -3.83 36.00
57 Kenya Tsavo NP ecosystem -2.96 37.91
58 Kenya Tsavo West NP -3.40 37.96
59 Malawi Vwaza March Game Reserve -11.04 33.78
60 Burkina_Faso W du Burkina Faso NP 11.93 2.18
61 Chad Zakouma NP 10.84 19.64
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Table SI 3. Names and scientific names of species mentioned in the text, with their body sizes, 899 

mean group sizes, and mean percent monocots in their diets. 900 

 901 

 902 

1. Brashares, J. S., Garland Jr, T., & Arcese, P. (2000). Phylogenetic analysis of coadaptation in behavior, diet, 903 
and body size in the African antelope. Behavioral Ecology, 11(4), 452-463. 904 

2. David, J. 1970. The behaviour of the bontebok Damaliscus Dorcas Dorcas, with special reference to territorial 905 
behaviour. MSc. Thesis. University of Cape Town. 906 

3. Ghiglieri, M. P., Butynski, T. M., Struhsaker, T. T., Leland, L., Wallis, S. J., & Waser, P. (1982). Bush pig 907 
(Potamochoerus porcus) polychromatism and ecology in Kibale Forest, Uganda. African Journal of 908 
ecology, 20(4), 231-236. 909 

4. Lee, D. N., Dolman, R. W., & Leslie Jr, D. M. (2013). Oryx callotis (Artiodactyla: Bovidae). Mammalian 910 
Species, 45(897), 1-11. 911 

Species Name Scientific Name Mean Group Size Pct. Monocot in Diet (9) Body Weight (kg) (10)
Beisa Oryx Oryx beisa 23 (1) 75 169
Bohor Reedbuck Redunca redunca 4 (1) 95 44
Bontebuck Damaliscus pygargus 5 (2) 90 102
Buffalo Syncerus caffer 35 (1) 77.5 580
Bush Duiker Sylvicapra grimmia 2 (1) 12 20
Bush pig Potamochoerus larvatus 3.2 (3) 35.5 98
Bushbuck Tragelaphus scriptus 2 (1) 10 30
Dikdik Madoqua spp. 2 (1) 10 8
Eland Taurotragus oryx 45 (1) 50 569
Fringe-eared Oryx Oryx beisa callotis 35 (4) 75 169
Gemsbok Oryx gazella 14 (1) 75 169
Gerenuk Litocranius walleri 3 (1) 0 38
Giant Eland Taurotragus derbianus 20 (1) 5 680
Giraffe Giraffa camelopardalis 5.4 (5) 0.5 899
Grant's Gazelle Nanger granti 10 (1) 65 55
Greater Kudu Tragelaphus strepsiceros 16 (1) 15 214
Grevy's Zebra Equus grevyi 4.6 (6) 98 408
Guenther's Dik-dik Madoqua guentheri 2 (1) 10 12
Hartebeest Alcelaphus buselaphus 10 (1) 75 171
Harvey's Duiker Cephalophus harveyi 1 (1) 1 15
Impala Aepyceros melampus 20 (1) 45 53
Kirk's Dik-dik Madoqua kirkii 2 (1) 17 5
Klipspringer Oreotragus oreotragus 2 (1) 20 13
Kob Kobus kob 25 (1) 95 79
Lechwe Kobus leche 12 (1) 95 111
Lesser Kudu Tragelaphus imberbis 5 (1) 33.5 82
Mountain Reedbuck Redunca fulvorufula 4 (1) 95 30
Nyala Tragelaphus angasii 4 (1) 20 87
Oribi Ourebia ourebi 3 (1) 90 17
Red forest duiker Cephalophus natalensis 2 (1) 1 12
Red-flanked Duiker Cephalophus rufilatus 1 (1) 1 12
Roan Hippotragus equinus 13 (1) 85 270
Sable Hippotragus niger 20 (1) 85 227
Sharpe's Grysbok Raphicerus sharpei 1 (1) 30 10
Sitatunga Tragelaphus spekii 2 (1) 67.5 78
Southern Reedbuck Redunca arundinum 3 (1) 95 58
Springbok Antidorcas marsupialis 24 (1) 32.5 39
Steenbuck Raphicerus campestris 1.5 (1) 34 11
Thomson's Gazelle Eudorcas thomsonii 28 (1) 75 21
Topi Damaliscus lunatus 6 (1) 95 136
Warthog Phacochoerus africanus 2 (7) 70 82
Waterbuck Kobus ellipsiprymnus 8 (1) 84 210
Wildebeest Connochaetes spp. 15 (1) 87.5 180
Zebra Equus quagga 4 (8) 91 276
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5. Bond, M. L., Lee, D. E., Ozgul, A., & König, B. (2019). Fission–fusion dynamics of a megaherbivore are 912 
driven by ecological, anthropogenic, temporal, and social factors. Oecologia, 191(2), 335-347. 913 
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Supporting Information Figures 929 
 930 

Figure SI 1. Frequency histogram of evenness values (Pielou’s J’) of the 56 ungulate biomass 931 

distributions featured in this study. Vertical lines show evenness of the Laikipia ungulate 932 

community before (Laikipia 1) and after (Laikipia 2) predators recovered. 933 

 934 

935 



50 
 

Figure SI 2. Bivariate plots of variables listed in Table SI 3.  936 

 937 

938 
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Figure SI 3. Plot of observed values vs. values predicted by the mixed effects model in Table 2. 939 

The diagonal line is y=x. 940 

 941 

942 



52 
 

Figure SI 4. In Laikipia, predators were suppressed or eliminated on most properties until ~1990 943 

and then recovered over the next decade (Frank 2023). Wild dogs were absent until the early 944 

2000s. Initial numbers of lions were not known but their density was low (Frank 2011, Frank 945 

2023). Lions recovered during the 1990s, stabilizing at around 113 individuals in ~2003 (Frank 946 

2023). Numbers of hyenas, leopards, and cheetahs were also initially low, but not known. We 947 

assumed that recovery of all large predators was identical to that of lions, expressing combined 948 

predator recovery as ‘Predation Pressure’. The model fit to declining ungulate biomass (Table 1, 949 

and solid red line in Figure 2), was sensitive to the shape of the Predation Pressure curve (P), 950 

expressed as a percentage of the asymptote (K = 100) from a logistic equation, with initial value 951 

P0 = 15%, and growth rate r = 0.5 (red dotted line) or 0.7 (blue dotted line). The yellow dotted 952 

line is a straight line. A logistic curve with rate of increase of 0.5 (shown here as the red dashed 953 

line, also shown in Figure 2) gave the best model fit. 954 
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