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Despite continued interest in mixed-species groups, we still lack a unified
understanding of how ecological and social processes work across scales to
influence group formation. Recent work has revealed ecological correlates of
mixed-species group formation, but the mechanisms by which concomitant
social dynamics produce these patterns, if at all, is unknown. Here, we use
camera trap data for six mammalian grazer species in Serengeti National
Park. Building on previous work, we found that ecological variables, and
especially forage quality, influenced the chances of species overlap over
small spatio-temporal scales (i.e. on the scales of several metres and hours).
Migratory species (gazelle, wildebeest and zebra) were more likely to have het-
erospecific partners available in sites with higher forage quality, but the
opposite was true for resident species (buffalo, hartebeest and topi). These
findings illuminate the circumstances under which mixed-species group
formation is even possible. Next, we found that greater heterospecific avail-
ability was associated with an increased probability of mixed-species group
formation in gazelle, hartebeest, wildebeest and zebra, but ecological variables
did not further shape these patterns. Overall, our results are consistent with
a model whereby ecological and social drivers of group formation are
species-specific and operate on different spatio-temporal scales.

This article is part of the theme issue ‘Mixed-species groups and
aggregations: shaping ecological and behavioural patterns and processes’.

1. Introduction

The formation of social groups is a fundamental process by which an animal’s
own behaviour shapes the environments that it experiences. Compared to solitary
individuals, those in groups experience substantially different levels of predation
risk, competition for food, mating opportunities and access to information
(reviewed in [1,2]). These costs and benefits of group living have informed classi-
cal theories about the evolution of sociality [1]. While early research on group
formation focused primarily on group size, in recent decades it has become appar-
ent that the fitness costs and benefits of social groups, as well as their ecological
and evolutionary impacts, depend heavily on the identities of group members.
That is, the behaviour, age, personality, genotype and other traits of group mem-
bers—including traits that differ among species—shape behavioural interactions
within groups in ways that ultimately impact the behaviour and fitness of group
members [3-6]. Here we focus on a core aspect of individual identity: species. In
many ecosystems, social groups can be single-species groups, composed of mem-
bers from the same species, or mixed-species groups (also called multi-species
groups or polyspecific associations), which include members from two or more
species at similar trophic levels [7-9].

The evolution of social groups is shaped by a complex array of trade-offs that
vary across different environments, and recent studies have begun to highlight
how these trade-offs differ between mixed-species groups and single-species
groups [7,8,10,11]. Research in this area has focused on foraging and anti-predator
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benefits and costs, which are considered classic evolutionary
drivers of group living. Groups of all types may reduce preda-
tion risk through improved vigilance (i.e. sighting predators
faster and more effectively than solitary individuals) and by
dilution (i.e. because proximity to alternative prey individuals
can reduce per-capita risk) [7,10,12-14]. Mixed-species groups
in particular may have more effective vigilance because they
often contain more individuals and because different species
may have complementary predator detection mechanisms
(e.g. sensory modes, perceptual range owing to height differ-
ences) [15,16]. Perhaps owing to these complementary
predator detection mechanisms among interacting species, or
owing to other reasons, the costs of vigilance can be lower in
mixed-species groups, compared to single-species groups.
For example, one study found that, after accounting for
group size differences, zebras in mixed-species groups under
high predation risk had nearly an hour of extra foraging
time, compared to zebras in single-species groups, owing to
reduced investment in costly vigilance behaviours [17]. On
the other hand, the ‘predator confusion effect’, a key mechan-
ism by which groups neutralize predator attacks, may be less
effective in mixed-species groups owing to phenotypic dissim-
ilarity among group members [11,16,18,19]. However, this
dissimilarity may provide a benefit in terms of foraging, as het-
erospecific group members can have partially distinct diets,
reducing food competition compared to single-species
groups [20-23]. In addition, species within mixed-species
groups may have complementary foraging strategies, which
enhances foraging success in mixed-species groups compared
to single-species groups [24].

It is important to note that the benefits and costs associ-
ated with mixed-species groups are not necessarily shared
equally among species [10,24,25]. For example, in mixed-
species groups of Thompson’s (Eudorcas thomsonii) and
Grant’s gazelles (Nanger granti), cheetah (Acinonyx jubatus)
attacks were disproportionately directed towards Thomson'’s
gazelles, representing an important benefit of mixed-species
groups for Grant’s gazelles and a major cost of mixed-species
groups for Thomson’'s gazelles, compared to Thomson’s
gazelles in equal-sized single-species groups [16]. More com-
plete reviews of the benefits and costs of single- and mixed-
species groups can be found in [7,10], and [12]; and many
aspects of these dynamics are yet to be fully explored.

Despite recent progress in understanding the costs and
benefits of different group types, we still know relatively
little about the social and behavioural processes that lead to
the formation of single- versus mixed-species groups [26-28].
The current conceptual models of mixed-species group for-
mation primarily focus on the roles of local ecological
variables in determining the times and places in which
mixed-species groups will be observed [13,21,29-31]. Critically,
these models assume that animals always have the opportunity
to form mixed-species groups when they need to. However,
current models of social behaviour, which are often centered
on single-species groups or pairs, instead suggest that social
opportunities may vary and that this variability can in turn
shape behaviours and patterns of association between individ-
uals [32,33]. Yet in most ecosystems, we know little about the
social environment in which group formation occurs, that is,
what other grouping options are available to individuals at a
given time and place.

In particular, research on group formation often empha-
sizes that groups form through the collective behaviours of

multiple individuals; thus, the availability of a preferred [ 2 |

group type for one individual depends on the behaviour of
other individuals [34-36]. For example, systematic reviews
of cooperative breeding in bird and ant species have found
that nesting with non-kin is surprisingly common [37,38].
Explanations for this pattern have emphasized limits to part-
ner availability: animals in these species seem most likely to
nest with non-kin if they are unable to find relatives owing
to ecological constraints and/or because their kin have
evicted them from their natal nest. Similarly, Bayesian
models parameterized by Drosophila melanogaster data
suggest that, in this species, males prefer to join groups
more with females, but females prefer groups with fewer
males, leading to high turnover in group membership [39].
In other words, animals do not choose a preferred group
from among all possible groups, only from the groups avail-
able to them at some time. Because constraints and
limitations on social group choice may mean that individuals
join non-preferred or maladaptive groups under some cir-
cumstances, observing that a particular group type (e.g.
mixed-species groups) is more abundant in some environ-
ments is only one step towards understanding how
ecological and social processes result in group formation.

Despite the importance of social partner availability in the
formation of single-species groups, we know very little about
the mechanisms that produce variation in heterospecific part-
ner availability and the influence of partner availability on
mixed-species group formation. Main challenges to under-
standing group formation mechanisms include the difficulty
of observing group formation, particularly for larger or wild
animals, and the difficulty of conducting experiments that
directly measure preference [26]. The logistical challenges of
measuring group formation are further compounded for
studies of mixed-species groups, as multiple species must be
observed or manipulated. One partial solution is to focus on
the outcomes of group formation, such as patterns in the distri-
butions of single-species and mixed-species groups, in a set of
focal species under a wide range of ecological and social
conditions. By examining whether a particular focal species
occurs in single-species groups, mixed-groups or both (and
in what proportion) in circumstances where alternative social
options are abundant or limited, we can begin to identify the
underlying preferences that shape group composition and
its variation.

The availability of preferred, and even non-preferred,
options is expected to influence choice behaviours, often in
complex ways [40], emphasizing the importance of under-
standing the social context of group formation. Specifically,
a greater availability of preferred social partners may make
it easier, faster or safer for animals to find and join a preferred
group (as in foraging decisions: [39]), resulting in more
individuals being found in their preferred group type. Con-
versely, animals may prefer social partners that are rare in
their environment [41,42]. In this case, greater availability of
one type of social partner may lead to a decrease in prefer-
ence for that partner type. Finally, if preferred options are
rare, animals may decline to choose any group and instead
extend the time they spend searching [43,44]. Importantly,
these predictions are independent of the fitness costs or
benefits of each group type for any species. Instead, they
are based on the cognitive and behavioural mechanics of
social choices as manifested when preferred social partners
are common or rare. However, these behavioural ‘signatures’
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of group formation have rarely been studied for mixed-
species groups. Integrating behavioural and ecological
hypotheses into a comprehensive understanding of the mech-
anisms that influence group composition will improve our
ability to predict the distributions and ecological interactions
of group-living animals [29,36,45].

Here, we focus on two key questions. First, what mechan-
isms influence the availability of heterospecific potential
social partners for individuals of a focal species? Second,
how does the availability of these social partners shape the like-
lihood of mixed-species group formation? Using camera trap
data from Serengeti National Park, we compiled information
about nearby groups, as well as nearby lone individuals for
six large gregarious herbivore species. To answer the first ques-
tion, we modelled the likelihood that each species’ local social
context included at least one heterospecific potential social
partner. By ‘potential social partner, we refer to species
known to form mixed-species groups with the focal species
[29]. Next, we focused at the level of the group, and modelled
the likelihood that each group observed was a mixed-
species group, rather than a single species group (hereafter
‘group type’). Specifically, we tested whether group type was
associated with the number of nearby heterospecific lone indi-
viduals and groups. This second analysis allowed us to identify
whether social partner availability shapes the likelihood of
mixed-species group formation. In both analyses, we incorpor-
ated (non-social) environmental effects on group formation
processes by including multiple static and dynamic measures
of food availability and predation risk [29]. By simultaneously
examining the influence of both social and non-social environ-
mental factors on mixed-species group formation, we can
start to form hypotheses about the behaviours that drive
mixed-species group formation and how these mechanisms
facilitate or limit mixed-species group formation in different
ecological environments.

2. Methods

(a) Study location

The Serengeti National Park, Tanzania (34°450-35°140 E,
2°220-2°550 S) is a savannah ecosystem located along the Kenya-
Tanzania border in East Africa. The system is dominated by the
migration of 1.6 million wildebeest, zebra and Thomson's gazelle,
which traverse between Tanzania and Kenya on an annual basis
following seasonal rainfall [46,47]. The typical dry season occurs
between June and October while the wet season occurs between
November to May. A detailed description of the Serengeti National
Park can be found in [48].

(b) Camera trap survey

We used images collected by the camera trap survey between
16 July 2010 and 31 December 2014. In 2010, a systematic camera
trap survey was deployed in the centre of Serengeti National
Park, Tanzania. Two hundred and twenty-five ScoutGuard SG565
camera traps (field of view: approx. 45°; detection radius: approx.
14 m; [49]) were deployed in a 1125 km? grid. Each camera was
placed in the centre of a 5 km? grid cell on a tree or metal pole, posi-
tioned at a height of approximately 50 cm above ground level to
maximize the capture of medium- to large mammals. The spacing
between cameras allows simultaneous monitoring of multiple
species while ensuring at least two cameras per home range of
medium- to large mammals [49]. The cameras were programmed
to collect a burst of three images in quick succession, referred to

as an ‘image set’, when the camera’s passive infrared (PIR) sensor
was triggered by heat and motion. The survey area encompasses
open plains and woodland savannah habitat, spanning a 1.67-
fold rainfall gradient and a 1.44-fold productivity gradient [50].
Complete details on survey design can be found in [49].

(c) Study species
We examined associations within and among six of the most abun-
dant grazing herbivores in the Serengeti National Park: African
buffalo (Syncerus caffer), Coke’s hartebeest (Alcelaphus buselaphus
cokii), Thomson’s gazelle, topi (Damaliscus lunatus jimela), blue
wildebeest (Connochaetes taurinus) and plains zebra (Equus
quagga). Within this system, there are both migratory and resident
populations of gazelle, wildebeest and zebra [46,47], while all
populations of buffalo, hartebeest and topi remain resident
within the park year-round [29,50]. Lions (Panthera leo), an apex
predator in this system, consume all the focal species to varying
degrees [29]. Lions predate all six species; however, buffalo, gazelle,
wildebeest and zebra comprise a large proportion of lion diets (as
assessed by the proportion of lion-predated carcasses), while harte-
beest and topi comprise only a small proportion of lion diets ([29];
see also [29,51]). Moreover, only topi and gazelle also face signifi-
cant predation from additional predator species [52]. Thus, the
focal species face overlapping, but distinct, predation risk.

All of the focal species are gregarious and have been observed
in mixed-species associations [29,50]. Many large grazers have a
‘fission-fusion” social structure in which animals may choose
new groups frequently throughout their adult lives [53—-60]. This
process has been directly described in single-species groups of
gazelle [60,61], and single-species groups of plains zebra [59,62].
Notably, plains zebra have a multilevel group structure in which
some conspecific associations (i.e. within harems) are very stable,
and other associations are more flexible [58]. Indirect evidence
for wildebeest, hartebeest and buffalo suggest that they also have
the opportunity to separate from or change groups over relatively
short timescales [45,56,57]. We were unable to find any infor-
mation about group formation in topis. Although the evidence
available is limited, overall, we can see that each of these species
is either known to have a fission-fusion type group structure
(with additional and fascinating differences within and among
species) or to form groups with a species that does.

(d) Data collection and processing

We used 69370 images collected by the camera trap survey
between 16 July 2010 and 31 December 2014 (data available at
https://doi.org/10.5061/dryad.5pt92 [63]). Images were classi-
fied on the ‘Snapshot Serengeti’ citizen science website (https://
snapshotserengeti.org). Hosted on the Zooniverse platform
(https:/ /zooniverse.org), this website enabled volunteers to ident-
ify and count the species in each image set. Classifications from
multiple volunteers (average: 27) were aggregated into a ‘consen-
sus classification’; prior validation suggested that aggregated
classifications agreed with expert classifications 97% of the time
(more details can be found in [49]). To further improve the overall
accuracy of the data, only images in which greater than 75% of vol-
unteers agreed on the resulting species classification were included
in our final dataset, increasing overall accuracy of volunteer classi-
fications to 99% [64]. To minimize the potential for duplicated
representation of an individual group (i.e. the same group repeat-
edly triggers a camera), we removed image sets of the same species
that were captured at the same site within 10 min of each other [65],
resulting in a single image set for each ‘capture event'.

(e) Groups
We consider an image set to contain a group if it included two or
more total individuals from one of the focal species. This aligns
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with the common definition of a group as a set of individuals
that have a higher likelihood of interacting with one another
than with other individuals on the landscape owing to their
spatial proximity [2,26]. The criteria used to determine adequate
proximity for defining a group varies among studies, even for
the same species [66,67]. Given the parameters of the cameras,
animals in the same photo could be up to 14 m away from
each other, if one individual was immediately in front of the
camera and the other was at the maximum typical detection dis-
tance (see above). This distance, which corresponds to
approximately 4-14 body lengths, falls within the range of near-
est neighbour distances for group members in prior studies of
these and similar species [16,65,68,69]. Although the precise
social spacing of animals across the entire landscape is currently
unknown, applying a standardized and biologically validated
metric to classifying social interactions is needed to appropriately
compare individuals or species [70].

Single-species groups were defined as capture events that
included two or more individuals from one species, and mixed-
species groups as capture events that included at least one individ-
ual from two or more of our focal species. Capture events that only
contained one individual from a focal species were designated as
lone individuals. We identified 43457 groups and 25913 lone
individuals.

On the Snapshot Serengeti website, volunteers recorded
group sizeas 1,2, 3,4,5,6,7,8,9, 10, 11-50 and 50 + individuals
[49,64]. Our analysis reflected this by classifying groups as small
(2-10 individuals), medium (11-50 individuals) or large (more
than 50 individuals). These measures included all individuals of
all species in the group (i.e. capture event). One inherent limitation
to this approach is that the cameras may not capture individuals
that are outside of its 45° field of view (see discussion). To mitigate
this as much as possible, our data contained the maximum
number of individuals from across the entire capture event,
which could contain multiple trigger events as described above.

(f) Timesite delineation

To identify groups that were close to each other in both space and
time, we divided our dataset into ‘timesites’. Each timesite included
groups that were photographed at the same camera site within the
same period of the day (i.e. morning, midday or evening).

Days were defined as lasting from sunrise to sunset. We
adjusted clock time to ‘sun time’, in radians, by mapping sunrise
to ©/2 and sunset to 3n/2 to ensure that time periods across
different seasons were more directly comparable (‘sunTime’
function, ‘overlap’ package; [71]). Observations that occurred
during the night time were excluded owing to reduced visibility
[29]. Within each day, we defined three ecologically relevant time
periods: morning, which started at sunrise and ended after one-
quarter of daylight had elapsed (sunrise + n/4); midday, which
started at the end of morning and ended at the beginning of eve-
ning, and evening, which was the last quarter of daylight hours
(sunset - m/4). These time periods correspond to circadian vari-
ation in large African grazer activity, with midday generally
representing the period of lowest daily activity for the focal
species and congeners (Serengeti: M. S. Palmer 2013-2023,
personal observation; other locations: [72-76]).

Using this approach, we defined a total of 22 637 timesites
that contained groups, across the 1495 dates and 194 sites.

(9) Quantifying the social landscape

To begin testing the questions outlined above, we derived measures
of the local social context for each focal group. From the perspective
of the focal group, the other groups in their timesite were classified
as one of the following: conspecific single-species groups, conspeci-
fic mixed-species groups (i.e. in which one of the species present in
the group was the same as the focal species), heterospecific single-

species groups (i.e. groups of just one species, where the species is
different from the focal species) and heterospecific mixed-species
groups (i.e. groups containing more than one species, where none
of the species are the focal species). As ‘conspecific’ and ‘heterospe-
cific’ are inherently relative to the focal species, these values could
be different for different groups in the same timesite or for different
species in a mixed-species group. We counted the number of each
of these groups in the timesite as well as the number of conspecific
and heterospecific solitary individuals. To see this approach for a
hypothetical example timesite, please see figure 1.

(h) Habitat metadata and ecological predictor variables
We also considered ecological variables that have been shown to
shape mammalian grazer distributions at large scales. We
included three proxies of lion predation risk. First, we derived
season-specific relative lion density at each camera trap location
using long-term lion monitoring data (see [65] for details). We
also included the distance from the sighting (camera) to the near-
est rocky outcropping, called a kopje. Kopjes provide enhanced
viewsheds for predators and are predictive of lion hunting suc-
cess [80]. These distances were derived from 1 : 50000
digitized Aster images using QGIS v. 2.18.9 (Serengeti GIS &
Data Centre 2007, https://serengetidata.weebly.com/). Lastly,
we included habitat type (plains or woodland) as Serengeti
lions preferentially hunt in woodlands where habitat cover is
greater [80]. Habitat type at each camera was classified from 30
m resolution vegetation layers (Serengeti GIS & Data Centre
2007, https://serengetidata.weebly.com/). Normalized Differ-
ence Vegetation Index (NDVI) data, collected at a 250 m
resolution at 16-day intervals, was used as a proxy for vegetation
quality [29,50,81]. NDVI measurements were extracted for each
camera trap site and observation window.

(i) Analysis overview

We conducted two sets of analyses to test: (i) the mechanisms
that influence the availability of heterospecific potential social
partners for individuals of a focal species (availability analysis),
and (ii) how the availability of social partners shapes the likeli-
hood of mixed-species group formation (group type analysis).

In the availability analysis, we examined how non-social
variables influenced the availability of heterospecific individuals
in the timesite, thereby laying the groundwork for mixed-species
group formation. In this analysis, the unit of analysis was the
timesite, and the response variable was heterospecific presence:
each timesite was classified as either including or lacking (1/0)
evidence for potential heterospecific social partners. We counted
single-species groups of heterospecifics, mixed-species groups
containing heterospecifics, and lone heterospecifics as ‘potential
heterospecific social partners’. Note, our dataset only includes
species that have previously been shown to form mixed-species
groups together [25].

In the group type analysis, we tested how the availability of
heterospecific social partners, in combination with ecological fac-
tors, influenced the probability of observing mixed-species
groups compared to single-species groups. Here, the unit of analy-
sis was the group, and the response variable was group type: each
group was designated as mixed-species or single-species (1/0).

Initial models including data from all six species resulted in
severe convergence problems, possibly owing to extreme differ-
ences among species in sample size (range: 499-15884 groups
per species) or differences in how these groups were distributed
across levels of the random and fixed effects. Therefore, we mod-
elled data from each of the six species separately. Each
availability model only included timesites containing the focal
species, while each group type model only included groups con-
taining the focal species; other species were still included in
counts of the surrounding social context. For example, the
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availability models group type models
(d) 1 heterospecific
MSG, 1 heterospecific
SSG, 1 conspecific
lone

heterospecifics: yes
conspecific SSGs: 1

(a) 1 conspecific
SSG, 1 heterospecific

. &
heterospecifics: yes = SSG, 1 heterospecific
conspecific SSGs: 2 (@ lone

(D) 1 conspecific
MSG, 1 heterospecific
SSG, 1 heterospecific
lone

(@) 2 heterospecific
SSG, 1 heterospecific
lone

heterospecifics: yes
conspecific SSGs: 0

Figure 1. Example quantification of the social environment for three different species in a hypothetical timesite. Left: individuals of different species are indicated by
different icons. Individuals enclosed by the same circle were photographed in the same capture event; individuals in different circles were photographed in different
capture events. These capture events occurred at the same camera within a few hours of each other, leading us to dlassify them as within the same ‘timesite’ (see
text for details). Group (a) is mixed-species because it includes individuals from two different species. Groups (b) and (d) are single species groups, and the capture
event (¢) is a lone individual. MSG stands for mixed-species groups and SSG stands for single-species groups. Centre: measures of heterospecific presence or absence
and the number of conspecific SSGs in the timesite from the perspective of each species, as they would be implemented in ‘availability models’. Note that in
‘availability models’, the unit of analysis is the entire timesite. Right: measures of the social environment in each timesite from the perspectives of each species
in each group, as they would be implemented in the ‘group type’ analysis. Note that in ‘group type” analyses, the unit of analysis was the group, so these measures
represent information about the other social groups and lone individuals in the timesite. Icons from [77-79]. (Online version in colour.)

response variable for the zebra model included only observations
of single species zebra groups and mixed-species groups contain-
ing zebra. Lone individuals were included as predictor variables
but, by definition, were not considered groups. Mixed-species
groups were modelled from the perspective of each participating
species in their respective models.

Since each group could appear in multiple models, either as a
focal group or as part of the social context, we accounted for mul-
tiple testing using the Bonferroni correction [82]. For both sets of
models, we specified a binomial error distribution [83]. Mixed-
species groups were rare (3.3% of groups in the dataset), so
group type models also included a parameter to account for
zero-inflation [84]. We modelled social variables (described in
more detail below), ecological variables, and time period (morn-
ing, midday or evening) as fixed effects (figures 2 and 3).
Ecological variables included season, habitat type, lion encounter
risk, kopje distance and NDVI. All continuous variables were
scaled and centred so that effect sizes within models could be
compared on a per-unit basis. Site (camera location) was initially
included in all models as a random effect and retained if signifi-
cant. For the group type analysis, each group was used as both a
focal group and as part of the social context for other groups in
the timesite. Therefore, we included a random effect of timesite.
For two of the species, topi and buffalo, including timesite as a
random effect created convergence or model fit issues and was
therefore omitted from these models. While this omission may
lead to inflated p-values for these species, we did not see any sig-
nificant predictors in these cases (except group size for topics, see
below), suggesting that the qualitative results were unaffected.

Models were implemented using the glmmTMB package [84]
inRv. 4.1.2 [85].

For the availability models, the number of conspecific single-species
groups in the timesite was included as a fixed predictor variable.
This approach asks whether timesites with more single-species

groups of the focal species were more or less likely to also include
heterospecifics, either alone or as part of any group type.

For group type models, the unit of analysis was the group, i.e.
we modelled whether each group was single- or mixed-species.
As fixed-effect predictors, we included the (qualitative) size of
the focal group, and measures of the other groups and lone indi-
viduals in the timesite: i.e. the numbers of conspecific lone
individuals, heterospecific lone individuals, conspecific single-
species groups (excluding the focal group if it was single-species),
conspecific mixed-species groups (excluding the focal group if it
was mixed-species), heterospecific single-species groups, and het-
erospecific mixed-species groups in the focal group’s timesite.

It may seem counterintuitive to model the probability that a
focal group is mixed-species or single species as a response vari-
able while using the number of other conspecific mixed-species
and single-species groups in the timesite as predictors. The social
predictors in group type models do not include individuals in
the focal group, because the status of the focal group as single-
or mixed-species is the response variable in the analysis. Thus,
the number of other conspecific mixed-species and single-species
groups in the timesite accounts for differences among timesites
in the ‘baseline’ rate of single- and mixed-species group formation
for each focal species in each timesite. By contrast, testing the
number of heterospecific groups of different types, and heterospeci-
fic lone individuals, allowed us to ask whether the availability of
these potential social partners is associated with any variation in
the probability that a given group will be mixed-species.

For each model, we used likelihood ratio tests to determine
whether including a random effect of site improved the fit of
the model, removing the effect if it did not. We identified fit or
misspecification problems of the final models using a simu-
lation-based approach (in the DHARMa package [86]). In the
final models, we used Wald type III tests (implemented in the
‘car’ package, [87]) to test the significance of fixed effects.
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Figure 2. Coefficient plot of availability results. Coefficient plot of parameter estimates for fixed effects tested for each species in the availability models. Colours represent
different species, which were tested in separate models (see text). Dots represent point estimates of the parameters and bars represent standard errors. Parameter estimates
are reported on the log scale, so positive values indicate that higher values of the fixed effect were associated with increased likelihood that the focal group was in a timesite
that induded heterospecifics, and estimates close to 0 (dashed line) represent no association between the variable and heterospecific availability. Time period estimates are
reported relative to the evening time period. Conspecific.55G refers to the number of conspecific single-species groups. n = 114313 270 timesites per species.
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Figure 3. Coefficient plot of group type results. Coefficient plot of parameter estimates for selected fixed effects tested for each species in the group type models. Colours
represent different species, which were tested in separate models (see text). Dots represent point estimates of the parameters and bars represent standard errors. Par-
ameter estimates are reported on the log scale, so positive values indicate that higher values of the fixed effect were associated with increased likelihood that the focal
group was mixed-species, rather than single-species. Estimates close to 0 (dashed line) represent no association between the variable and group type. Group size estimates
were not plotted because they were estimated differently for different species (see the electronic supplementary material, table S1 and main text). Time period estimates
are reported relative to the evening time period. MSG stands for mixed-species groups and SSG stands for single-species groups; these variables refer to measures of the
social environment, i.e. the number of groups of different types observed in each timesite. ‘Other’ for conspecific groups refers to the fact that the focal group was not
counted when quantifying the social environment (see main text). n = 499-15 884 groups per species.

Least-squares means were computed in the package ‘emmeans’ About 70% (30016 out of 43 457) of groups were in timesites
[88]. We report Bonferroni-corrected p-values. that contained at least one other group; about 42% (18245
out of 43457) were in timesites that contained at least one
lone individual. Animals experienced diverse social contexts:

3. Results focal groups shared a timesite with 0-9 conspecific lone indi-

viduals (mean: 0.47, median: 0), 0-10 heterospecific lone
(a) The social Iandscape of group formation individuals (mean: 0.26, median: 0), 0-12 conspecific single-
Timesites contained between 1 and 20 groups (mean: 1.92, species groups (mean: 1.56, median: 1), 0-7 conspecific

median: 1) and 0-10 lone individuals (mean: 1.4, median: 1). mixed-species groups (mean: 0.11, median: 0), 0-15
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heterospecific single-species groups (mean: 0.60, median: 0),
and 0-6 heterospecific mixed-species groups (mean: 0.005,
median: 0).

(b) Availability results: Normalized Difference
Vegetation Index and other environmental factors
structured heterospecific partner availability

differently among focal species

For all species except gazelle, we found a positive association
between the number of conspecific single-species groups and
heterospecific presence (buffalo: ;ﬁ =57.8, p <0.0001; hartebe-
est: y1 =34.6, p <0.0001; topi: 7 =22.0, p < 0.0001; wildebeest:
21=10.2, p=0.008; zebra: 5 =116.1, p<0.0001). This result
indicates that, in general, these six species tend to co-occur
at timesites (figure 2). Furthermore, for all species, focal
species were most likely to occur in timesites with heterospe-
cific partners during the midday period, and least likely
during the morning period (buffalo: ;(% =109, p=0.0026;
gazelle: x3=60.78, p<0.0001; hartebeest: y3=21.8, p<
0.0001; topi: y3=14.1, p=0.005; wildebeest: x3=66.8, p<
0.0001; zebra: y5=74.7, p <0.0001; figure 2).

Ecological conditions shaped the availability of heterospe-
cific social partners at timesites (figure 2). NDVI was
significantly associated with heterospecific presence in all
species expect wildebeest (wildebeest: ;(%:0.8, p=1), but
the directionality differed among species. NDVI was associ-
ated with an increased likelihood of heterospecific presence
for gazelle and zebra (gazelle: parameter estimate: 0.4, yi=
194.0, p<0.0001; zebra: parameter estimate: 0.08, ;ﬁ: 14.2,
p =0.0016), while the opposite was true for buffalo, hartebe-
est, and topi (buffalo: parameter estimate: —0.19, i =10.2,
p<0.0001; hartebeest: parameter estimate: —0.15, =76,
p=0.035; topi: parameter estimate: —0.28, y7=11.0, p=
0.005) (figure 2). In addition, gazelle were more likely to be
in timesites with heterospecifics in woodland habitats than
in plains habitats (¢ =14.0, p=0.0011; least-squares mean
for woodland =0.169, for plains=0.112; all other species
p>0.05). In zebra, we found that timesites closer to kopjes
were more likely to include heterospecifics (parameter esti-
mate = —0.093, ;(% =7.1, p=0.046; all other species p>0.05).
Finally, including a random effect of site improved the fit of
the availability model for all species (buffalo: likelihood
ratio=73.2, d.f.=1, p<0.0001; gazelle: likelihood ratio=
202.2, d.f.=1, p<0.0001; hartebeest: likelihood ratio =40.5,
d.f.=1, p<0.0001; topi: likelihood ratio=13.14, d.f.=1, p=
0.0017; wildebeest: likelihood ratio=153.9, d.f.=1, p<
0.0001; zebra: likelihood ratio=181.3, d.f.=1, p<0.0001),
suggesting that other unmeasured environmental differences
between timesites may further influence heterospecific
partner availability.

For full results, including non-significant results not detailed
here, please see the electronic supplementary material.

(c) Group type results: group size and heterospecific
partner availability influenced group type in most

species, with few additional ecological effects
In all species except buffalo (gazelle: y3=232.4, p<0.0001;
hartebeest: xi=21.4, p<0.0001; topi: xi=236.8, p<0.0001;
wildebeest: 5 =13.0, p=0.009; zebra: y5="584.7, p <0.0001),

group size was significantly associated with group type
(figure 3) in that larger groups were more likely to be
mixed-species compared to smaller groups (electronic sup-
plementary material, table S1). Note that there were not
enough large groups of buffalo, hartebeest or topi (n=0-2
large groups) to include in the analysis, and as such, we
only included medium and small groups for these species.

After adjusting for the baseline group type in each timesite
(number of conspecific single-species and mixed-species
groups), we found that heterospecific partner availability, i.e.
the number of heterospecific single-species groups in the time-
site, was positively and significantly associated with group
type for gazelle, hartebeest, wildebeest and zebra (gazelle:
parameter estimate = 0.92, ;(% =49.2, p <0.0001; hartebeest: par-
ameter estimate=0.36, y3=7.50, p=0.0036; wildebeest:
parameter estimate =0.78, ){% =14.68, p=0.00077; zebra: par-
ameter estimate =0.36, ﬁ =147.2, p<0.0001), indicating that
focal groups were more likely to be mixed-species in timesites
that included more heterospecific single-species groups
(figure 3). Similarly, both gazelle (parameter estimate =0.47,
»=177, p <0.0001), and zebra (parameter estimate=0.13,
1r=223, p <0.0001), showed positive associations between
group type and the number of heterospecific lone individuals
in the timesite (figure 3). This indicates that groups of gazelle
and zebra were more likely to be mixed-species in timesites
that included more heterospecific lone individuals. We did
not see significant effects of heterospecific single-species
groups, or lone individuals in buffalo or topi (all p> 0.05;
figure 3); furthermore, we did not find a significant effect of
the number of heterospecific mixed-species groups in any
species (all p > 0.05; figure 3).

Gazelle was the only species for which we found a negative
relationship between the number of conspecific lone individuals
and group type (parameter estimate=—0.38, y7 =10.6, p=
0.0067), suggesting that gazelle mixed-species groups were
located in timesites with fewer than expected conspecific lone
individuals (figure 3). For all other species, there was no signifi-
cant relationship between lone individuals and group type
(all p>0.05).

In general, the non-social variables included in our
models were not associated with group type (figure 3). The
one exception was for gazelles, where there was a positive
significant effect of NDVI (parameter estimate=0.27, yi=
11.6, p=0.0004) on occurring in a mixed species group.
Sites varied significantly in the frequency of mixed-species
groups for wildebeest (likelihood ratio=7.5, d.f.=1, p=
0.038), and zebra (likelihood ratio =26.5, d.f. =1, p <0.0001),
which may in part reflect differences in the local environment
near each camera.

For full results, including non-significant results not listed
here, please see the electronic supplementary material.

4. Discussion

Traditionally, studies of mixed-species groups have assumed
that animals form mixed-species groups in environments
where the benefits of such groups are greatest, and then
attempted to identify these environments and the reasons
why [13,21,29-31]. However, this approach leaves open ques-
tions about critical ‘ingredients’ of group formation, such as
whether specific partner types are actually available (and
why). Here, we started to address this gap by identifying
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the ecological drivers of heterospecific partner availability in
conjunction with the social-environmental factors that influ-
ence group type. We focused on a highly local scale, that is,
meters and hours, on which many social decisions are made.
We found that ecological drivers, particularly NDVI, played
a key role in shaping the availability of heterospecifics at
specific locations and times. Additionally, as the availability
of heterospecifics increased, the likelihood of mixed-species
groups forming also increased, suggesting an important role
of heterospecific availability in mixed-species group formation.
Overall, our findings suggest that ecological factors influence
who is present at a particular place and time, with species-specific
social behaviours then shaping how (or if) those individuals
form social groups. Further testing of this hypothesis is necess-
ary to understand the bidirectional interplays between
behaviour and ecology [45,89].

In buffalo, topi, wildebeest, hartebeest and zebra, the
number of conspecific groups in a timesite was positively
associated with heterospecific presence, indicating that some
areas of the landscape were used by multiple individuals and
species simultaneously. Further, all six species were more
likely to be in timesites with heterospecifics in the middle of
the day (figure 2), suggesting that daily activity patterns may
be an important driver of heterospecific availability [72-76].
NDVI, which serves as a proxy of food quality for the focal
species, additionally influenced the likelihood that heterospeci-
fics were nearby for five of the six grazer species (figure 2).
However, while buffalo, hartebeest and topi were most
likely to be nearby heterospecifics under low NDVI, gazelle
and zebra (and in wildebeest, but the relationship was non-sig-
nificant) were most likely to be nearby heterospecifics under
high NDVI. This finding may shed light on another recent find-
ing from the Serengeti: that mixed-species groups were rarest
under medium NDVI [68]. A key distinction between the
species with negative versus positive effects of NDVI on het-
erospecific availability is that the species with strictly resident
speciesbuffalo, hartebeest and topi — were more likely to
occur near heterospecifics when NDVI was low. High-quality
vegetation has been found to be an important factor driving
the distribution and behaviour of African buffalo [90]. Resident
species, such as buffalo, may be more likely to be near hetero-
specifics when NDVI is low overall because they are seeking
limited high-quality forage patches. On the other hand, the
species with migratory populations that track seasonal changes
in food availability—zebra, gazelle and wildebeest—were
more likely to occur near heterospecifics when NDVI was
high. Migratory species are more commonly observed when
resources are plentiful and thus when NDVI is high. Whether
these differences were owing to migratory behaviour itself or to
some other difference between migratory or resident species
would require further study. In particular, one limitation of
our analysis is that we did not distinguish potential partner
species from one another, instead lumping them into a single
category (heterospecifics). Other recent studies of mixed-
species groups have found that dyadic patterns of social associ-
ations among species may be reshaped by environmental
variation [68,91], suggesting that this may be a fruitful
avenue for further research.

Although ecological variables were critical for dictating
heterospecific availability, the same variables did not predict
whether mixed species groups then formed (figure 3). The
one exception to this was a higher frequency of mixed-species
groups under higher NDVI in gazelle. That the ecological

landscape did not generally influence conspecific- versus
hetero-specific group formation is surprising, given prior
work demonstrating that predation risk and food competition
do influence the frequency of mixed-species groups [29]. Strik-
ingly, we did not see effects of season in any model, even
though some of these species undergo seasonal migration.
This may result from the different spatial and temporal scales
on which social and non-social environmental variables influ-
ence behaviour. Clearly, landscape-level factors shape animal
distributions in this (and many other) systems [92-94]. For
instance, NDVI critically creates the opportunity for mixed-
species group formation by influencing local species co-occur-
rence (figure 2). However, once animals find themselves
together in space and time, social dynamics appear to domi-
nate the small-scale social associations that ultimately
produce the observed mix of single-and mixed-species groups.
We found that larger groups were more likely to be mixed
species in every species except buffalo (figure 3). This pattern
has been observed in other studies of mammalian mixed-
species groups [17,23] and may have arisen through several
(non-exclusive) mechanisms. For example, there may have
been a dearth of conspecific individuals available to form
large, single-species, groups; this hypothesis is difficult to test
with the current data because the counts of individuals are
approximate. However, a previous study of plains zebra
found that plains zebra form mixed-species groups that are
larger in size than single-species groups, despite having the
option of forming very large single-species groups (apparently
up to 400 zebras; [17]). Alternatively, mixed-species groups of
any size may be preferred, leading to mixed-species groups
becoming larger as they attract more individuals to join. It is
also possible that the relationship between group size and
group type arises through passive mechanisms: if group mem-
bers are sampled randomly from all individuals in the timesite,
larger groups are more likely to include individuals from more
than one species just by chance. Finally, it is possible that ani-
mals prefer large mixed-species groups, but not large single-
species groups or small mixed-species groups; that is, animals
join large mixed-species groups when possible, but if this
group type is not available, animals prefer single-species
groups or do not have a strong group-type preference. This
final hypothesis is tempting because it may also explain why
mixed-species groups were rare overall in our study (3.3% of
groups identified in our dataset), because the largest group
sizes were also relatively rare. Identifying the mechanisms
that produce these associations between group size and group
composition will be needed to understand the observed links
between these two fundamental parameters of social groups.
For four species—gazelle, hartebeest, wildebeest and
zebra—the number of heterospecific single-species groups
was positively associated with the probability that the focal
group was mixed-species (figure 3). Similarly, for gazelle and
zebra, mixed-species groups were also more likely to form in
timesites with more heterospecific lone individuals (figure 3).
These patterns indicate that the availability in terms of pres-
ence and/or abundance of potential heterospecific social
partners influences mixed-species group formation in these
species [10,13,16,23]. Moreover, we found that gazelle had a
higher incidence of mixed-species group formation when and
where fewer lone gazelles were observed (figure 3). This nega-
tive association between lone gazelles, gazelles in mixed-
species groups, and (indirectly) heterospecific availability
could suggest that when mixed-species groups or
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heterospecific partners were rare, gazelles remain alone to con-
tinue to search for their preferred group type rather than
joining with conspecifics. Overall, these patterns suggest that
these four species may prefer to associate with heterospecifics
when they are available, or that they prefer larger groups (of
any type) over smaller groups. Direct behavioural tests of pre-
ference can further identify the behavioural mechanisms of
group formation in these species.

While camera trap ‘big data’ present powerful opportunities
for studying questions such as these, the methodology is limited
in key ways. For example, since the cameras point in only one
direction, the resultant photos may inaccurately depict some
group members as lone individuals if groupmates are off-
camera, and undercount the number of mixed-species groups
if only a portion of the group is visible. In addition, we limited
our analysis to images captured during the daytime, when
identification of groups is probably the most accurate. It is poss-
ible that different dynamics, such as heightened nocturnal
predation risk, may shape mixed-species group formation
during the night. Most importantly for the current analysis,
we were unable to identify or track specific individuals within
any group. For example, detailed movement and social data
for each individual would allow more accurate estimation of
group formation, including whether the group was single- or
mixed-species at the moment each individual joined [26,35].

Another limitation to our approach is that we are unsure
of the precise spatial and time scale on which group joining
and leaving decisions occurred for the groups we analysed.
We standardized the spatial and time periods that we con-
sidered, which facilitated direct comparisons across
observations. However, this approach meant that groups cap-
tured at the beginnings and ends of our time period cut-offs
were considered parts of different ‘timesites’ despite being
photographed only a few minutes apart. Although our cut-
offs were ecologically informed, it is unlikely that animals per-
ceive the day as three completely distinct periods with defined
start and end points. Future studies that directly estimate auto-
correlation among time points, or define timesites using a
‘sliding window,” may illuminate the implications (if any) of
this analysis approach.

Furthermore, the relevant spatio-temporal scale of group
formation may vary among species, across environments
and among individuals. How the spatio-temporal scales of

group formation differ and overlap among species, and the [ 9 |

influence of these processes on the formation and disinte-
gration of mixed-species groups, is a fascinating area for
future research. Ultimately, large-scale observational data,
like those available via camera traps, can identify important
patterns whose mechanisms may be further dissected with
more focused observations of individuals and complemented
by laboratory manipulation of more tractable organisms [26].

Overall, our results demonstrate that not all individuals
have the opportunity to form mixed-species groups at all
times. Moreover, limitations on partner availability were
important for shaping mixed-species group formation in
four of the six species. Our findings suggest that ecological,
social, informational and perhaps other limitations on
mixed-species group formation should be integrated into
studies of mixed-species groups, which currently assume
that such limitations are absent or less important than other
factors. Finally, despite some general patterns, no two focal
species showed identical patterns across all the variables we
considered. This heterogeneity points to a need for more
research on these species, as well as the need for continued
development of a unified framework for understanding
group composition within and among species [95,96].

Data and code is available from the Dryad Digital
Repository: https://doi.org/10.5061/dryad.5pt92 [63].
Data is also provided in the electronic supplementary material
[97].
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