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Abstract

Complex social life is considered important to the evolution of cognition in primates. One
key aspect of primate social interactions concerns the degree of competition that individuals face
in their social group. To examine how social tolerance versus competition shapes social cognition,
we experimentally assessed capacities for flexible gaze-following in more tolerant Barbary
macaques (Macaca sylvanus) and compared to prior data from despotic rhesus macaques (Macaca
mulatta). Monkeys observed an actor look upwards either into an overhead barrier, so monkeys
could not directly see the target of gaze without reorienting, or when no barrier was present, so
monkeys could observe the target location by also gazing upwards. Both species (N= 58 Barbary
macaques, 64 rhesus macaques) could flexibly modulate their gaze responses to account for the
demonstrator’s line-of-sight, looking up more often when no barrier was present, and this flexible
modulation declined with age in both species. However, neither species preferentially approached
to look inside the barrier when their view of the target location was obscured, although rhesus
macaques approached more overall. This pattern suggests that both tolerant and despotic macaques
exhibit similar capacities to track other’s line-of-sight, and do not preferentially reorient their
bodies to observe what an actor looks at in this situation. This contrasts with other work indicating
that competitive primates are especially adept at some aspects of theory of mind. Thus, it is
important to understand both the similarities and differences in the social cognitive abilities of
primates with different social styles.

Introduction

A dominant explanation for the evolution of social intelligence across primates concerns
the critical role of complex social life (Byrne & Whiten, 1990; Dunbar, 1998; Hare, 2017,
Humphrey, 1976; Jolly, 1966). That is, the demands of group living selected for cognitive skills
which allow individuals to respond adaptively to others’ behavior. Direct comparisons of cognitive
abilities across species with different social characteristics are critical to establish how sociality
shapes cognition. In particular, contrasting the cognitive abilities of species that are closely
matched for other variables such as phylogenetic history, yet differ in regard to a particular social
characteristic, can provide fine-grained insights into how certain aspects of sociality impact
cognitive evolution (MacLean et al., 2012; Rosati et al., 2017).

A species’ degree of tolerance versus despotism is one social characteristic hypothesized
to shape the evolution of sophisticated social cognitive abilities. Many proposals have highlighted
the role of competitive interactions in driving the evolution of sophisticated social cognition:
individuals with greater social intelligence may be better able to socially outmaneuver conspecifics
in order to get access to valuable resources such as food and mates. For example, social intelligence
may have emerged to enable individuals to outcompete or deceive group-mates (Byrne & Corp,
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2004; Byrne & Whiten, 1990; Hare, 2001; Lyons & Santos, 2006). Thus, this competition
hypothesis predicts that species characterized by high levels of competition or aggression would
demonstrate more robust complex social cognitive abilities. Yet competing proposals have instead
highlighted the role of tolerant or cooperative interactions in driving sophisticated social cognition,
enabling individuals to establish close social ties and accrue benefits from cooperation (Burkart et
al., 2009; Cheney et al., 1986; Hare, 2017). That is, an increase in social tolerance is thought to
‘open the door’ to cooperative behavior such that new social cognitive abilities that facilitate
effective coordination can emerge (Burkart et al., 2009; Hare, 2017). This tolerance hypothesis
predicts that species characterized by more tolerant or affiliative interactions would demonstrate
more robust complex social cognitive abilities, a function that is proposed to have been especially
important in the evolution of uniquely-human social cognition (Hare, 2017).

Currently, there is some evidence to support both viewpoints. In terms of the competition
hypothesis, observations of wild primates suggest that competitive behaviors such as tactical
deception may depend on theory of mind abilities (Kummer, 1982; Whiten & Byrne, 1988), and
the presence of these competitive deceptive interactions within natural behavioral repertories
shows a positive relationship with brain size (Byrne & Corp, 2004). Second, experimental studies
indicate that many of the most impressive demonstrations of social cognitive abilities in primates
have come from experiments that have utilized competitive interactions. This includes
demonstrations of visual perspective-taking and knowledge in chimpanzees (Hare et al., 2000,
2001; Kaminski et al., 2008), rhesus monkeys (Flombaum & Santos, 2005), and ring-tailed lemurs
(Bray et al., 2014; Sandel et al., 2011) facing competition from conspecifics or human actors.
Along the same lines, while many primates struggle to use cooperative social cues such as gaze or
pointing to locate hidden food (capuchins; Anderson et al., 1995, chimpanzees; Call et al., 2000;
Call et al., 1998; Hare & Tomasello, 2004; Herrmann & Tomasello, 2006; Povinelli et al., 1999;
Tomasello et al., 1997, rhesus macaques; Anderson et al., 1996, orangutans; Itakura & Tanaka,
1998), they may be more successful at using social cues in matched competitive situations where
an individual is actively reaching for food instead (Hare & Tomasello, 2004; Herrmann &
Tomasello, 2006). Finally, many of the species showing sophisticated social cognitive abilities—
such as chimpanzees, rhesus macaques and ring-tailed lemurs—also exhibit higher levels of
competition in their natural groups (Flombaum & Santos, 2005; Hare et al., 2000, 2001; Kaminski
et al., 2008; Sandel et al., 2011; Santos et al., 2006), whereas more tolerant species may not in
similar setups (capuchins; Costes-Thiré, Levé, Uhlrich, Pasquaretta, et al., 2015; Hare et al., 2003,
common marmosets; Burkart & Heschl, 2007, Tonkean macaques; Costes-Thiré, Levé, Uhlrich,
De Marco, et al., 2015; Costes-Thir¢, Levé, Uhlrich, Pasquaretta, et al., 2015).

Conversely, evidence for the tolerance hypothesis comes from studies of cooperative
interactions. For example, studies across a number of species have demonstrated that inter-
individual tolerance is critical to effective cooperation (chimpanzees; Melis et al., 2006, Suchak et
al., 2014, Japanese macaques; Kaigaishi et al., 2019, hyaenas; Drea & Carter, 2009, marmosets;
Werdenich & Huber, 2002, ravens; Massen et al., 2015, rooks; Seed et al., 2008, hyaenas; Drea &
Carter, 2009, marmosets; Werdenich & Huber, 2002). In a cross-species comparison, more tolerant
bonobos were able to sustain mutualistic cooperation in contexts where chimpanzees could not,
such as when the food reward was highly monopolizable (Hare et al., 2007). Second, experimental
evidence indicates that socially tolerant primate species may be predisposed to be attentive to
social cues such as eye contact and gaze, even when these cues are neutral rather than framed as
explicitly cooperative. For example, more tolerant bonobos pay more attention to the faces and
eyes of conspecifics (Kano et al., 2015), and follow the direction of a demonstrator’s gaze more
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frequently (Herrmann et al., 2010) than do more chimpanzees. Similarly, competitive rhesus
macaques make less eye contact than do more tolerant stump-tailed and crab-eating macaques
(Thomsen, 1974), and show age-related declines in gaze-following unlike more tolerant Barbary
macaques (Rosati & Santos, 2017). Third, more tolerant species may be more skilled at utilizing
communicative cues. In particular, tolerant macaque species outperform intolerant species in a
‘pointing cups’ task, where they must produce communicative cues towards the demonstrator in
order to succeed (Joly et al., 2017). Along similar lines, dogs and experimentally-domesticated
foxes—which tend to show more tolerant and less aggressive reactions to humans than their wild-
type sister taxa—are able to successfully utilize social communicative cues, whereas wolves and
control-line foxes do not (Hare et al., 2002, 2005; Hare & Tomasello, 2005; Kaminski &
Nitzschner, 2013; Topal et al., 2009). Finally, humans may represent an extreme example of this
proposal, as humans exhibit high levels of social tolerance alongside highly complex social
cognitive abilities (Boyd & Richerson, 2009; Csibra & Gergely, 2011; Henrich & Henrich, 2007;
Siposova et al., 2018; Tomasello et al., 2005, 2007; Tomasello & Carpenter, 2007). Indeed, high
levels of basic gaze sensitivity is linked to more sophisticated social cognitive abilities in humans
(Csibra & Gergely, 2011; Flom et al., 2017; Senju & Johnson, 2009; Siposova et al., 2018).

How can these competing accounts be reconciled? One critical distinction may be between
motivations or interest to attend and respond to others’ social cues, versus cognitive abilities to
represent and act upon other’s mental states (Kano et al., 2015). For example, while there is strong
evidence that more tolerant species show attentional biases towards social stimuli (chimpanzees
versus more tolerant bonobos: Kano et al., 2015; Kano & Call, 2014a; macaques: Thomsen, 1974),
and preferentially respond to such stimuli (chimpanzees vs bonobos: Herrmann et al., 2010;
macaques: Rosati & Santos, 2017), it is unclear if tolerant species actually have more robust social
cognitive abilities to reason about this social information. In fact, studies contrasting specific
theory of mind abilities have frequently found similar performance across species. For example,
more tolerant bonobos and more competitive chimpanzees show similar evidence for intention
understanding (Kano & Call, 2014b, although for bonobo advantage see: Herrmann et al., 2010);
understanding others’ visual access (Grueneisen et al., 2017); and implicit false belief reasoning
(Krupenye et al., 2016), and chimpanzees can also outperform bonobos in some social cognition
assessments (Girard-Buttoz et al., 2020, MacLean & Hare, 2012). In a cognitive battery contrasting
the performance of several macaque species that differ in tolerance, these species all showed
similar understanding of attentional states, intention-reading, and gaze following, although the
tolerant species were better at producing communicative cues to attain food (Joly et al., 2017).
Finally, both rhesus and Barbary macaques show similar predictions about how others will act
based on what they previously saw (Arre et al., 2021). Accordingly, tolerance may promote
abilities to produce and respond to other’s basic social cues, as these cues can be used for mutual
benefit (Tomasello et al., 2007), whereas sophisticated social cognitive abilities may be favored in
competitive contexts as they can be used to outwit others (Byrne & Whiten, 1990).

In the current work, we compared social cognition in macaque species differing in social
tolerance, using a ‘geometric’ gaze-following paradigm that can assess both basic propensities to
respond to other’s gaze cues, as well as the cognitive flexibility of this response. While some
species exhibit fairly reflexive gaze-following responses where they seem to automatically match
the direction of other’s eye and head cues regardless of context (Deaner and Platt 2003; Friesen
and Kingstone 1998; Ruiz et al. 2009; Shepherd 2010), other species are able to reason about
social and physical factors (such as the presence of a barrier) that determine what the other
individual can see and modulate their own responses accordingly. For example, all great apes
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account for the presence of barriers when following gaze, and thus will not simply match the gaze
direction of others when doing so does not allow them to observe the target location (Bréduer et
al. 2005; Butterworth and Jarrett 1991; Okamoto-Barth et al. 2007; Tomasello et al. 2001). Thus,
this kind of sensitivity indicates that animals are not only reflexively following other’s gaze (Bettle
& Rosati, 2019; Rosati and Hare 2009; Shepherd 2010).

We therefore tested the flexibility of gaze-following responses (whether monkeys could
account for the presence of a barrier), as well as overall responsivity to gaze cues. We tested a
sample of semi-free-ranging Barbary macaques, and compared this to prior data from rhesus
macaques tested in the same paradigm (Bettle & Rosati, 2019). While Barbary macaques are
characterized by high levels of social tolerance, exhibiting a relaxed dominance hierarchy, more
affiliative interactions and reconciliation after aggression, rhesus macaques are highly despotic
with a steep dominance hierarchy and severe aggression (Thierry, 2000, 2007). Prior work
indicates that while both rhesus macaques and Barbary macaques follow others’ gaze (Drayton &
Santos, 2017; Rosati et al., 2016; Teufel et al., 2010; Tomasello et al., 2001), Barbary macaques
maintain a higher propensity to respond to basic gaze cues over the lifespan than do rhesus (Rosati
& Santos, 2017). Yet while rhesus monkeys are also sensitive to other’s line-of-sight (Bettle &
Rosati, 2019), as well as to other’s knowledge state (whether or not she has previously seen the
object she is looking towards (Drayton & Santos, 2017), and can engage in both visual perspective-
taking and knowledge-attribution (Flombaum & Santos, 2005; Horschler et al., 2019; Marticorena
et al., 2011; Martin & Santos, 2014; Santos et al., 2006), there has been no work examining
whether Barbary gaze-following also engages these more flexible, mentalistic mechanisms.
Notably, while rhesus monkeys are able to account for other’s line-of-sight, they do not appear
particularly willing to re-orient their bodies to view what others see (Bettle & Rosati, 2019), which
accords with this potential distinction between motivations to engage with others and cognitive
flexibility of responses.

In the task, monkeys observed a human actor looking upwards in one of two
situations. In the no barrier condition, the actor looked upwards towards the sky, so a monkey
who also looked up could see the target location from their position. In the barrier condition, in
contrast, the actor produced the same behavior, but her line-of-sight was blocked by an overhead
barrier, so the only way for the monkey to see the target location was to move towards the
apparatus to look inside the barrier. As in prior work, monkeys were presented with a neutral gaze
cue that was not framed as an explicitly competitive or cooperative interaction (Brduer et al. 2005;
Butterworth and Jarrett 1991; Okamoto-Barth et al. 2007; Rosati et al., 2016; Rosati & Santos,
2017; Tomasello et al. 2001). For practical reasons, we utilized a human demonstrator in our task
rather than a conspecific. Current work indicates that macaques follow the gaze of both human
and conspecific demonstrators at similar rates (Ferrari et al. 2000; Rosati et al. 2016; Rosati and
Santos 2017; Teufel et al. 2010; Tomasello et al. 2001). Further, most work demonstrating more
sophisticated social cognitive skills in macaques, such as perspective-taking, have also used a
human demonstrator (Arre et al., 2021; Drayton and Santos 2017; Flombaum and Santos 2005;
Marticorena et al. 2011; Martin and Santos 2014; Santos et al. 2006). Use of a human demonstrator
also allowed us to tightly control the actor’s behavior across conditions, in a way that would not
be feasible with conspecific demonstrators.

We used this setup to compare macaques’ (1) overall responsiveness to other’s gaze
direction; (2) the cognitive flexibility of their responses accounting for other’s line of sight; and
(3) their tendency to reorient to view the actor’s gaze target. To assess responsiveness to other’s
gaze, we examined how frequently each species looked up across conditions. To assess the
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cognitive flexibility of their gaze-following abilities, we examined whether these responses
accounted for the demonstrator’s line-of-sight by looking up more often in the no barrier
condition. Finally, we assessed if either species were more like to preferentially approach to look
into the box in the barrier condition, where reorientation is necessary to observe the target of the
demonstrator’s gaze. We predicted that the tolerant Barbary macaques would show more
responsiveness to gaze cues and more motivation to approach compared to rhesus, but that both
would demonstrate a similarly flexible response that accounted for the actor’s line-of-sight.

Methods
Ethics statement

All applicable guidelines for the care and use of animals were followed, adhering to site-
specific guidelines for animal research. All behavioral tests at Trentham Monkey Forest were
approved by University of Michigan's Institutional Animal Care and Use Committee (IACUC
protocol 8302). Behavioral tests at Cayo Santigao were approved by University of Puerto Rico
Medical Sciences Campus' IACUC (protocol #A140116).

Subjects

Our final sample comprised 58 Barbary macaques living at the Trentham Monkey Forest,
UK (34 males and 24 females; mean age 9.4 years + SD = 7.2 years, ranging from 1 to 31 years
old). These were compared to a sample of 64 rhesus monkeys living at the Cayo Santiago Field
station, Puerto Rico (38 males and 26 females; mean age 7.4 years = 5.3 years, ranging from 1.5
to 21.3 years). Both species had similar age distribution across conditions. The rhesus data was
previously reported as part of prior work (see Bettle & Rosati, 2019). Monkeys at both sites can
be identified via unique tattoos and facial and body features, as well as by ear notches at Cayo
Santiago. At both sites, monkeys are semi-free-ranging and well-habituated to humans. For
example, at Trentham Monkey Forest, monkeys range through a 60 acre forested area. They are
habituated to staff who walk through the forest and provision food, as well as to researchers who
observe the monkeys, and to tourists who walk through the area on defined paths that run around
the site. At Cayo Santiago, monkeys range through the 38-acre forested island and are habituated
to the presence of staff who walk through the forest and provision food, and to researchers who
observe the monkeys. Thus, both populations of monkeys experience human observers walking
through the site since their birth. Accordingly, monkeys from both populations have successfully
participated in multiple prior cognition studies, including tasks involving gaze-following (Arre et
al.,2021; Drayton & Santos, 2017; Rosati et al., 2016; Rosati & Santos, 2017), but both were naive
to the particular overhead barrier apparatus used in this study.

Apparatus and setup

Monkeys experienced one of two gaze-following conditions in a between-subjects design.
In both conditions, the demonstrator looked upwards by rotating both her head and eyes (see Fig.
1). In the barrier condition, the demonstrator’s line-of-sight was blocked by a barrier above her
head (a box 40 cm long, 31 cm wide, and 15 cm deep that was propped on a stick atop of a tripod;
total height 1.77 m). When the demonstrator looked upwards in this condition, she could see into
the box, but the monkey could not from their position (see Fig 1a). In the no barrier condition, the
demonstrator produced the same actions next to the tripod, but her line-of-sight was not blocked.
As such, in this condition the monkeys could observe where she was looking without moving from
their initial position. Following the methods of prior work (Bettle & Rosati, 2019; Rosati et al.,
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2016; Rosati & Santos, 2017), the apparatus was always set up close to a tree such that the
demonstrator could feasibly be looking at something above her head.

Procedure

Procedures were identical to those reported in prior work (Bettle & Rosati, 2019). In test
sessions, the demonstrator (experimenter 1, E1) and the camera person (experimenter 2, E2)
approached a calmly-sitting monkey. Once a potential monkey was located, condition was
randomly assigned based upon a pre-designated list carried by E2. Next, E1 set up the apparatus
approximately 2-3 m away from the monkey. E2 stood approximately 6 m away from the monkey,
behind E1, in order to film the monkey’s behavior.

Figure 1: Methods (a) Diagram of setup. While monkeys could see the actor’s
target of attention from their starting position in the no barrier condition, they had
to reorient by approaching the apparatus to do so in the barrier condition depicted
here. (b) Video still of a Barbary macaque looking at the demonstrator at the start
of a trial. (c) Video still of a Barbary macaque looking upwards to produce a gaze-
following response.

To begin the trial, E1 attracted the monkey’s attention by calling or snapping her fingers.
When she had the monkey’s attention, she said ‘now’ and looked directly upwards for 10s (into
the box in the barrier condition, or parallel to the stick in the no barrier condition). She started a
stopwatch at the same time as saying ‘now’ to time this /ooking phase. During this phase, E2
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filmed whether the monkey looked upwards (see Fig 1¢ for example upwards look). After 10s, the
stopwatch beeped to mark the start of the approach phase. Here, E1 turned around and walked to
stand behind E2. This allowed the monkey to approach the apparatus without being in close
proximity to E1. Monkeys were filmed for 1 minute, to assess whether they approached the
apparatus.

Exclusions

On occasion, a monkey would be approached for testing but would fail to produce a
scoreable response. For instance, some monkeys did not actually see the demonstrator’s upwards
look in the looking phase, or were displaced by other monkeys before they could approach in the
approach phase. A blind coder therefore scored whether sessions should be excluded for these
reasons. In addition to our final analyzed sample, four Barbary macaques were excluded from
video because they did not see the demonstrator’s upwards look. The same coder has previously
assessed the rhesus data, and 5 rhesus monkeys were excluded for not seeing the look; an additional
2 monkeys were excluded due to apparatus failure or experimenter error (reported in Bettle &
Rosati, 2019). Overall, a total of 60 monkeys were included in the final sample for the looking
phase in the barrier condition (29 Barbary, 31 rhesus), and 62 monkeys in the no barrier condition
(29 Barbary, 33 rhesus). Additional monkeys that were included in the looking phase analyses
were then excluded from analyses of the approach phase, for example because another monkey
interfered during the one-minute approach period. Two Barbary macaques were excluded because
they were displaced, and one was excluded because they left the testing area. The same coder has
previously assessed the rhesus data, and 11 monkeys were excluded because another individual
tampered with the apparatus, 1 was excluded because they were displaced, 1 was excluded because
they left the area, and 2 were excluded due to apparatus error (as reported in Bettle & Rosati 2019).

Coding and reliability

For monkeys included in the final sample, independent coders scored monkey’s responses
(the same coders for both species). To code responses blind to condition, we clipped the 10s long
looking phase and the 60s long approach phase out of the longer videos. Every clip was assigned
a random trial ID, to enable coding blind to condition. While the barrier was inherently visible in
the approach phase videos, coders were blind to condition in the initial looking phase and blind to
a monkey’s initial looking response when coding the approach responses.

To code the looking responses, our primary measure of gaze propensity and flexibility,
both coders identified the start of the trial (where E1 said ‘now’) and coded the next 10s frame-
by-frame. Following prior work (Bettle & Rosati, 2019; Rosati et al., 2016; Rosati & Santos,
2017), we coded (1) whether the monkey looked up towards the sky or not, from their initial
starting position, using changes in the monkey’s head and/or eye direction to judge whether the
monkey looked upwards; (2) The total duration of looking up, in seconds; (3) latency to look up,
in seconds; and (4) the number of discrete looks up, as a count response. There was high reliability
for these measures (looking up: Cohen’s Kappa =0.95; duration of looking: , = 0.99; latency to
look: 7, =0.99; number of looks: rs=0.93).

To code the approach responses, our key measure of reorientation, the coders identified the
start of the approach phase (when the timer beeped) and coded the next minute of footage. As it
was not possible to directly assess looks into the barrier in this naturalistic context, we coded
approaches within an arm’s distance of the apparatus as a proxy that could be scored in a
comparable way across conditions. We thus coded (1) whether the monkey approached within an
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arm’s distance of the apparatus (binomial response); and (2) the latency to approach within an
arm’s distance of the apparatus, in seconds. The reliability coder had high reliability with the
primary coder for these measures (approach: Kappa = 1.0; latency to approach: r,=0.95).

Statistical analyses

We analyzed the data in R v4.0.3 (R Core Team, 2020). Our two primary measures,
propensity to look upwards and approaches, were both binomial responses, so we utilized logistic
regressions implemented with the g/m function. Initial inspection of the total looking time (in
seconds) and latency to approach (in seconds) measures indicated that both showed right skew, so
we used generalized linear models with an inverse-gaussian distribution (e.g., to analyze data that
would be normalized by a log-transformation) in accordance with recommendations for skewed
reaction time data (Baayen & Milin, 2010; Lo & Andrews, 2015). Finally, to analyze the number
of looks (a count measure) we used Poisson regressions. For numerical data (e.g., total looking
time and latency to look), we checked the data distribution and presence of outliers, and examined
the distribution of residuals in models to further check model assumptions. This indicated that the
use of the inverse gaussian models was appropriate. For the primary (binomial) measures, we
examined binned residuals, which also looked appropriate. Finally, to compare model fit, we used
likelihood ratio tests (Bolker et al., 2009), and also report Akaike information criterion (AIC)
comparisons of the models; here, lower AIC values indicate better model fit.

Results
Within-species comparisons

We first examined the results from the Barbary macaques alone. Overall, 52% of
individuals in the no barrier condition looked upwards, while 34% did so in the barrier condition.
Only one individual ever approached (in the barrier condition). To analyze propensity to look, we
first created a base model that accounted for the subject’s sex and age (as a continuous predictor),
and then added condition (barrier or no barrier), which did not significantly improve model fit
(x2=1.84,df=1,p>0.17; AIC=_84.7 compared to 84.5 in base model). We then included the
interaction between condition X age, as age has been shown to impact gaze following responses
in macaques (Rosati et al 2016; Rosati & Santos, 2017). This trended to improve fit
(LRT: y2=5.22,df=2,p=0.074; AIC= 83.3); post hoc comparisons using the emtrends function
(Lenth et al., 2018) found a trend that older monkeys’ responses to the no-barrier condition
declined, such that they did not as clearly distinguish the conditions as younger monkeys (p =
0.08). Upon inclusion of this interaction, condition was a significant predictor of looking responses
(condition estimate = 2.17, SE = 0.99, z-value = 2.19, p = 0.03) such that monkeys looked up more
in the no-barrier condition. This final model including the condition X age interaction was also the
best-fitting model according to AIC values. Overall, this indicates that Barbary macaques were
sensitive to condition, but had declining flexibility in their responses with age.

Next, we examined whether condition impacted the dynamics of looking in those situations
when Barbary macaques did look up. On average, Barbary macaques looked up for 1.59 + SE =
0.29s when they produced a response, and the duration of looking did not vary across condition
(x2=0.07,df=1, p>0.68; AIC = 73.0 compared to 71.2 in base model). Their average latency to
look on these trials where they did so was 1.57s £+ 0.26s, and this also did not vary by condition
x2=0.09,df=1,p>0.68; AIC = 72.4 compared to 70.6 in base model). Finally, Barbary
macaques showed an average of 1.4 + 0.11 looks upward per trial (in trials where they did look
up), which also did not vary by condition (x2 =0.0002, df=1, p>0.98; AIC = 66.9 compared to
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64.9 in base model). Overall, this indicates that when the monkeys did look up, the dynamics of
their looking responses were similar across both conditions.

We then implemented the same series of models to analyze the rhesus data in the same
way. Overall, 32% of rhesus macaques looked upwards in the barrier condition, while 58% looked
upwards in the no barrier condition. Including condition significantly improved model fit
(LRT: y2=4.31,df=1, p=0.04; AIC = 86.2 compared to 88.2 in base model). Inclusion of the
age X condition interaction did not further improve model fit compared to the second model
(LRT: y2=1.37,df=1, p>0.24; AIC = 87.2). Similar to the Barbary macaques, when the rhesus
did look up there was no difference across conditions in the dynamics of their response for duration
of looking responses (y2=0.17, df=1, p>0.45; AIC = 109.3 compared to 107.7 in base model);
latency to look (¥2=0.53,df=1, p>0.20; AIC = 104.7 compared to 103.5 in base model); or
number of looks (¥2 =0.0006, df=1, p=0.98; AIC = 81.9 compared to 79.9 in base model). In
contrast to the Barbary, nine rhesus macaques approached overall (4 in the barrier condition and
5 in the no barrier condition). However, including condition did not significantly improve model
fit (LRT: 2=0.19, df=1, p>0.66; AIC = 47.5 compared to 45.3 in base model), indicating that
rhesus monkeys were equally likely to approach regardless of condition.

Comparison across species

We then directly compared the results from the Barbary and rhesus macaques using the
same basic analysis approach. Including condition significantly improved model fit compared to a
base model accounting for subject’s age and sex (y2=6.02, df = 1, p = 0.01; AIC = 166.0
compared to 169.8 in base model): more monkeys overall looked upwards in the no barrier
condition (see Fig 2a and 2b). In the third model, we included the condition X age interaction,
given that age was an important shaper of responses, which further improved model fit compared
to the second model (LRT: y2 =5.35,df=1, p=0.021; AIC = 162.8); posthoc comparisons found
that monkeys overall showed declines in responses to the no barrier condition relative to the
barrier condition, such that older monkeys were less sensitive to condition (p = 0.02). In the fourth
model, we added in the species X condition interaction, which did not further improve model fit
with no effect of species on performance (LRT: y2=0.04, df =2, p > 0.98; AIC = 167.2: see Table
1); that is, both species showed a similar pattern of both overall looking, and flexible modulation
of looking responses across conditions. Finally, we added the three-way age X species X condition
interaction, but this did not further improve model fit (LRT: y2=1.17, df =2, p > 0.55, AIC =
170.7): the impact of age on these responses was similar in both species. Overall, this suggests that
both the tolerant Barbary and the despotic rhesus monkeys had similar propensities to follow gaze
as well as similar flexibility in their modulation of this response.

As with the comparisons within-species, we further compared the dynamics of looking in
those trials where the monkeys did look. For total duration of looking, neither inclusion of
condition (LRT: y2=0.65,df=1,p>0.19; AIC=178.8 compared to 177.5 in base model), a
condition X age interaction (LRT: ¥2=0.99,df=2,p>0.28; AIC=180.7), nor a species X
condition interaction (y* = 1.40, df=4, p>0.50; AIC = 185.3) improved model fit compared to the
base model, as in the analyses of the individual species. We found similar results when we analyzed
latency to look and the number of looks. In particular, for latency to look, inclusion of the condition
X species interaction as a predictor did not improve model fit look (2 =1.21, df=4, p=0.6; AIC
= 178.5 compared to 170.2 in base model). It also did not improve fit for total number of
looks (¥2=0.68, df=3, p>0.87; AIC = 149.1 compared to 142.1 in base model). Overall, this
indicates that the dynamics of looking were also similar across these species when they produced
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looking responses, according with prior comparisons of their gaze-following characteristics

(Rosati & Santos, 2017).

Predictor Estimate SE z-value p-value
Sex (refence: female) 0.563 0.410 1.373 0.170
Age (as covariate) 0.020 0.044 0.444 0.657
Condition (reference: Barrier) 2.170 0.849 2.555 0.011*
Species (reference: Barbary) -0.090 0.556 -0.162 0.871
Age X Condition -0.155 0.070 -2.229 0.026*
Species X Condition 0.036 0.787 0.046 0.963

Table 1: Comparisons of gaze following responses across species. A base model
included sex and age as predictors; subsequent models included interactions between
condition, age, and species. Table shows the fourth model to report the lack of effects
of species; the best-fit model was the third model that included an interaction
between age and condition, but not species. Reference levels for predictors indicated

in table.
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Figure 2: Gaze following responses across species. (a) Proportion of
Barbary macaques who looked upwards during the look phase, across
conditions. (b) Proportion of rhesus macaques who looked upwards during
the look phase, across conditions. (c) Age trends by condition, collapsing
across species. Ribbons represent 95% CI.
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We finally compared the species’ overall likelihood to approach towards the apparatus, our
measure of reorientation. Here, our base model included age, sex and condition, and we then added
species into the test model. The base model indicated that younger individuals were significantly
more likely to approach, and inclusion of species significantly improved model fit
(LRT: y2=7.11,df=1, p=0.008; AIC=57.3 compared to 62.2 in base model). In particular,
rhesus macaques approached the apparatus more often than Barbary macaques (see Fig 3). Since
only one Barbary macaque ever approached, we did not conduct additional comparisons looking
at the impact of species or age by condition. Overall, this indicates that rhesus were much more
likely to investigate the apparatus overall than were Barbary macaques.

Predictor Estimate Std. Error z value | P value
Age (as covariate) -0.205 0.117 -1.749 | 0.080
Sex (reference: female) -1.182 0.816 -1.448 |0.148
Condition (refence: barrier) -0.001 0.766 -0.001 ] 0.999
Species (reference: Barbary) 2.369 1.104 2.146 0.032*

Table 2: Comparisons of propensity to approach across species. A base model
included sex, age, and condition as predictors; the test models then included
species. The best-fit model included species. Reference levels for predictors
indicated in table.

| a.) Barbary b.) Rhesus
= 054
Q
o
2
a
2 04
o
=
: 0.31 .
2 = Condition
_13 ' Barrier
S :
2 021 No Barrier
£
5
£ 0.1
<]
g_ |
& oo |

Barrier No Barrier  Barrier No Barrier

Figure 3: Approaches across species. Proportion of (a) Barbary macaques and (b)
rhesus macaques who approached the apparatus across conditions.

Discussion

Despite different levels of social tolerance, Barbary and rhesus macaques showed similar
patterns of gaze following. First, both species showed similar overall responsiveness to gaze cues
in this context. Second, both species demonstrated similarly flexible gaze-following responses that
accounted for the other individual’s line-of-sight: monkeys looked up more often in the no barrier
condition, where doing so allowed them to look at what the demonstrator was looking at, relative
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to the barrier condition where her line-of-sight was blocked. This effect of condition on looking
responses also decreased with age, indicating that older monkeys produced less flexible gaze-
following responses in both species. However, we did observe a species difference with regards to
the motivation to reorient by approaching the apparatus: while Barbary macaques approached at a
very low rate, rhesus macaques approached more often—but did so regardless of the
demonstrator’s looking behavior. Importantly, both of these populations are highly habituated to
humans, and experience the presence of human observers from early in life, suggesting generally
similar experiences with humans over ontogeny. Overall, our results suggest that a flexible
understanding of others’ gaze direction is present both within socially tolerant and despotic primate
species. However, neither species are especially motivated to reorient to observe what others look
at in this situation, although rhesus macaques may be more curious about novel items in general.

While different proposals have highlighted that either the degree of social tolerance
(Burkart et al., 2009; Hare, 2017) or competition (Byrne & Whiten, 1990; De Waal, 1982; Hare,
2001; Lyons & Santos, 2006) can promote the evolution of sophisticated social cognition, our
results align with a more nuanced emerging pattern concerning how specific skills that are favored
in different contexts. For example, both Barbary and rhesus macaques can flexibly control their
gaze-following responses, according with the finding that both more competitive chimpanzees and
more tolerant bonobos perform similarly in tasks assessing their ability to follow gaze around
barriers (Briuer et al., 2005; Okamoto-Barth et al., 2007). This finding also adds to growing
evidence that macaques of differing tolerance levels show similarly sophisticated social cognitive
abilities. In particular, rhesus and Barbary macaques performed similarly in a task assessing their
understanding of what other agents perceive (Arre et al., 2021), and macaques of varying tolerance
levels showed similar results in a battery that included understanding other’s intentions,
responding to the demonstrator’s attentional state, and gaze following (Joly et al., 2017).
Consequently, one possibility is that these particular social cognitive abilities are broadly useful
across competitive and tolerant contexts. For example, a sophisticated understanding of others’
gaze is useful to detect the true location of biologically relevant stimuli—such as food and mates—
that others are attending to (Rosati & Hare, 2009; Shepherd, 2010), regardless of social system.

We also found that older monkeys of both species were less likely to differentiate between
condition with regards to their looking behavior. That is, with increasing age monkeys were less
likely to look upwards in the no barrier condition relative to the barrier condition, unlike younger
monkeys who more clearly differentiated these contexts. In direct comparisons we found similar
trajectories in this pattern during aging in both species, although prior work indicates that Barbary
macaques maintain higher levels of gaze-following into old age compared to rhesus macaques
when faced with a simpler gaze following paradigm (Rosati et al., 2016; Rosati & Santos, 2017).
Taken together, this suggests that while social tolerance can promote the maintenance of high
levels of general social attention into old age (see also: Almeling et al., 2016), age-related declines
in more sophisticated responses may occur regardless of social system. That is, older monkeys
struggle to flexibly integrate contextual information (such as the presence of a barrier) into their
gaze-following response, similar to the decline observed in human theory of mind abilities
(Bottiroli et al., 2016; Moran, 2013). An important goal for future research is to examine whether
this pattern holds up for other social cognitive abilities, and to characterize the specific cognitive
abilities that may decline versus be preserved across different social contexts.

We also hypothesized that Barbary macaques would follow the demonstrator’s gaze more
frequently than the rhesus macaques, matching the pattern observed in more tolerant bonobos
versus chimpanzees (Herrmann et al., 2010; Kano & Call, 2014a), and in line with the theoretical
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proposal that the ability to produce and respond to social cues is more likely to result in a mutual
benefit within a tolerant social system (Hare, 2017; Tomasello et al., 2007). However, we did not
find support for this idea, as both rhesus and Barbary macaques showed a similar propensity to
look up in the task. One possible explanation for our results in relation to prior work is that a
tolerant social style is a necessary but insufficient factor for enhanced gaze-following responses.
For example, in humans, more elaborate social cognition has been proposed to result from the
impact of both increased tolerance and high levels of self-control (Hare, 2017). Such a combination
of skills may be necessary to reap selective benefits from enhanced gaze-following, for example
because they include cognitive abilities that permit effective cooperation, yet macaques may not
possess these other scaffolding skills. In line with this, humans (as well as bonobos to some extent),
utilize gaze information for complex behaviors— including cooperation and cultural learning in
humans (Csibra & Gergely, 2009, 2011; Siposova et al., 2018), and turn-taking exchanges in
bonobos (Frohlich et al., 2016). In contrast there is not such evidence that gaze-following feeds
into these higher level social behaviors in macaques.

An alternative idea is that while both rhesus and Barbary macaques may be similarly
sensitive to gaze direction, there are different reasons for this sensitivity: despotic species may
primarily use these skills to out-compete others, but tolerant species to affiliate. In line with this,
there is strong evidence that macaques respond differently to cues of rank or friendship according
to social tolerance: while rhesus macaques gaze-follow differentially according to rank (Shepherd
et al., 2006), Barbary macaques do not (Teufel et al., 2010). Similarly, crested macaques (Macaca
nigra), another tolerant species, respond more quickly to gaze cues from conspecific friends versus
non-friends (Micheletta & Waller, 2012), while competitive long-tailed macaques (Macaca
fascicularis), are more responsive to gaze cues when a human actor exhibits a submissive facial
expression versus an affiliative expression (Goossens et al., 2008). As the current study utilized a
neutral context without any clear cues signaling either competition or cooperation (e.g., Bettle &
Rosati 2019), an important next step is then testing how these species differ in responses to gaze
cues that are explicitly cooperative versus competitive in nature. A related question is how
relationships with different social actors may impact responses across species, such as gaze
following responses to conspecifics who have close social bonds. This kind of work will further
elucidate how gaze-following responses are actually used by these species across different social
contexts and thus provide a complimentary test of hypotheses about the evolution of social
intelligence.

While the Barbary and rhesus macaques showed similar gaze-following responses, they
differed in their approach behavior. The rhesus macaques approached the apparatus at a higher
overall rate than the Barbary macaques: only one Barbary macaque approached, compared to nine
rhesus macaques. In this situation, the rhesus macaques appeared to be more motivated than the
Barbary macaques to investigate the apparatus. One possibility is that this motivation to investigate
the apparatus reflects enhanced selection for curiosity in rhesus relative to Barbary macaques, as
has been proposed given their status as a ‘weed species’ that has persisted through dependence
upon human resources (Richard et al., 1989). Yet it is important to note that rhesus do
preferentially re-orient and approach specifically in such a barrier condition when the target of the
actor’s attention is on the ground, rather than upwards (see also; Bettle & Rosati, 2019). That is,
rhesus are capable of flexibly reorienting. As such, an important question is whether Barbary
macaques also preferentially reorient in a different context like this.

In sum, we found that both tolerant Barbary macaques and despotic rhesus macaques show
similar patterns of gaze-following in terms of overall responsivity to gaze cues, flexibility of their
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gaze behavior, and a decline in this flexibility with increasing age. These results suggest that
having a sophisticated understanding of others’ gaze, and being responsive to others’ gaze cues, is
advantageous in both despotic and tolerant social groups. Overall, this highlights how species with
different social tolerance levels can evolve broadly similar cognitive capacities in some social
domains, despite theoretical proposals that social tolerance is a key driver of social cognitive
evolution. Thus, future work will need to take a more nuanced approach to disentangling precisely
which social skills vary across different kinds of social systems and social organizations, versus
which may be broadly advantageous across multiple contexts. Teasing apart when and why
tolerance shapes particular cognitive abilities is crucial to understand the evolutionary history of
intelligent behavior.
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