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Abstract. Understanding the role of species interactions within communities is a central
focus of ecology. A key challenge is to understand variation in species interactions along envi-
ronmental gradients. The stress gradient hypothesis posits that positive interactions increase
and competitive interactions decrease with increasing consumer pressure or environmental
stress. This hypothesis has received extensive attention in plant community ecology, but only a
handful of tests in animals. Furthermore, few empirical studies have examined multiple co-oc-
curring stressors. Here we test predictions of the stress gradient hypothesis using the occur-
rence of mixed-species groups in six common grazing ungulate species within the Serengeti-
Mara ecosystem. We use mixed-species groups as a proxy for potential positive interactions
because they may enhance protection from predators or increase access to high-quality forage.
Alternatively, competition for resources may limit the formation of mixed-species groups.
Using more than 115,000 camera trap observations collected over 5 yr, we found that mixed-
species groups were more likely to occur in risky areas (i.e., areas closer to lion vantage points
and in woodland habitat where lions hunt preferentially) and during time periods when
resource levels were high. These results are consistent with the interpretation that stress from
high predation risk may contribute to the formation of mixed-species groups, but that competi-
tion for resources may prevent their formation when food availability is low. Our results are
consistent with support for the stress gradient hypothesis in animals along a consumer pressure
gradient while identifying the potential influence of a co-occurring stressor, thus providing a
link between research in plant community ecology on the stress gradient hypothesis, and
research in animal ecology on trade-offs between foraging and risk in landscapes of fear.

Key words: associational defense; facilitation; group defense; habitat amelioration; heterospecific group;
interspecific group; landscape of fear; polyspecific association; predation.

INTRODUCTION

Understanding the role of species interactions within
communities is a central focus of ecology. While there is
a long history of research on competition (Elton 1946,
Diamond 1975), a focus on positive interactions largely
began at the start of this century (Stachowicz 2001,
Bruno et al. 2003). Positive interactions between species
are those in which one or both species benefit from an
interaction and neither species is harmed. The outcomes
of species interactions are not necessarily fixed as posi-
tive or negative, but can vary over space and time
(Thompson 1999, van Ommeren and Whitham 2002)
and can depend on environmental conditions (Dangles
et al. 2018). A key challenge in ecology, therefore, is to

identify the conditions under which positive and nega-
tive species interactions are more likely to occur.
The stress gradient hypothesis posits that positive

interactions increase and competitive interactions
decrease as consumer pressure or environmental stress
increase (Bertness and Callaway 1994). For example, an
organism faced with a high risk of being eaten may form
an association as a defense against consumers, which is
often referred to as an associational defense for plants
or group defense among animals. Environmental stress
from physical or abiotic conditions may result in species
interactions that decrease stress by improving habitat
conditions. For example, an organism faced with stress
from low food availability could increase intake by copy-
ing foraging locations (Krebs 1973) or avoiding previ-
ously exploited areas (Beauchamp and Ruxton 2005).
Thus, positive interactions among species are expected
to be more common when consumer pressure or envi-
ronmental stress is high. The stress gradient hypothesis
has received extensive attention in plant community
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ecology (>700 studies; He et al. 2013). Its applicability to
animal communities, however, has only recently been
tested (e.g., Barrio et al. 2012, Dangles et al. 2018).
Since its formulation, considerable research in plant

ecology has resulted in further refinement of the original
stress gradient hypothesis. An important focus of cur-
rent debate concerns the generality of the hypothesis,
including the extent to which the hypothesis is applicable
to less studied species, such as mobile (as opposed to ses-
sile) animals, and understudied ecosystems, including
the tropics (He and Bertness 2014). One approach for
testing the stress gradient hypothesis in mobile animals
is to evaluate the conditions under which mixed-species
groups form (Kamilar and Beaudrot 2013). Mixed-spe-
cies groups occur when one or more individuals of a
group-living species join a group of another species irre-
spective of concentrated resources, such as permanent
water sources (Stensland et al. 2003). Mixed-species
groups are expected to form when they benefit individu-
als of one or more participating species and thus provide
the potential for positive species interactions. Among
vertebrates, mixed-species groups occur in birds, fish,
and mammals; among mammals, they occur in primates,
cetaceans, and ungulates (Shaw 1962, Stensland et al.
2003, Sridhar et al. 2009), yet to our knowledge, no stud-
ies have used mixed-species groups to test the stress gra-
dient hypothesis.
Mixed-species groups may form because individuals

seek protection from predators. Similar to the advan-
tages of forming single-species groups, benefits from
mixed-species groups can result from multiple mecha-
nisms (Terborgh 1990, Fryxell 1991). For example,
mixed-species groups may reduce predation risk because
a given individual is less likely to be preyed upon in a
group than when alone (i.e., the dilution effect; Foster
and Treherne 1981). The movement of multiple individu-
als can confuse a predator and reduce the likelihood of a
successful attack (Miller 1922). More individuals can
also lead to better detection of predators due to
increased vigilance (Pulliam 1973). Importantly, mixed-
species groups may provide additional advantages that
differ from the advantages of single-species groups, such
as when the second species is better at detecting preda-
tors or uses a different sensory modality than the first
species (Schmitt et al. 2016). Grouping behavior in both
single species and mixed-species groups may be selected
for because grouping can allow individuals to spend less
time on vigilance for predators and more time on other
behaviors, such as foraging (Schmitt et al. 2014).
Individuals in mixed-species groups may benefit from

increased access to resources, such as dropped food or
flushed prey (Heymann and Hsia 2015). Specifically in
large mammalian herbivores, smaller-bodied animals
that require higher quality food sources and graze more
selectively may benefit from foraging alongside larger,
less selective grazers if grazing by the larger animals
increases their ability to feed on the highest quality plant
tissues, such as leaf and leaf sheath (Fryxell et al. 2005).

On the other hand, increasing the total number of indi-
viduals in a group can increase competition for food
(Schoener 1971), which may decrease the occurrence of
mixed-species groups when resources are scarce.
The Serengeti is an excellent natural system in which

to test the stress gradient hypothesis using mixed-species
groups for several reasons. First, the Serengeti contains
a hyper-diverse ungulate community in which multiple
types of mixed-species groups among grazers have been
observed (Sinclair 1985, Fitzgibbon 1990, Kiffner et al.
2014). Second, the apex predator in the system, the lion
(Panthera leo), feeds predominantly on group-living prey
rather than solitary species. The gregariousness of prey
species has been shown to reduce lion predation by
reducing predator search efficiency (Fryxell et al. 2007)
and improving group defense (Caro 2005), among other
mechanisms. Third, the Serengeti-Mara ecosystem is
strongly seasonal and resource availability for grazers
fluctuates dramatically over time (McNaughton 1979).
Changes in resource availability may result in temporal
variability in resource competition within and between
species. Last, the Serengeti is one of the most well-stud-
ied ecosystems with decades of prior research (Sinclair
and Norton-Griffiths 1979, Sinclair and Arcese 1995,
Sinclair et al. 2008, 2015). Multiple years of camera trap
data on the ungulate community (Swanson et al. 2015)
along with long-term predator monitoring (Packer et al.
2005, Packer 2019) and remotely sensed observations of
resource availability offer an unprecedented opportunity
to examine the drivers of mixed-species groups over
space and time.
Previous tests of the stress gradient hypothesis have

focused predominately on changes in species interactions
along a single stress gradient despite the prevalence of
co-occurring stresses in nature (He and Bertness 2014),
such as the co-occurring stresses of predation pressure
and food stress. Here we test the stress gradient hypothe-
sis using observations of mixed-species groups among
Serengeti grazers within the long-term Serengeti Lion
Project study area (Fig. 1) as a proxy for the potential
for positive species interactions. We ask, specifically,
does the probability of mixed-species groups increase
with increasing predation pressure or food stress?
We focus on six grazing ungulate species (Table 1) that

comprise 85% of the diet of Serengeti lions both in terms
of carcass numbers and kilograms of meat (Scheel and
Packer 1995). Dietary overlap of the focal species in the
Serengeti ranges from 24% to 74% (Hansen et al. 1985),
which indicates the potential exists for resource competi-
tion between these species. As ambush hunters, Serengeti
lions preferentially hunt where prey are easily catchable,
such as in woodland habitat with denser woody vegeta-
tion or in viewsheds from rocky outcroppings called kop-
jes (Hopcraft et al. 2005). If mixed-species groups
enhance protection from predators, then mixed-species
groups will be more likely to occur as predation risk
increases. If mixed-species groups facilitate foraging,
they will be more likely to occur as resource availability
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decreases. If, on the other hand, competition for
resources limits mixed-species groups, then mixed-spe-
cies groups will be more likely to occur as food availabil-
ity increases.

MATERIALS AND METHODS

Study site and species

Serengeti National Park, Tanzania (34°45’–35°14’ E,
2°22’–2°55’ S) is located within the Greater Serengeti-
Mara Ecosystem, an east African savannah dominated
by the annual migration of 1.6 million wildebeest and
zebra. This migration moves seasonally between Kenya
and Tanzania, following a rainfall gradient from the wet-
ter woodlands in the northwest to the southeastern
short-grass plains (Talbot and Talbot 1963, Sinclair and
Norton-Griffiths 1979).
We examined mixed-species groups in six of the Seren-

geti’s most abundant grazing herbivores (Table 1): Afri-
can buffalo (Syncerus caffer), Coke’s hartebeest
(Alcelaphus buselaphus cokii), Thomson’s gazelle
(Eudorcas thomsonii), topi (Damaliscus lunatus jimela),
blue wildebeest (Connochaetes taurinus), and plains
zebra (Equus quagga). All of these herbivores are gregar-
ious, feed on similar resources (Gwynne and Bell 1968,
Sinclair 1977), share the African lion as a common

predator (Sinclair et al. 2003), and have been observed in
mixed-species groups (Anderson et al. 2016).
A study of 10 Serengeti grazers reported the highest

diet similarities among buffalo, Thompson’s gazelle,
topi, and wildebeest (Hansen et al. 1985). The most com-
mon and most commonly consumed plant in the wet
season by buffalo, Thomson’s gazelle, topi, wildebeest,
and zebra was Themeda trianda; other plant genera con-
sumed by these species included Cynodon, Sporobolus,
Brachiaria, Harpachne, and Aristida (Hansen et al.
1985). In addition, the dry season diets of wildebeest
and zebra contained the same plant genera. Despite diet-
ary overlap and strong potential for competition
between some grazers (e.g., topi and wildebeest; Murray
and Illius 2000), specialization on different plant growth
stages may facilitate coexistence among ecologically sim-
ilar grazers. For example, Thomson’s gazelle, topi, and
wildebeest utilize early and intermediate growth stages
whereas buffalo and hartebeest utilize later growth
stages (Murray and Brown 1993).

Camera trap data

We deployed 210 camera traps in a 1,125-km2 grid
within the central part of Serengeti National Park. The
camera trap grid lies within the Serengeti Lion Project’s
long-term (~50 yr) monitoring area (Packer et al. 2005,

FIG. 1. Study site. The map depicts the Serengeti-Mara Ecosystem with the lion study area circled in purple, camera traps
shown as white dots and kopjes shown in dark purple in both parts of the figure. The inset is a close-up of the camera trap grid over-
lain on Landsat imagery of structural vegetation and kopjes.
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Packer 2019) and covers an intersection of open plains
and woodland savannah (Fig. 1). Five camera traps were
removed from the initial deployment due to access and
maintenance and were therefore excluded from this
study. Observations occurring between December and
May were classified as wet season. Observations occur-
ring between June and November were categorized as
dry season.
Cameras were initially placed in 2010 and have oper-

ated continuously since 2011. We used ScoutGuard
SG565 white-flash trail cameras (trigger speed: 1.31 s;
detection range: 25 m; Norcross, Georgia, USA). These
cameras use passive infrared sensors triggered by heat
and motion and operate continuously. Each camera was
positioned within 250 m of the center of 5-km2 grid cells
on trees or metal poles and set approximately 50 cm
above ground level to maximize capture of medium- to
large-sized vertebrates. Tall grass and hanging branches
in front of each camera were trimmed every 6–8 weeks
to provide an unobstructed field of view. All camera trap
data in this study were collected between July 2010 and
July 2015. An in-depth description of the camera trap
deployment is available elsewhere (Swanson et al. 2015).
Camera trap imagery was processed by volunteer

members of the general public on the citizen science
website, Snapshot Serengeti, who identified and counted
the number of each species present in the photograph
(photos available online).6 Multiple users (average: 27)
scored each image, and the results were consolidated
into a “consensus” classification based on agreement
among users (Swanson et al. 2015). Prior validation of
volunteer classifications against expert-identified subset
of the data demonstrated the consolidated classifications
agreed with the “correct” classifications 97% of the time,
and we improved this accuracy to 99% by limiting analy-
ses to classifications with at least 60% agreement among
volunteers (Swanson et al. 2016b). To prevent inflated
counts of animals remaining in front of the camera traps
for extended periods (e.g., triggering multiple images),
consecutive captures from a camera within 10 minutes of
each other containing the same species were consoli-
dated into a single capture event (Palmer et al. 2017).

Data analysis

Overview.—In brief, we modeled the probability of
mixed-species groups occurring among the six focal spe-
cies based on camera trap observations of mixed-species
groups and single-species groups. We used a generalized
linear mixed model where the response variable was the
presence or absence of a mixed-species group, which
required a binomial distribution. The model included
the following predictor variables: a continuous Normal-
ized Difference Vegetational Index (NDVI) as a proxy
for food availability, two continuous measures of preda-
tion risk (i.e., distance to kopjes, lion density), a categor-
ical measure of predation risk (i.e., woodlands vs. plains
habitat), a categorical variable for season (i.e., wet or
dry) to account for differences in the number of migra-
tory grazers, and a random effect for camera trap site to
account for unexplained site-level variation. Below we
detail how the response variable and predictor variables
were calculated.

Mixed-species groups.—We included observations of sin-
gle-species groups where more than one animal of a
focal grazer species was photographed by a camera trap.
We defined mixed-species groups as a camera trap obser-
vation of a focal species with at least one individual of
another focal species. All observations of mixed-species
groups contained two focal species. All observations
within 30 m of permanent water sources were excluded
to preclude analysis of species aggregating at water. Note
that camera traps have a limited field of view, so photo-
graphic data likely underestimate the extent to which
these species form mixed-species groups, particularly
those with three or more species. The unidirectional field
of view may only record one species despite the existence
of another species in the group occurring on another
side of a camera. Such underestimates are likely exacer-
bated during the hours of darkness when the camera’s
field of view is further restricted. We therefore tested for
the latter effect by comparing results from the entire
data set vs. photographs only collected during daylight
hours, specifically between 06:00 and 19:00 local time.
To test whether mixed-species groups differed from

the number of associations expected based on the num-
ber of single-species observations, we used a log-

TABLE 1. Characteristics of study herbivores.

Common name Scientific name Mass (kg) Residency Proportion lion diet

African buffalo Syncerus caffer 510–850 (m); 350–600 (f) resident 13%
Blue wildebeest Connochaetes taurinus 150–270 (m); 118–208 (f) migratory 33%
Coke’s hartebeest Alcelaphus buselaphus cokii 125–218 (m); 116–185 (f) resident 2%
Plains zebra Equus quagga 220–322 (m); 175–250 (f) migratory 18%
Topi Damaliscus lunatus jimela (68–155) resident 2%
Thomson’s gazelle Eudorcas thomsonii 20–25 (m); 16–21 (f) migratory 17%

Notes: Mass is reported for males (m) and females (f). Proportion of lion diet was assessed by the number of carcasses.
Sources: Kingdon (1984), Scheel and Packer (1995), and Hopcraft et al. (2014).

6 www.snapshotserengeti.org
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likelihood ratio test (G test) (McDonald 2009). The null
hypothesis of the G test is that the number of mixed-spe-
cies groups for a species is proportional to the number of
observations of the species on its own. A significant
result would indicate that observations of mixed-species
groups are not proportional to the number of observa-
tions per species.

Predictor variables.—We used continuous NDVI as a
proxy of food availability. Previous work has shown
that this metric correlates with forage abundance and
quality in our system (Anderson et al. 2010). We used
NDVI data collected at a 250-m resolution at 16-d
intervals (Tucker and Sellers 1986). NDVI measure-
ments were extracted for each camera trap site and
observation date and therefore varied over both space
and time. We used an auto-correlation function to test
for temporal autocorrelation in the proportion of
observations that were of mixed-species groups per
16-d NDVI sampling bin.
We approximated lion predation risk using three mea-

sures (1) distance to the nearest rocky outcropping
(kopje) because kopjes provide enhanced viewsheds and
are predictive of lion hunting success (Hopcraft et al.
2005), (2) lion density derived at a 1-km2 scale, and (3)
habitat type (plains or woodland) because Serengeti
lions preferentially hunt in woodlands where habitat
cover is greater (Hopcraft et al. 2005). Distances from
each camera trap to the nearest kopje were derived from
1:50,000 digitized Aster images using QGIS v. 2.18.9
(Serengeti GIS and Data Center 2007). These distances
varied spatially but were constant over time. To calculate
lion encounter risk, we used lion monitoring data from
the Serengeti Lion Project to construct pride territory
boundaries for the 25 prides residing in the camera trap
study area. Territory boundaries were defined as the
75% volume contour of kernel density estimates derived
from VHF radio collar telemetry relocations; these val-
ues were weighted by both the number of lions in the
pride and the duration of pride persistence in years
between 2009–2014. The Serengeti Lion Project has tra-
ditionally used a 75% threshold (Mosser et al. 2009, Pal-
mer et al. 2017) because of the potential sensitivity of
kernel density estimates to sample size (Harris et al.
1990). Where territories overlapped, these values were
summed at a 1-km2 scale, and the final values were
scaled based on the mean value of lion density across the
entire study area. Independent estimates of lion density
were calculated for wet and dry seasons, as territories
tend to shift seasonally but are relatively stable across
years. Thus, our continuous measurement of lion density
varied spatially and between seasons, but did not vary
among years. Habitat types were characterized for each
camera trap location from 30-m resolution vegetation
layers (Serengeti GIS and Data Center 2007). Habitat
type varied spatially but was constant over time.
We examined relationships between predictors of

mixed-species groups using the Wilcoxon rank sum test

with continuity correction, which is a nonparametric test
for assessing whether mean ranks differ and is appropri-
ate for dependent samples from the same population.
Specifically, we compared the 16-d NDVI sampling val-
ues per camera trap for the dry season months versus
the wet season months. Similarly, we compared the num-
ber of observations of grazers at each camera trap dur-
ing the 16-d NDVI sampling periods between dry season
and wet season sampling periods. Because lion density
estimates varied spatially between seasons but did not
vary among years, we compared camera trap-specific
values of dry season lion density between plains and
woodland habitats. We also compared camera trap-
specific values of wet season lion density between plains
and woodland habitats. Last, we tested for differences in
distance from camera traps to kopjes between plains and
woodland habitats.
For the generalized linear mixed model, we scaled and

centered continuous predictor variables; all coefficients
reported herein are standardized beta coefficients and can
be compared on a per unit basis. All analyses were per-
formed in R version 3.5.1 (R Development Core Team
2019).

RESULTS

We analyzed 115,136 unique camera trap observa-
tions of Serengeti grazers from 28,639 camera trap
sampling days between July 2010 and July 2015. Of
the total observations, 112,984 (98.1%) were observa-
tions of a single species. Zebra, Thomson’s gazelle,
and wildebeest were the most commonly observed
species with more than 27,000 single-species observa-
tions each, buffalo and hartebeest had fewer than
6,500 single-species observations each and topi were
observed alone on 2,068 occasions (Table 2). Grazer
observations fluctuated dramatically over time
(Fig. 2), largely due to the movement of migratory
zebra, Thomson’s gazelle, and wildebeest in and out
of the study area (Appendix S1: Fig. S1). The auto-
correlation function showed a lack of significant tem-
poral autocorrelation in the proportion of observa-
tions of mixed-species groups per 16-d NDVI
sampling bin (Appendix S1: Fig. S2).
Camera traps recorded 2,152 occurrences of mixed-

species groups. The number of mixed-species groups var-
ied among species pairs (Table 2) and over time (Fig. 2).
Overall, 91% of all mixed-species groups contained
zebra. The most commonly observed mixed-species
groups were of zebra and wildebeest (N = 1,557 observa-
tions) while at the other extreme, topi and hartebeest
were never observed together (Table 2). Log-likelihood
ratio (G tests) of independence showed that the number
of mixed-species observations differed significantly from
the proportion expected based on the number of single-
species observations for all six species (G = 691.41,
df = 5 P < 0.001), for the three migratory species
(G = 527.31, df = 2, P < 0.001), and for the three
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resident species (G = 44.27, df = 2, P < 0.001), which
suggests that the mixed-species groups did not occur
based on chance alone.

We examined multiple predictors of mixed-species
groups and here we describe relationships between the
predictors we examined (Appendix S1: Fig. S3). Of the

TABLE 2. The number of observations of each focal species individually, in mixed-species groups, and for each species pair.

Common
name

No. observations No. mixed-species groups for each pair of species

Single spe-
cies

Mixed spe-
cies

Mixed species observa-
tions (%) Buffalo

Thomson’s
gazelle Hartebeest Topi Wildebeest

Buffalo 6,397 19 0.30
Thomson’s
gazelle

32,176 222 0.69 6

Hartebeest 5,754 74 1.29 4 53
Topi 2,068 25 1.21 2 20 0
Wildebeest 27,941 834 2.98 4 90 12 5
Zebra 38,648 978 2.53 22 275 79 23 1,557

Notes: The number of observations of mixed-species groups for each species on the left side of the table is one-half of the sum for
that species for its number of mixed-species groups on the right side of the table. The right side of the table counts each mixed-spe-
cies group twice because it counts a mixed-species group from the perspective of each species.
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108 16-d NDVI sampling periods, 52 sampling periods
were during the dry season and 56 were during the wet
season. Of the 205 camera trap sampling locations, 145
camera traps were located in plains habitat and 60 cam-
era traps were located in woodland habitat. There were
significantly more observations of grazers during dry
season sampling periods than wet season sampling peri-
ods due to seasonal migration (Wilcoxon rank sum test:
W = 1,924, P = 0.004) and NDVI of the study area was
significantly higher during the wet season sampling peri-
ods (Wilcoxon rank sum test: W = 18,410,590,
p < 0.001). Lion density was not significantly higher in
plains habitat than in woodland habitat during the wet
season sampling periods when migration occurred (Wil-
coxon rank sum test: W = 4,296, P = 0.890), and did
not differ significantly between plains and woodland
habitats during the dry season sampling periods (Wil-
coxon rank sum test: W = 4,352.5, P = 0.996). Distance
from camera traps to the nearest kopje did not differ sig-
nificantly between woodland and plains habitats (Wil-
coxon rank sum test: W = 3,630, P = 0.063).
We used a generalized linear mixed-effects model to

test the effects of predation risk and food availability on
the probability of mixed-species groups in Serengeti
grazers (Fig. 3). Mixed-species groups were 1.25 times
more likely to occur in woodland habitats than in the
plains (estimate = 0.221, SE = 0.09, P = 0.016) and 1.11

times less likely to occur for each unit increase in dis-
tance from kopjes (estimate = �0.106, SE = 0.04,
P = 0.009). They were 1.16 times more likely to occur
for each unit increase in NDVI (estimate = 0.149,
SE = 0.023, P < 0.001) and 1.18 times more likely to
occur during the wet season (estimate = 0.168,
SE = 0.048, P < 0.001). Shorter camera trap detection
distances in woodlands compared to plains could result
in underestimates of mixed-species groups in woodland
habitat. However, the model estimate indicating that
mixed-species groups were significantly more likely to
occur in woodland than plains habitat suggests that
these results are robust to such a detection bias.
Because kopjes are not distributed randomly through-

out the camera trap sampling area and the increased
sighting distance that kopjes provide to lions is limited,
we repeated the generalized linear mixed-effects model
using the subset of observations within 1,000 m from a
kopje. This subset of data included 22,784 total observa-
tions from 30 camera traps with 438 observations of
mixed-species groups. Consistent with the complete data
set, mixed-species groups were 1.28 times less likely to
occur for each unit increase in distance from kopjes (esti-
mate = �0.246, SE = 0.112, P = 0.023) and were 1.13
times more likely to occur for each unit increase in
NDVI (estimate = 0.125, SE = 0.051, P = 0.015).
The results of all analyses were robust to the exclusion

of nocturnal observations (Appendix S1: Table S1,
Figs. S4, S5).

DISCUSSION

We tested the stress gradient hypothesis using the
occurrence of mixed-species groups as a proxy for the
potential for positive species interactions and modeling
whether predation risk and food availability predicted
the likelihood of mixed-species groups in Serengeti graz-
ers. Mixed-species groups among the six species of ungu-
lates were uncommon overall (1.9% of observations), but
occurred in proportions differently than were expected
based on the number of single-species observations.
Notably, lion density did not significantly predict mixed-
species groups. Instead, mixed-species groups were more
likely to occur in risky areas, specifically in woodland
habitat and closer to rocky outcroppings that provide
lions with viewsheds for scoping prey. Previous research
has shown that Serengeti lions preferentially hunt in
woodland habitat where vegetative cover is greater
(Hopcraft et al. 2005). In addition, herbivores avoid
areas with dense trees, such as woodlands, where visibil-
ity is lower (Riginos and Grace 2008). The higher proba-
bilities of mixed-species groups in woodland habitat and
near rocky outcroppings are consistent with the predic-
tion that mixed-species groups are more likely to occur
as predation pressure increases. Our finding that lion
density did not affect grouping behavior yet woodland
habitat and proximity to kopjes did predict mixed-spe-
cies groups suggests that these landscape characteristics

FIG. 3. Model results for predictors of mixed-species
groups. The probability of a mixed-species group occurring was
significantly higher in woodland habitat, when NDVI was high,
and during the wet season. The probability of a mixed-species
group occurring increased as distance to kopjes declined (i.e.,
mixed-species groups occurred more often closer to rocky view-
sheds). The plot of standardized coefficients depicts the fixed
effect terms from the generalized linear mixed model predicting
the occurrence of mixed-species groups. Points indicate esti-
mates and lines indicate standard errors. Odds ratios > 1 are
positive effects whereas odds ratios < 1 are negative effects. An
odds ratio estimate with standard errors overlapping one indi-
cates a lack of statistical significance when alpha = 0.05.
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may influence grazer perceptions of risk, and more
specifically suggests that these landscape characteristics
may influence migratory zebra perceptions of risk given
that they participated in the vast majority of mixed-spe-
cies observations.
Mixed-species groups were significantly less likely to

occur when NDVI was low, which is consistent with the
interpretation that resource competition limits mixed-
species groups. Notably, Serengeti wildebeest and zebra
have nearly complete dietary overlap during the dry sea-
son during which NDVI is lower than the wet season
(Hansen et al. 1985) and the most commonly observed
mixed-species group was of wildebeest and zebra. Our
results are therefore consistent with support for the
stress gradient hypothesis in animals along a consumer
pressure gradient but not along a food stress gradient.
Instead, our results highlight a potential co-occurring
stress from resource availability on the formation of
mixed species groups, which is consistent with the body
of work addressing trade-offs between foraging and risk
in savanna ungulates (Hopcraft et al. 2010).
The stress gradient hypothesis has only recently been

applied to animal communities and has mostly been
tested experimentally in invertebrates; these few studies
have found some support that positive interactions
increase along resource stress gradients (Fugere et al.
2012, Dangles et al. 2013, 2018). An aquatic field study
found that positive interactions were more important for
reproductive success as physical stress increased (Peoples
et al. 2015), but tests of positive interactions resulting
from high consumer pressure have been lacking. Our
study therefore provides one of the first tests of whether
positive interactions between animal species may
increase under conditions of high consumer pressure.
Previous studies have documented the importance of

predation in structuring the Serengeti ungulate commu-
nity (Sinclair 1985, Sinclair et al. 2003, Hopcraft et al.
2012). Carnivore diets within the Serengeti are nested
based on the body sizes of both predators and prey.
Smaller-bodied ungulates are consumed by more species
of predators than are larger-bodied ungulate species, but
each carnivore species prefers a narrow range of prey
sizes within their diet range (Sinclair et al. 2003). After
accounting for the higher probability of mixed-species
groups during the migration (i.e., wet season), mixed-
species groups were still significantly more likely to
occur in risky woodland habitats and were more often
observed near rocky outcroppings that predators use as
vantage points. These results are consistent with the
interpretation that mixed-species groups are more likely
to form when predation risk is high. The most com-
monly observed mixed-species groups in this study con-
sisted of zebra and wildebeest. Zebra have been shown
to use wildebeest for protection from predators in the
Serengeti (Sinclair 1985) and in other savanna–wood-
land ecosystems (de Boer and Prins 1990, Thaker et al.
2010, Kiffner et al. 2014). Migrating species, such as
wildebeest and zebra, continuously move through

unfamiliar areas whereas resident species, such as topi
and hartebeest, that reside within familiar areas may rely
on different cues to reduce their risks of predation. Sch-
mitt et al. (2014) demonstrated that predator detection
benefits are significantly increased in mixed-species
groups of zebra and wildebeest compared to single spe-
cies zebra groups. Furthermore, zebra in mixed-species
group have lower vigilance levels and therefore can
spend more time feeding than zebra in single species
groups (Stears et al. 2020). Such benefits obtained
through mixed-species groups likely explain why zebra
often form mixed-species groups. Our results further elu-
cidate the risky spatial conditions under which mixed-
species groups are more likely to occur and suggest that
these physical landscape characteristics cue a landscape
of fear that results in spatial variation in anti-predator
behavior (Gaynor et al. 2019).
Our results are also consistent with the alternative

hypothesis that resource competition limits mixed-spe-
cies groups of Serengeti grazers because mixed-species
groups were less likely to occur when forage availability
was low. State-space modeling of zebra movement has
previously shown that zebra compromise safety when
resources are scarce (Hopcraft et al. 2014). Zebra may
therefore refrain from forming mixed-species groups
with wildebeest when resources are scarce. Furthermore,
topi, hartebeest, and buffalo have been shown to com-
pete for similar resources (Murray and Brown 1993,
Murray and Illius 2000). The low number of mixed-spe-
cies groups among topi, hartebeest, and buffalo is con-
sistent with the interpretation that mixed-species groups
are limited by resource competition and likely due to the
potential costs of competition outweighing the potential
anti-predator benefits of mixed-species herding.
While we found that mixed-species group formation

did not appear to provide immediate benefits for partici-
pating species in terms of resource facilitation, there is
strong evidence that facilitation does occur among graz-
ers in a time-delayed manner. For example, migratory
wildebeest facilitate Thomson’s gazelle by grazing heav-
ily, which prepares plant communities for consumption
by Thomson’s gazelle in the following dry season
(McNaughton 1976). Protein content and digestibility
are often inversely related to grass maturity, thus,
younger stems provide higher quality food for grazers
(van Soest 1982, Wilmshurst et al. 1999). Stem regrowth
following wildebeest grazing provides higher nutritional
content for Thomson’s gazelles. Lastly, facilitation
among savanna grazers also occurs when megaherbi-
vores, such as buffalo, maintain short grass swards that
feed smaller herbivores (Cromsigt and Olff 2008).
We focused on six ungulate species that have similar

herbivorous diets and comprise 85% of the largest preda-
tor’s diet, but the Serengeti supports a hyper-diverse
large mammal community with 10 large carnivore spe-
cies and at least 28 ungulate species (Sinclair and Nor-
ton-Griffiths 1979). Notably, there is substantial dietary
overlap between lions and spotted hyena (Crocuta
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crocuta; Cooper et al. 1999, Honer et al. 2002). In addi-
tion, Thomson’s gazelles are a preferred food of chee-
tahs (Acinonyx jubates; Hayward et al. 2006). While we
were unable to directly test the effects of spotted hyena
or cheetah density on the occurrence of mixed-species
groups due to lack of comparable home range data,
space use by spotted hyenas and cheetahs is positively
associated with lions in the Serengeti and elsewhere
(Broekhuis et al. 2013, Swanson et al. 2016a). Overlap-
ping habitat use among lions, spotted hyenas, and chee-
tahs suggests similar spatial patterns of predation risk
from multiple predators. The significantly higher occur-
rence of mixed-species groups in woodland habitat and
near kopjes may reduce predation risk from multiple co-
occurring predators. Last, the six ungulate species we
examined may benefit from mixed-species groups with
other herbivores not considered in this study. For exam-
ple, Thomson’s gazelle and Grant’s gazelle form mixed-
species groups that provide antipredator benefits from
cheetah (Fitzgibbon 1990).
Few empirical studies of the stress gradient hypothesis

in any taxa have examined the roles of multiple co-occur-
ring stressors across a single habitat (He and Bertness
2014). We have used the occurrence of mixed-species
groups as a proxy for positive species interactions and
have shown that mixed-species groups of grazers occur at
frequencies differently than expected based on the number
of single-species observations, vary significantly over space
and time, and are more likely to occur in spatially risky
areas where prey visibility is low (i.e., in woodland habitat)
and predator visibility is high (i.e., near rocky outcrop-
pings). Our results are consistent with the interpretation
that increased resource competition may limit the occur-
rence of mixed-species groups when resource availability is
low. Despite the relatively widespread existence of mixed-
species groups within primates, cetaceans and ungulates,
obtaining sufficient observational data for rigorous statis-
tical analysis of the drivers of mixed-species groups in
mammals has hitherto precluded quantitative analysis as
a function of ecological context (Cords and Wursig 2014).
Camera trap data used in this study likely underestimate
the occurrence of mixed-species groups due to the cam-
eras’ limited view, nonetheless the Serengeti-Mara ecosys-
tem has provided a valuable opportunity to evaluate
predictions of the stress gradient hypothesis under co-oc-
curring stressors. Our results are consistent with support
for the stress gradient hypothesis along a consumer pres-
sure gradient for mobile animals thus providing a novel
link between extensive research in plant community ecol-
ogy on the stress gradient hypothesis and research in ani-
mal ecology on trade-offs between foraging and risk.
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