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Foraging animals need to quickly assess the costs and benefits of different foraging
decisions, including resource quantity, quality, preference, ease of access, dispersion,
distance, and predation risk. Social animals also need to take social context into account
and adapt foraging strategies that maximize net resource intake and minimize contest
competition with conspecifics. We used an experimental approach to investigate how
social context impacts wild vervet monkey (Chlorocebus pygerythrus) foraging decisions
in a multi-destination pentagon array. We baited four platforms with less-preferred corn
and one platform with a larger, preferred resource (half banana) that required handling
time. We ran over 1,000 trials and found that when monkeys foraged alone, they usually
took the path that minimized travel distance but prioritized the preferred-food platform
when in competition. However, the foraging strategy chosen by low-ranking individuals
depended on the handling skill of the decision maker (i.e., time it would take them to
retrieve the banana), the relative rank of their audience members (i.e., who has priority-
of-access to resources), and the distance audience members were from the experiment
site (i.e., their travel time). When the risk of being displaced by a dominant competitor
was low (because they were far away and/or because the decision-maker was skilled in
retrieving the banana), low-ranking individuals chose a route that minimized travel costs.
Conversely, when the risk of losing food to a dominant competitor was high, decision-
makers rushed for the preferred-food platform at the onset of the trial. When the risk of
displacement was moderate because a dominant audience member was at least 50 m
away, low-ranking individuals partly prioritized the preferred-food platform but took the
time to stop for one platform of corn on the way. This strategy increased the total amount
of food obtained during the trial. These findings suggest that lower-ranking individuals,
who experienced high contest competition at the foraging experiment, calculated the
risk of being displaced by a dominant competitor when making foraging decisions. This
experiment demonstrates that vervets go through a complex decision-making process
that simultaneously considers the profitability of different foraging decisions and their
social context.

Keywords: distance optimization, optimal foraging theory, multi-destination array, decision making, social
context, foraging experiment, handling time, dominance rank
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INTRODUCTION

Since optimal foraging theory was first proposed more than
50 years ago (MacArthur and Pianka, 1966), behavioral ecologists
have dedicated immense effort in understanding how animals
optimize resource intake. Foraging individuals may consider
resource quantity, quality, preference, ease of access, dispersion,
distance, visibility, predation risk, and the level of competition
(Croy and Hughes, 1991; Menzel, 1997; Giraldeau and Caraco,
2000; Stephens et al., 2007; Menzel et al., 2008; Fortin and Fortin,
2009; Marshall et al., 2012; Sayers and Menzel, 2012; Teichroeb
and Aguado, 2016; Kumpan et al., 2019). The profitability of
a given food item is typically framed as energy gained divided
by pursuit plus handling time (Pyke, 1984; Stephens and Krebs,
1986). Thus, profitability increases considerably as pursuit and
handling time approach zero, leading to strong selection pressure
to decrease the costs of these two factors, if possible (e.g., Anholt
et al., 1987; Stillman et al., 2000; Catania and Remple, 2005;
Cooper and Anderson, 2006; Paredes et al., 2015; Wilson et al.,
2015). Pursuit often equates to the distance needed to travel
to get to a food site (Janson, 2000, 2007). Handling time is
typically manual processing of food items to remove the edible
portion or processing the food in the mouth before swallowing
(Isbell et al., 1998; Cadieu et al., 2008; Gunst et al., 2010; Sayers
and Menzel, 2012); both of which reduce the intake of new
food items. The energy spent in pursuit selects for cognitive
abilities to remember the location of food patches and their
characteristics, determining a route that will minimize travel costs
and remembering how visual distance to rewards relates to travel
time (Shettleworth, 2010; Janmaat et al., 2014). While handling
time may be a key selective pressure for social learning as food
extraction and manipulation skills are often transmitted socially
(Whiten and Mesoudi, 2008; Reader and Biro, 2010; Thornton
and Clutton-Brock, 2011).

In gregarious animals, social context can also impact decision
making because group members are potentially competitors for
important resources like food or mates (Bugnyar and Heinrich,
2005; Dally et al., 2006; Rosati and Hare, 2012; Teichroeb and
Aguado, 2016). In primates, within-group contest competition
for food items can be intense, imposing costs on animals such
as being displaced at feeding sites and potentially leading to the
risk of injury or even death (Wrangham, 1981; Janson, 1985;
Vogel, 2005; Kumpan et al., 2019). Contest (or interference)
competition arises when limiting resources are clumped and
defensible and direct conflict occurs over which individuals
control them (Nicholson, 1954; Janson and van Schaik, 1988),
which often leads to the formation of dominance hierarchies
(Shively, 1985). While dominance hierarchies decrease the
need to engage in contest competition, contest competition
still occurs. Consequently, a comprehensive understanding of
foraging behavior in gregarious animals can only be built if we
investigate how decision-makers modify their behavior in the
face of competition.

Research in a number of species shows that foragers modify
their behavior when in competition. For example, studies
conducted on various herbivores have found that foraging
individuals increase their intake rates as the number of potential

competitors present increases (Molvar and Bowyer, 1994; Fritz
and de Garine-Wichatitsky, 1996; Shrader et al., 2006). Similarly,
vervet monkeys (Chlorocebus pygerythrus) choose paths that
minimize travel distance when foraging alone, but prioritize
high-reward sites when competitors are present (Teichroeb and
Aguado, 2016). Furthermore, other studies suggest that foraging
decisions are not only based on whether an individual is currently
competing with a conspecific, but that decision makers also assess
the likelihood of losing food to a competitor. For example, when
deciding whether to try and access a food patch, subordinate
pigs (Sus scrofa) use the location and movement trajectory of
a dominant competitor to determine whether they will be able
to arrive at the patch ahead of the competitor (Held et al.,
2002). Ravens (Corvus corax) consider the visual perspective of
conspecifics to differentiate between knowledgeable and ignorant
competitors (Bugnyar and Heinrich, 2005), and both California
scrub-jays (Aphelocoma californica) and Eurasian jays (Garrulus
glandarius) selectively cached food that audience members were
least motivated to steal (Ostojić et al., 2017).

The goal of this study was to examine how social context
impacted route choice in a social primate, the vervet monkey.
We have been using carefully designed foraging experiments
with high trial sample sizes to understand how this species
solves multi-destination routes (Teichroeb, 2015; Teichroeb
and Smeltzer, 2018) and makes multifactor foraging decisions
(Teichroeb and Aguado, 2016; Kumpan et al., 2019). Because
vervets will leave their foraging group to visit the experiment
site alone, but will also participate when surrounded by
group members, this experimental paradigm is also ideal
for examining how social context impacts foraging decisions.
Since our previous work has shown that foraging vervet
monkeys modify their route choice when a competitor is
present (Teichroeb and Aguado, 2016), this study focused on
investigating how the risk of contest competition impacted
foraging decisions.

To facilitate comparisons with our previous work (Teichroeb
and Aguado, 2016; Kumpan et al., 2019), we used the same
pentagon-shaped foraging array with platforms (i.e., food
patches) five meters apart (Lihoreau et al., 2011). In this array,
the most efficient path is to start with the nearest platform and
move around the outside of the array as this route minimizes
travel distance (Figure 1; ESM 1). We baited four platforms in
the pentagon with less-preferred corn kernels and one platform
was randomly chosen in each trial to contain a larger, preferred
reward with high handling time (i.e., a half-banana in an
unopenable box with a small hole cut in the top). This box
required the monkeys to manipulate it (e.g., tip, roll, shake) to
retrieve the banana, and so mimicked the handling costs that
this species often faces when feeding on natural food items
(Isbell and Young, 1993). Importantly, food resources with high
handling times elicit frequent contest competition (Sirot, 2000;
Korstjens et al., 2002; Marshall et al., 2012; Wikberg et al.,
2013), and have a high risk of kleptoparasitism (Steele and
Hockey, 1995; Broom and Ruxton, 2003), because the time
spent handling gives competitors time to try and obtain the
food item. Therefore, by imposing high handling time on the
preferred food, we increased the risk that an audience member
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FIGURE 1 | Travel path that minimizes travel distance if visiting all food
patches in a pentagon-shaped foraging array.

would be able to travel to the experiment site and take priority-
of-access to the preferred-food/high-handling time platform
(hereafter “preferred-food platform”) or steal the food item from
the handling individual. By imposing high handling time on
the preferred-food reward, we increased the risk that lower-
ranked and/or unskilled individuals would lose this preferred-
food reward to an audience member. To investigate whether the
risk of contest competition impacts the decision-making process,
we considered both the forager’s speed in retrieving the banana
from the box (i.e., their handling skill, where as individuals got
more experienced and skilled, handling time decreased) and the
composition and location of their audience. Not all audience
members are equally likely/able to displace a group member
at a food resource. Subordinate audience members cannot take
priority-of-access to contested resources, and audience members
who are too far away will have long travel times to reach the
experiment site.

We always endeavored to place the preferred-food reward so
that it was not on the decision-makers nearest platform. This
was accomplished by placing the preferred-food reward on a
platform that was not the nearest to any individual present at the
experiment site, or when this was not possible because there were
many monkeys present, to avoid placing it near high-ranking
individuals or individuals that had recently been participating
in the experiment. By placing the preferred-food reward more
than one platform away from likely participants, we ensured
that decision-makers had to choose between starting with their
nearest platform or eating their preferred food first. In our
analyses, we examine the factors that impacted the first two
decisions the focal monkey made in each trial (Figure 2); which
platform to visit first (i.e., Decision 1) and which platform to visit
second (i.e., Decision 2). This approach allowed us to investigate
the extent to which monkeys prioritized their preferred-food
platform, vs. chose the nearest one or two platforms of corn. With
this approach we were able to identify three distinct strategies
used by the vervets (Figure 2). The first strategy was to rush
for the banana at the onset of the trial (Figures 2A,G; ESM 2,
3), “prioritizing the preferred-food platform.” The second was
to stop for “one platform of corn en route to their preferred

food” (Figures 2D,I; ESM 4). This intermediate strategy still
prioritized the banana but ensured the focal monkey was able
to obtain at least one platform of corn before competitor(s)
arrived (and ate corn while they themselves handled the box).
The third strategy was to take the route that would “minimize
travel distance” if visiting all five platforms (Figure 1; ESM 1),
by starting at the nearest platform and then continuing to next
corn platform encountered when moving around the outside
of the array (Figure 2J; ESM 5). Individuals selecting their two
nearest platforms of corn could be doing so because (1) they
were unwilling to try and obtain the preferred food-reward, or
(2) they planned to visit the preferred-food platform when it
was encountered along this shortest-distance path (Figure 1).
In either case, starting with the two nearest platforms of corn
would minimize the distance travelled compared to selecting corn
platforms further away.

Given our previous findings (Teichroeb and Aguado, 2016),
we expected that solitarily foraging vervets, who are able to
obtain the food rewards on all five platforms, should forage
efficiently by minimizing travel distance as they move through the
array (Figures 1, 2E,J). Alternative routes would involve cutting
across the array and then back-tracking, increasing travel costs.
Conversely, monkeys in competition were predicted to assess
the risk of contest competition, and prioritize the preferred-
food platform when the risk of being displaced by a dominant
competitor was high. Although females can be dominant to
males in this species (Young et al., 2017; Hemelrijk et al., 2020;
Li et al., 2021), all adult males were dominant to all other
group members during the time of this study. Therefore, we
expected that adult males would be less vulnerable to contest
competition than the other age-sex classes that participated in
the experiment, and so would show a greater propensity to
minimize travel distance rather than prioritizing the preferred-
food platform. Hence, we expected them to visit their two nearest
corn platforms first, and obtain the preferred food-reward as it
was encountered. Conversely, we expected that adult females,
subadult males, and subadult females would be more likely to
bypass less preferred corn platforms and rush to retrieve the
banana from the box. Furthermore, we expected these lower-
ranked individuals to be more likely to prioritize the preferred-
food platform when their audience contained group members
that out-ranked them, particularly when dominant individuals
were relatively close to the experiment (i.e., had short travel times
and could approach the array and displace subordinates). Lastly,
we expected that handling skill would modify route choice, with
proficient monkeys showing a lower propensity to prioritize the
preferred-food platform. Speed in retrieving the banana from the
box should give decision makers extra time to consume corn
before visiting the preferred-food platform, maximizing the total
food rewards obtained.

MATERIALS AND METHODS

Study Site and Animals
This research was carried out at Lake Nabugabo, Masaka
District, central Uganda (0◦22′-12◦S, 31◦54′E). Lake Nabugabo
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FIGURE 2 | Within this multi-destination foraging experiment, vervet monkeys at Nabugabo, Uganda needed to make two decisions: which platform to visit first
[Decision 1: (A,B,G,H), and which to visit second, Decision 2: (D,E,I,J)]. Decision 1 was a choice between rushing for the platform with the banana (A,G), a strategy
which prioritized the preferred-food platform, or (B,H) to start at the nearest corn platform. We attempted to bait platforms such that the preferred food (banana) was
not the nearest platform; trials in which the banana was on the nearest platform were censored from the analysis because these trials did not require the monkey to
choose between minimizing travel distance and prioritizing preferred food (C). Individuals who chose to visit their nearest corn platform first could then decide if they
wanted to (D,I) proceed immediately afterward to the preferred-food platform, or (E,J) travel around the pentagon array in a trajectory that would minimize travel
distance, getting the preferred-food when they came to it. Trials in which the platforms were baited such that the preferred-food platform was the second platform
encountered when taking the path that minimized travel distance (F) were censored from the analyses because monkeys in these trials did not have to choose
between the platform with their preferred food and minimizing travel distance. Note: in box (J) we use the dashed arrow to show the route that a monkey foraging
efficiently was expected to take, however, they may not have obtained the rewards on all five platforms if in competition.
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is a small lake (8.2 × 5 km2) located on the western edge
of Lake Victoria at an elevation of 1,136 m. Our research
station is on the western side of Lake Nabugabo, in an area of
mixed primary and secondary forest fragments, wetland, farmer’s
fields, and tourist camps (Chapman et al., 2016). The study
subjects were a habituated group of vervet monkeys (Chlorocebus
pygerythrus) referred to as K group, which had been followed
continuously since 2016 and had previously participated in
a foraging experiment (Kumpan et al., 2019). All individuals
were identifiable by their natural markings. At the time of the
study, the group contained 38–44 individuals (4–7 adult males,
10 adult females, 3 subadult males, 5 subadult females, 16–19
juveniles and infants).

Experimental Design
This experiment was conducted from January to April 2019. We
arranged five wooden platforms (wooden tables, 0.75 m high,
with a square flat top 0.75 m× 0.75 m) in a pentagon array with a
distance of 5 m between each platform (Figure 1; as in: Teichroeb
and Aguado, 2016; Kumpan et al., 2019). The array was placed in
a relatively open area among frequently visited feeding patches
for K group, so that we could also record accurate data on the
distance of approaching competitors and which individuals were
in the audience along with their approximate distance. Similarly,
by conducting the experiment in the open, any monkeys present
within approximately 100 m of the experiment site could also
see the array, the location of the different food rewards, and
potential competitors.

We first ran two-choice experimental preference trials to verify
that the vervets preferred the banana over the dried corn. All five
individuals tested chose banana over corn in the quantities the
platforms were baited with. After preferences were determined,
we baited the platforms on each trial as follows: four platforms
were baited with three kernels of the less-preferred dried corn
(soaked in boiling water to soften it) and one platform was baited
with the preferred banana in an unopenable, plastic, rectangular
box with a small hole cut in the top on one side (Figure 3A).
Because the sides of the box were transparent, the half banana
was visible inside of the box. Handling times varied from 1 s
to 69 s, with the average observed handling time being 6.7 s.
The platform where the box was located was randomized each
trial, but we avoided placing it on the platform nearest to any of
the monkeys that were present at the experiment site. Thus, the
monkeys usually had to choose between their nearest platform
containing corn and the preferred-food platform at a greater
distance. The first monkey to feed at a platform was deemed
the “focal” and any subsequent individuals “competitors.” The
behavior of the monkeys in the array was video recorded on
each trial with narration by TJA-R and later these data were
coded into Microsoft Excel by TJA-R, EV, and KA. During trials,
we recorded which platform contained the preferred-food/high-
handling time target (i.e., the banana in the box), the number
of animals participating and their identities, the composition of
the audience and the distance of these individuals (e.g., < 25 m,
26–50 m, 51–75 m, 76–100 m, > 100 m/out-of-sight), the order
of platform visitation, which individual received the rewards

on each platform, the duration of handling time (i.e., time
spent manipulating the box to get the banana out, Figure 3B),
and any social interactions that occurred. The proximity of
audience members to the experiment site was recorded in
distance categories because it was not feasible to collect more
precise distance estimates for all group members within 100 m.

The social interactions that occurred around the foraging
experiment, as well as ongoing behavioral data collection, allowed
us to determine the dominance hierarchy for K group. There
was a lot of flux in dominance relationships at the time of
the experiment due to new male immigration and dominance
challenges among some of the females. We therefore chose to use
Elo-ratings (Elo, 1961, 1978; Albers and de Vries, 2001; Neumann
et al., 2011) to quantify both the focal’s rank, and whether they
had higher-ranking audience members. We used the known
ordinal ranks at the onset of the experiment, determined using
the long-term behavioral data collected at the study site, as
the “startvalue” when estimating Elo-ratings. Decided dyadic
contests that were observed throughout the study period were
used to calculate the Elo-rating for each group member on each
day. These Elo-ratings were used as the “focal’s rank” in our
models, and we also used the daily Elo-ratings to determine
if the focal was higher vs. lower-ranking than each group
member present in their audience. We then coded the distance
to the nearest higher-ranking audience member. Elo-ratings
were calculated using the “EloRating” package (version 0.46.11,
Neumann and Kulik, 2020) in R (version 3.6, R Core Team, 2019).

Data Analyses
We used generalized linear mixed models (GLMMs) to examine
the frequency that the age-sex classes (adult males vs. adult
females and subadults) selected different food rewards in
Decision 1 and Decision 2. We used four GLMMs to assess
the factors that impacted vervet decision-making in this
foraging experiment: adult male choices in Decision 1, adult
female/subadult choices in Decision 2, adult male choices in
Decision 2, and adult female/subadult choices in Decision 2.
Because all adult males were dominant to all other group
members during the study period, and because adult males
rarely approached the experimental site at the same time as
other adult males, adult males were rarely focal individuals when
there was a dominant competitor present. Thus, adult males
experienced very little contest competition when participating
in the foraging experiment and were unlikely to lose food to a
dominant competitor. Consequently, we expected adult males
to go through a different decision-making process, and so we
modeled adult males separately from adult females, subadult
males, and subadult females. Juveniles were not able to gain access
to the foraging experiment and so were not included in this study.

In each GLMM we included individual ID as a random
effect to control for repeated observations of individuals (pseudo
replication) (Zuur et al., 2009). We did not include random slopes
as the data did not support the more complex model structure
(Bates et al., 2015a; Matuschek et al., 2017; Harrison et al., 2018).
We censored any individual with less than 10 trials from our
analyses. We also censored any trials in which the focal accessed
a food reward before all the platforms were baited, because in
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FIGURE 3 | The preferred-food/high-handling time platform contained (A) a plastic box with a hole cut in the top, which could not be opened, with a half banana
inside. (B) Individuals had to manipulate the box to get the banana out and this was recorded as their handling time [Photo credits: (A) JT, (B) TJA-R].

such cases, the platform they choose to visit first may have been
impacted by the presence/location/movement of the observer.
The response variable in the Decision 1 models was whether the
focal monkey chose the preferred-food platform (i.e., a strategy of
strongly prioritizing the banana), vs. their nearest corn platform
(Figure 2). In the Decision 2 models, the response variable was
whether the focal visited the preferred-food platform second (i.e.,
a one corn en route to the banana strategy, prioritizing the banana
to a lesser extent) vs. the next corn platform (i.e., a route that
minimized travel distance if visiting all five platforms) (Figure 2).
Because both of these response variables are dichotomous, we set
a binomial error structure and logit link function. We censored
any Decision 1 trials in which the preferred-food reward was
placed on the focal’s nearest platform, as well as Decision 2 trials
in which the preferred-food reward was on the next platform
encountered if moving around the outside of the pentagon array
(Figures 2C,F). We did so because in these trials, the focal
did not have to choose between a route that would minimize
travel distance (if visiting all five platforms) (Figure 1) and
prioritizing the preferred-food reward (Figures 2G,I). We also
censored trials in which the foraging strategy of the focal did
not fit into the decision tree outlined in Figure 1. In total, we
censored 18 trials (1.7% of the 1,046 Decision 1 trials) in which
the focal did not choose either their nearest corn platform or
the preferred-food platform when making Decision 1 (i.e., they
visited a corn platform that was not their nearest), and 20 trials
(3.9% of the 515 Decision 2 trials) in which the focal did not
choose the next corn platform encountered or the preferred-food
platform when making Decision 2 (i.e., they only visited one corn
platform before being displaced by a dominant competitor or
they fed at two corn platforms that were not the first and second
platforms encountered).

Predictor variables included (1) the focal’s dominance rank,
(2) their handling skill, (3) whether they were foraging in
competition, and (4) the risk of losing food rewards to a dominant
competitor. We quantified dominance rank using the daily Elo-
rating of the focal individual. Because individuals tended to
decrease their handling time as they gained more experience

handling the box (Arseneau-Robar, unpublished data), we used
the focal’s average handling time across their five most recent
opportunities removing the banana from the box as an index of
their current handling skill. We determined whether the focal had
a competitor present at the onset of the trial if another group
member (dominant or subordinate) was in close proximity to
the platforms (<25 m) at the onset of the trial, and attempted to
access the platforms by approaching a platform closely, jumping
up onto it and/or feeding (i.e., whether the focal was foraging
in competition). Lastly, we indexed the risk of losing food to a
dominant competitor using the distance to the nearest dominant
audience member. While all four of the predictor variables were
included in adult female/subadult models, the variable “distance
to the nearest dominant audience member” was not included in
the adult-male models (i.e., the adult male models only included
rank, recent handling time, and whether the focal was foraging
in competition as predictors). This was done because, unlike the
other age-sex classes, adult males rarely had a dominant audience
member (Figure 4) because no group members out-ranked the
alpha male and so one of the seven adult males included in
this study could never have a dominant audience member.
Additionally, subordinate males rarely had a dominant audience
member because the low levels of male-male tolerance in vervet
monkeys meant that low-ranking adult males typically waited
for higher-ranking adult males to lose interest in the platforms
and leave the area before they approached the experiment site.
The lack of trials in which adult males had dominant audience
members (Figure 4) created unbalanced models that failed to
converge, and so we removed this predictor variable to improve
model performance.

All analyses were conducted in R (version 3.6, R Core Team,
2019). We used the “car” package (version 3.0-7, Fox and
Weisberg, 2019) to calculate variance inflation factors (VIF).
These were all low (<3) and pairwise correlation coefficients
were all well below 0.8, indicating there was no multicollinearity
among predictors (Zuur et al., 2009; Field et al., 2012). We
assessed model stability by using the “influence.ME” package
(version 0.9-9, Nieuwenhuis et al., 2012) to calculate Cook’s
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FIGURE 4 | Proportion of trials where the distance to the nearest dominant neighbor was within 25 m, 26–50 m, 51–75 m, 76–100 m or > 100 m/out of sight, for
each age-sex class that participated in the foraging experiment.

distances and DFBeta values. Both Cook’s distance values and
DFBeta values were concerningly high (Belsley et al., 2004; Field
et al., 2012) for one male (i.e., level of the random effect) in
the adult male Decision 2 model, and removing this influential
case impacted the fixed effects that were significant in this
model. Therefore, we have presented the model output from
both the full and reduced datasets. We used the “lme4” package
(version 1.1-21, Bates et al., 2015b) to build GLMMs, and the
“DHARMa” package (version 0.3.3.0, Hartig, 2021) to check for
over- or under-dispersion. For the distance to nearest dominant
audience member variable, we set “>100 m/out-of-sight” as the
reference category, and compared the other factor levels to it.
We assessed the significance of predictor variables using 95%
profile confidence intervals (lme4, version 1.1-21, Bates et al.,
2015b), and the overall fit of each GLMM using a likelihood
ratio test to compare the full model to the null model, which
included the intercept and random effects. Lastly, we used the
“MuMIn” package (version 1.43.17, Bartoń, 2020) to estimate
the total variance explained [delta R2

GLMM(c)] by each model
(Nakagawa and Schielzeth, 2013).

RESULTS

In this experiment, three main foraging strategies were exhibited
by the vervet monkeys: rushing for the platform with the banana

at the onset of the trial (i.e., prioritizing their preferred food),
the intermediate strategy of stopping for one platform of corn en
route to the preferred-food platform, and taking the route that
minimized travel distance if visiting all five platforms (Figure 2).
These three strategies accounted for the choices that decision-
makers made in the majority of trials (98% of trials in Decision
1 and 96% of trials in Decision 2). Of the 1,028 trials in which
we were able to assess Decision 1, the monkeys prioritized the
preferred-food platform in 22% of cases. When the focal monkey
visited their nearest corn platform first, and the preferred-food
platform was not the next platform encountered if minimizing
travel distance (Decision 2), the focal typically displayed one of
the two following patterns of behavior. They could still prioritize
the preferred-food platform but take the time to obtain one
platform of corn on the way (i.e., a one corn platform en
route to the banana), or they could visit the next corn platform
encountered if taking the path that minimized travel costs.
The monkeys used the one corn en route strategy in 23% of
N = 495 trials and chose the next corn platform encountered in
77% of trials. When individuals visited the next corn platform
encountered second (i.e., the solid arrows in Figure 2J), they
continued on to the preferred-food platform in 91% of cases (i.e.,
the dotted arrows in Figure 2J), indicating that the “minimizing
travel distance” strategy predominantly reflected a plan to visit
the preferred-food platform when it was encountered (ESM 1,5),
not that the focal was unwilling to try and obtain the preferred
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food-reward. Overall, focal individuals obtained the banana in
93% of trials, showing that their foraging strategies were typically
effective in ensuring they gained access to their preferred food-
reward. Focals were most likely to lose the preferred-food rewards
to a competitor when exhibiting the minimizing travel distance
strategy (banana lost in 7.7% of trials), and were least likely to
lose the preferred-food reward when they rushed for the food
patch containing the banana at the onset of the trial (2.2% of trials
Strategy 1 was exhibited).

Whether or not the focal monkey was foraging in competition
[i.e., competitor(s) were actively approaching the array or were
within it] impacted the propensity to prioritize the platform with
the preferred food. Of the N = 818 trials in which the preferred-
food reward was 2 platforms away from the nearest platform
(i.e., the trials included in the Decision 2 analyses), decision-
makers prioritized the preferred-food reward by rushing for it
at the onset of the trial in 56% of trials in which they were
in competition from the onset (N = 422), but only 22% of the
trials in which they were not in direct competition (N = 396).
Conversely, decision-makers exhibited the minimizing travel
distance strategy in only 28% of the trials in which they were
competition, but 66% of the trials in which they started the
trial foraging alone. The one corn en route to the preferred
reward strategy was utilized in 16% of trials when in competition,
and 12% of trials where no competitor was present at the
onset of the trial.

Adult males prioritized the preferred-food by rushing for the
banana at the onset of the trial in only 12% of trials. Conversely,
when the focal was an adult female, subadult male or subadult
female, they visited the preferred-food platform first in 35% of
trials (Figure 5A). This difference, however, was not statistically
significant (GLMM: N = 1,028, z = −0.868, P = 0.385). The only
factor that influenced the propensity for adult males to prioritize
the preferred-food platform was whether or not they made
Decision 1 in the presence of a competitor (Table 1); however,
this trend was not statistically significant. Furthermore, the poor
performance of the adult-male/Decision 1 model compared to
the null model (Likelihood ratio test: N = 572, X2 = 4.69,
P = 0.196) suggests that the presence of a competitor did not have
a consistent impact on their initial platform choice.

The age-sex classes that were low-ranking (i.e., adult females
and subadults) were significantly more likely to prioritize the
preferred-food platform if they were still inefficient at retrieving
the banana from the box (i.e., their five most recent handling
times were relatively long) (Table 1; ESM 2). We also found
having a dominant group member 26–50 m away (Table 1;
ESM 3), relative to the reference category (>100 m/out-of-sight),
to have a significant impact on the initial platform choice of
females/subadults, indicating that females/subadults were more
likely to prioritize the preferred-food platform when there was a
risk of being displaced by a dominant competitor. Adult females
and subadults also showed a strong propensity to weigh the risk
of contest competition when making Decision 2. We found that
adult females/subadults were significantly more likely to visit
the preferred-food platform second (i.e., do one corn platform
en route to the banana instead of minimizing travel distance)
when they had a dominant audience member 51–75 m away,

FIGURE 5 | The number of trials in which adult males and adult
females/subadults each chose different food rewards when making
(A) Decision 1 (i.e., which platform to visit first), and (B) Decision 2 (i.e., which
platform to visit second, if they had chosen their nearest corn platform in
Decision 1).

than when there were no higher-ranking group members within
100 m/in sight (Table 2; ESM 4). That females/subadults choose
the preferred-food platform first when there was a dominant
competitor 26–50 m away, and were more likely to select it second
when there was a dominant competitor 51–75 m away, suggests
that the monkeys consider not only the relative rank of their
audience members, but the travel time it would take potential
competitors to arrive at the experiment site. Handling skill did
not impact second platform choice in females/subadults, but they
were more likely to prioritize the preferred-food reward if a
competitor was present (Table 2).

Adult males were more likely to select the preferred-food
platform second (i.e., do one corn en route to the banana) in
trials where they were in competition (Table 2). However, overall
adult males were significantly less likely to employ a one corn en
route to the banana strategy than were adult females/subadults
(GLMM: N = 495, z = −2.43, P = 0.015; Figure 5B). Of the trials
in which they selected their nearest corn platform for Decision 1,
adult males chose to minimize travel distance in 83% of trials and
do one corn en route to the banana in 18% of trials (Figure 5B).
Adult females and subadults used the one corn en route to the
banana strategy in 36% of cases (Figure 5B). Lastly, we found
that rank influenced Decision 2 for adult males, with higher-
ranking males being more likely to do one corn en route to the
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TABLE 1 | Likelihood the first platform the focal individual visited (Decision 1) was the one containing the preferred-food/high-handling time food reward (i.e., the banana
in a box that necessitated handling).

B SE z P Lower CI Upper CI

Adult Males

Intercept −2.65 0.68 – – – –

Rank 0.42 0.50 0.84 0.399 −0.51 1.57

Recent Handling Time 0.11 0.18 0.59 0.554 −0.27 0.44

Foraging in Competition 0.55 0.31 1.80 0.073 −0.06 1.16

Adult Females and Subadults

Intercept −2.00 0.84 – – – –

Rank 0.93 0.62 1.50 0.133 −0.24 2.37

Recent Handling Time 0.34 0.14 2.42 0.016 0.07 0.63

Foraging in Competition 0.33 0.39 0.86 0.391 −0.45 1.12

Nearest Dominant Individual:

≤ 25 m −0.33 0.41 −0.81 0.419 −1.17 0.48

26–50 m 0.97 0.44 2.19 0.028 0.08 1.88

51–75 m −0.30 0.52 −0.57 0.566 −1.36 0.72

76–100 m 0.58 0.79 0.74 0.460 −0.97 2.20

> 100 m/Out of Sight – – – – – –

Significant fixed effects are bolded and trends are italicized. The adult male model did not perform significantly better than the null model, which contained only the
intercept and random effects [Likelihood ratio test: N = 572, X2 = 4.69, P = 0.196, delta R2

GLMM(c) = 0.27], however, the model for adult females and subadults did
[Likelihood ratio test: N = 456, X2 = 16.42, P = 0.022, delta R2

GLMM(c) = 0.61].

TABLE 2 | In cases where the focal individual had chosen their nearest corn platform in Decision 1, the likelihood that the second platform visited (Decision 2) was the
preferred-food/high-handling time one (i.e., a “one corn en route to the banana” strategy) instead of the next corn platform encountered if minimizing travel distance (i.e.,
a “minimizing travel distance” strategy).

B SE z P Lower CI Upper CI

Adult Males (full dataset)

Intercept −2.43 0.42 – – – –

Rank 1.09 0.35 3.13 0.002 0.35 1.94

Recent Handling Time 0.04 0.20 0.21 0.834 −0.39 0.41

Foraging in Competition 0.66 0.37 1.81 0.070 −0.06 1.39

Adult Males (influential male censored)

Intercept −2.73 0.33 – – – –

Rank 0.12 0.32 0.37 0.71 −0.52 0.79

Recent Handling Time 0.08 0.21 0.38 0.70 −0.38 0.46

Foraging in Competition 0.98 0.53 1.85 0.06 −0.10 2.01

Adult Females and Subadults

Intercept −0.93 0.33 – – – –

Rank −0.03 0.22 −0.28 0.898 −0.46 0.51

Recent Handling Time −0.23 0.20 −1.17 0.242 −0.65 0.14

Foraging in Competition 0.95 0.47 2.02 0.043 0.03 1.90

Nearest Dominant Individual:

≤ 25 m −0.19 0.49 −0.39 0.699 −1.18 0.75

26–50 m −0.88 0.71 −1.24 0.216 −2.47 0.41

51–75 m 1.85 0.66 2.79 0.005 0.59 3.24

76–100 m 0.04 0.89 0.04 0.965 −1.98 1.70

> 100 m/Out of Sight – – – – – –

Trials in which the platform with the banana was the next platform encountered when minimizing travel distance were censored out of this analysis. We present the model
for adult males using the full dataset, as well as when one influential male (i.e., one level of the random effect) was censored from the analysis. Significant fixed effects are
bolded and trends are italicized. Both the full model for adult males [Likelihood ratio test: N = 343, X2 = 12.41, P = 0.006, delta R2

GLMM(c) = 0.22], and the model for adult
females and subadults [Likelihood ratio test: N = 152, X2 = 15.52, P = 0.030, delta R2

GLMM(c) = 0.12] performed significantly better than the null model (model with only
the intercept and random effects). The adult male model with the influential random-effect level censored did not outperform the null model [Likelihood ratio test: N = 272,
X2 = 4.82, P = 0.186, delta R2

GLMM(c) = 0.06].
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banana than lower-ranking males (Table 2). However, this result
was driven by the male who was the alpha male in the group for
the majority of the study period. When he was censored from
the analysis, we found no effect of rank on the propensity for
adult males to use a one corn en route strategy. Adult males
also showed a weak tendency to choose the platform with the
preferred-food reward when making Decision 2 if they were
foraging in competition (i.e., trend effect; Table 2).

DISCUSSION

The results from this study demonstrate that vervet monkeys
adapt their foraging decisions, depending on their experience and
the current social context, to maximize food intake and decrease
costs. Consistent with previous studies (Teichroeb and Aguado,
2016), solitarily foraging vervets were more likely to forage
efficiently, going through the array along the path that minimized
travel distance, while monkeys foraging in competition [i.e., with
competitor(s) in close proximity (<25 m) to the platforms and
attempting to access food] were more likely to prioritize the
preferred-food platform. Beyond this, the large sample size in
this study allowed us to show that vervet foraging decisions were
much more complex than this simple dichotomy. Adult males,
who had little risk of being displaced by a dominant competitor,
tended to take the path that minimized travel distance unless
they were foraging in direct competition. Given that they rarely
had dominant audience members, it is likely that adult males
were sensitive to the risk that a subordinate group member
would steal the banana before they were able to displace them,
or they wanted to avoid the conflict that might erupt from doing
so. Adult females and subadults, whose lower rank meant they
experienced high levels of contest competition at the experiment,
appeared to assess the likelihood they would lose the preferred-
food reward to a dominant competitor if they stopped to feed at
low-value corn platforms first. If they were still slow at retrieving
the banana from the food box (i.e., high handling-time, low
skill), or if a higher-ranking group member was relatively close
by (26–50 m away) so as to have a short travel time, adult
females and subadults were more likely to rush for the preferred-
food platform at the onset of the trial. However, if dominant
audience member(s) had a longer travel time because they were
51–75 m away, adult females and subadults were more likely to
take the time to eat one platform of corn on their way to their
preferred food reward.

Handling times were highly variable (range: 1–69 s) and
experience with the box improved most vervet’s skill in
retrieving the banana from the box (i.e., decreased handling
time) (Arseneau-Robar, unpublished data). For low-ranking
individuals, handling skill impacted route choice decisions.
Since food profitability improves considerably as handling time
decreases (Pyke, 1984; Stephens and Krebs, 1986) and aggression
levels decrease (Sirot, 2000; Johnson et al., 2001), experienced
and proficient vervets could put in less effort, receive less
aggression, and improve their energy gain. This allowed low-
ranked individuals to forage more efficiently by saving on
distance costs, and get all of the resources in the array when
dominants were far enough away that their travel time to

the array was great. Surprisingly, having a dominant audience
member within 25 m did not affect the routing decisions of low-
ranking monkeys as much as having dominants further away.
This pattern was likely observed because when two individuals
were within 25 m of the platforms at the onset of the trial, the
lower-ranking individual typically waited for the dominant to
take priority-of-access to the platforms of their choice. As a result,
subordinate individuals tended to be the competitor rather than
the focal, meaning we had a small sample size of trials in which
the focal had a dominant audience member within 25 m. The
propensity of subordinates to wait and see how many platforms
they would be tolerated at highlights the need for future work to
examine the contexts in which dominants tolerate subordinates
at the array. Such investigations will improve our understanding
of how both dominant and subordinate individuals make flexible
decisions when foraging in competition.

We predicted that proficiency and skill in handling time
would lead to more efficient foraging routes, regardless of
dominance rank. Dominant animals, however, did not seem to
make route choice decisions based on their skill level. Relative
to subordinates, dominants were more likely to minimize travel
distance, probably because they were not under pressure from
audience members. Despite this, we did find that the alpha
male was more likely to employ the intermediate strategy of
getting one corn en route to the preferred-food platform, as
opposed to minimizing travel distance. This pattern may have
arose because he could monopolize the experiment until satiated.
When nearing satiation, decision-makers sometimes decreased
their consumption of the less-preferred corn, only eating the
platform that was directly on their travel path to the more-
preferred banana. If they continued to run trials, they could
eventually only visit the platform with the banana, leaving all the
corn platforms for a subordinate group member. This is similar
to dominant male chacma baboons, who have been previously
shown to prefer high-handling time patches because of their
ability to monopolize them and kleptoparasitize others if they
are already present (Marshall et al., 2012). Alternatively, the
alpha male may have displayed high levels of tolerance toward
competitors, allowing them to consume a larger proportion of the
food rewards provided (ESM 6).

Animal foraging behavior is often altered in social contexts
where an audience is present (Giraldeau and Caraco, 2000)
and the risk of kleptoparastism increases (e.g., Hockey and
Steele, 1990; Heinrich and Pepper, 1998; Jones et al., 2018).
The presence of a dominance hierarchy usually means that the
consequences of contest competition for food are experienced
much more intensely by low-ranking animals that may need
to adopt alternate strategies to gain food (e.g., Adams et al.,
1998; Hollis et al., 2004a,b). In previous research, the effects of
dominance rank and an audience in altering foraging behavior
have been most clearly demonstrated in food caching species
(Clarke and Kramer, 1994; Lahti and Rytkönen, 1996; Lahti et al.,
1998; Dally et al., 2005; Samson and Manser, 2016). For example,
in Cape ground squirrels (Xerus inauris), only low-ranked
individuals, who were likely to lose food to dominants, avoided
caching food when audience members were attentive to them
(Samson and Manser, 2016). In primates, species dominance
style has been linked to the strategies used by subordinates to
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retrieve food around dominants, with more despotic macaque
species showing sneakier tactics by subordinates than more
tolerant macaques (Gomez-Melara et al., 2021).

In the case of our vervet subjects, we observed the
development of complex strategizing and decision-making by
low-ranking individuals. Because male vervet monkeys are
approximately 1.5 times larger than females and have bigger
canines, adult males tend to be dominant to other age-sex
classes [for exceptions see Young et al. (2017), Hemelrijk et al.
(2020), and Li et al. (2021)]. Since the experimental array was
set up in an area with good visibility for at least 100 m in each
direction, low-ranking individuals were able to accurately assess
competitor pressure, which allowed them to plan ahead (i.e.,
Mugan and MacIver, 2020) and make future-oriented predictions
about competitor movements. Indeed, low-ranking monkeys in
our study made quick routing decisions that were predicated on
their own handling skill, the composition of the audience, and
how far away certain individuals were. To do this, they needed to
identify others and their relative rank and then assess whether
they had enough time and were skilled enough to get corn
and extricate the banana before dominants, given their distance
and potential speed of travel, were able to arrive at the array.
This shows complex, multifactor decisions that consider a great
deal of contextual information. Interesting questions for future
studies would be whether low-ranking monkeys further modulate
their decisions according to features of their audience members
other than their relative rank. For instance, do decision-makers
consider how fast different group members can run or whether
that audience member previously approached the experiment to
be a competitor? Do they monitor audience members to see if
they are attending to the experimental site, or not, as a means of
assessing the likelihood the audience member will approach?

Simple heuristic rules can be used to decide on an action
based on whether or not a dominant is in the audience (e.g.,
Cercocebus torquatus atys, Range and Noë, 2005); however,
choosing an action based on the relative distance of dominants
and their likely speed may require flexible decision-making
abilities (Janmaat et al., 2014), and greater cognitive effort.
Relational physical, spatial, and temporal reasoning are needed
to track a particular individual and infer where and how fast
they will move. These types of cognitive skills are likely ancient
though, given their importance in prey tracking, as well as the
long history of gregariousness in many animal lineages. Yoo et al.
(2020) used joystick-trained rhesus macaques (Macaca mulatta)
to do a pursuit task where “prey” were programed to follow
intelligent escape algorithms. They found that the monkeys used
the position, velocity, and acceleration (i.e., the three Newtonian
variables) of prey to make accurate predictions about their future
locations. In both this task and an evasion task (Yoo et al., 2021),
neurons in the dorsal anterior cingulate cortex (dACC), which
receives information from reward and navigational regions of the
brain and transmits information to motor brain regions, were
identified as active. Thus, the dACC may play an important
role in tracking the elemental physical variables of position,
velocity, and acceleration for the self, the prey, and the predator.
It is possible that the same neural processes are involved when
tracking the movements of competing group members to make
predictions about their future positions relative to one’s own.

For decades, researchers have debated whether social or
ecological selective pressures have driven the evolution of
advanced cognition (Jolly, 1966; Parker and Gibson, 1977;
Milton, 1981; Gibson, 1986; Byrne and Whiten, 1988; Byrne,
1988; Tomasello and Call, 1997; Dunbar, 1998; Sol et al., 2005;
de Waal, 2007; Dunbar and Shultz, 2007; Burkart et al., 2009; Sol,
2009). However, it is increasingly argued that these social and
ecological hypotheses are not mutually exclusive (Cunningham
and Janson, 2007; Janson and Byrne, 2007), and that each of
these selective pressures may have had domain-specific effects on
the cognitive systems a species evolves (Rosati, 2017). Our study
highlights the important role that social context plays in shaping
foraging decisions, and the complexity that this dimension adds
to the decision-making process. To successfully outcompete their
group members, decision-makers need to attend to, process
and respond to a multitude of ecological and social stimuli
simultaneously, and flexibly adapt their behavior to optimize
resource acquisition while also mitigating the loss of resources
to competitors. Our findings suggest that in gregarious species,
where foraging often takes place in dynamic social contexts,
decision-makers likely utilize numerous social and ecological
cognitive processes simultaneously. How social and ecological
cognitive processes integrate together to determine the capacity
for flexible decision-making behavior in gregarious species, is an
exciting avenue of future research in comparative cognition.
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