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Tolerant Barbary macaques maintain juvenile levels of social
attention in old age, but despotic rhesus macaques do not
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Abstract

Complex social life is thought to be a major driver of complex cognition in primates, but few
studies have directly tested the relationship between a given primate species’ social system and
their social cognitive skills. We experimentally compared life span patterns of a foundational
social cognitive skill (following another’s gaze) in tolerant Barbary macaques, Macaca sylvanus,
and despotic rhesus macaques, Macaca mulatta. Semi-free-ranging monkeys (A= 80 individuals
from each species) followed gaze more in test trials where an actor looked up compared to control
trials. However, species differed in ontogenetic trajectories: both exhibited high rates of gaze
following as juveniles, but rhesus monkeys exhibited declines in social attention with age, whereas
Barbary macaques did not. This pattern indicates that developmental patterns of social attention
vary with social tolerance, and that diversity in social behaviour can lead to differences in social
cognition across primates.
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A fundamental question regarding the evolution of intelligence concerns how variation in
social systems shapes cognitive abilities. Although many theories propose that variation in
social cognition stems from the challenges of social life (Dunbar, 1998; Dunbar & Shultz,
2007), little work has tested the specific kind of social interactions that promote
sophisticated cognitive capacities. Some proposals have linked complex social cognition to
political or “Machiavellian’ social interactions (Byrne & Whiten, 1988; de Waal, 1982; Hare,
2001). Under this competition hypothesis, individuals use social cognitive skills to
outcompete or deceive others. Yet other proposals argue that societies characterized by
cooperative relationships exhibit more robust social cognition (Burkart, Hrdy, & van Schaik,
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2009; Hare, 2017). This tolerance hypothesis is particularly focused on explaining uniquely
human cognition. To test the importance of tolerant versus competitive systems for social
cognition, we compared the life span development of gaze following abilities in two closely
related species with different social styles: more tolerant Barbary macaques, Macaca
sylvanus, and more despotic rhesus macaques, Macaca mulatta.

Social attention, or detection of the locus of another’s gaze direction, provides a strong test
of the evolutionary relationship between social behaviour and cognition for several reasons.
First, social attention is a foundational component of human social cognition: attending to
where and at what others are looking underpins such abilities as joint attention and theory of
mind (Emery, 2000; Flom, Lee, & Muir, 2007; Langton, Watt, & Bruce, 2000; Puce &
Bertenthal, 2015). That is, information about where others are directing their gaze is potent
cue to what they are seeing or thinking, and is therefore important for more complex
mentalizing abilities. Second, a basic sensitivity to others’ gaze direction is also widely
shared across primates; species ranging from strepsirrhine lemurs to monkeys to great apes
tend to co-orient with conspecifics or humans, at least in some situations (Rosati & Hare,
2009; Shepherd, 2010). Finally, evidence for both the competition and tolerance hypotheses
directly invoke cognitive skills that capitalize on such gaze sensitivity.

Under the competition hypothesis, for example, successful competition may require
exploitation of information about others’ gaze and visual perspective. Along these lines,
more competitive primate species have quite sophisticated abilities to model the perspective
of others. For example, chimpanzees, Pan troglodytes, and rhesus monkeys engage in visual
(and auditory) perspective taking to obtain hidden food when competing with a human or
conspecific (Flombaum & Santos, 2005; Hare, 2011; Hare, Call, Agnetta, & Tomasello,
2000; Hare, Call, & Tomasello, 2001, 2006; Kaminski, Call, & Tomasello, 2008; Melis,
Call, & Tomasello, 2006; Santos, Nissen, & Ferrugia, 2006). In contrast, behaviour-reading
strategies, where individuals do not directly reason about the subject mental states of others,
seems to account for the performance of more tolerant species, including marmosets
(Callithrix jacchus), capuchins (Cebus apella) and Tonkean macaques, Macaca tonkeana, in
similar contexts (Burkhart & Heschl, 2007; Canteloup, Piraux, Poulin, & Meunier, 2016;
Costes-Thire, Leve, Uhlrich, de Marco, & Thierry, 2015; Hare, Addessi, Call, Tomasello, &
Visalberghi, 2003). Additional evidence for this claim comes from direct comparisons of
different lemur species. Ringtailed lemurs, Lemur catta, which typically live in large groups
with anthropoid-like dominance hierarchies, exhibit more robust performance on
perspective-taking tasks, outperforming other lemur species that live in smaller family
groups (Bray, Krupenye, & Hare, 2014; MacLean et al., 2013; Sandel, MacLean, & Hare,
2011). Finally, chimpanzees are more successful at exploiting social cues specifically in
competitive contexts compared to cooperative contexts (Hare & Tomasello, 2004; Herrmann
& Tomasello, 2006; but see MacLean & Hare, 2015).

Under the tolerance hypothesis, in contrast, tolerant species should be especially sensitive to
gaze cues because they facilitate cooperative interactions. Social tolerance has been
specifically linked to robust comprehension of communicative signals, including gaze cues,
in domesticated animals. For example, in social tasks in which a human experimenter
communicatively informs the participant of the location of hidden food by looking or
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pointing at its location, domesticated dogs, Canis familiaris, and experimentally
domesticated silver foxes, Vulpes vulpes, outperform wolves, Canis lupus, and a control line
of undomesticated foxes. Both dogs and the domesticated foxes exhibit greater social
tolerance towards humans (Hare, Brown, Williamson, & Tomasello, 2002; Hare et al., 2005;
Hare & Tomasello, 2005). Along the same lines, relatively tolerant bonobos, Pan paniscus,
are more interested in viewing eyes than are chimpanzees (Kano & Call, 2014; Kano, Hirata,
& Call, 2015), although they do exhibit more comparable performance in some gaze-
following contexts (Braeuer, Call, & Tomasello, 2005; Okamoto-Barth, Call, & Tomasello,
2007; see also MacLean & Hare, 2012). More generally, tolerance seems to facilitate the
emergence of cooperative interactions: more tolerant chimpanzee dyads are more
cooperative than less tolerant dyads, and bonobos outperform chimpanzees in cooperative
tasks (Hare, Melis, Woods, Hastings, & Wrangham, 2007; Melis, Hare, & Tomasello, 2006).
Finally, humans are characterized by extreme tolerance, joint attention and high levels of
cooperation in which gaze cues communicate information about an actor’s intentions
(Csibra, 2010; Csibra & Gergely, 2009; Senju & Csibra, 2008; Tomasello & Carpenter,
2007; Tomasello, Carpenter, Call, Behne, & Moll, 2005; Tomasello, Hare, Lehmann, & Call,
2007). Indeed, some views argue that competition may be the most important driver of
complex social cognitive abilities in other primates, whereas cooperation is specifically
important for the emergence of human-unique cognition (Moll & Tomasello, 2007;
Tomasello, 2014; Tomasello & Call, 1997).

To test the importance of tolerant versus competitive systems for social cognition in
nonhuman primates, we compared the life span development of gaze following in two
species of macaques. The genus Macaca is a radiation of closely related species that share a
similar basic social organization (multimale-multifemale groups, where females stay in their
natal group and males disperse), but diverge in social style (Thierry, 2000, 2004). Some
macaque species exhibit greater despotism, characterized by steep dominance hierarchies,
more intense aggression and formalized submission signals. In contrast, other species are
characterized by a relaxed dominance hierarchy, reconciliation after aggression and more
affiliative social signals. Across macaque species, this suite of behavioural traits related to
tolerance are strongly linked and tend to covary (Thierry, 2013). Indeed, Thierry (2007)
classed macaques into four ‘grades’ of social styles of increasing tolerance based on this
cluster of characteristics. Thus, comparisons of different macaque species can isolate
variation in social tolerance across species with otherwise similar social organizations. In the
current work, we therefore compared more despotic rhesus macaques (grade 1, the most
despotic) with more tolerant Barbary macaques (grade 3). We predicted that rhesus monkeys
should exhibit more robust gaze following if competition spurs complex social cognition,
whereas Barbary macaques should exhibit more robust gaze following if social tolerance
promotes this skill.

We further examined developmental changes in gaze following across the life span of these
macaques. Across primate species, younger individuals tend to exhibit greater social
tolerance, whereas mature individuals show higher rates of aggression and competition
(Pereira & Fairbanks, 2002). Similarly, developmental shifts in social tolerance seem to
track developmental shifts in some social cognitive abilities in chimpanzees and bonobos
(Wobber, Wrangham, & Hare, 2010). Consequently, patterns of cognitive development
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provide a second test of the relationship between social tolerance and social cognition.
While some prior work has examined the emergence of gaze following within a single
primate species (Rosati, Arre, Platt, & Santos, 2016; Simpson, Miller, Ferrari, Suomi, &
Pauker, 2015; Teufel, Gutmann, Pirow, & Fischer, 2010; Tomasello, Hare, & Fogleman,
2001), no study has directly compared life span patterns of social attention across different
primates. Moreover, qualitative comparisons of different species’ ontogenetic patterns in
different studies are also somewhat contradictory. Rhesus macaques show high levels of
gaze following in the juvenile period that declines with age (Rosati et al., 2016; Tomasello et
al., 2001). Yet pigtail macaques, Macaca nemestrina, which are somewhat more tolerant than
rhesus macaques (Thierry, 2007), exhibit relatively delayed development of gaze following
and have been hypothesized to need more social experience to acquire this skill (Ferrari,
Coude, Gallese, & Fogassi, 2008; Ferrari, Kohler, Fogassi, & Gallese, 2000). Our study,
comparing cognitive development across species with identical methods, allows us to
disentangle this issue. We predicted that any species difference should be exacerbated with
age, as variation in tolerance is most pronounced in mature individuals.

METHODS

Ethics Statement

Subjects

All noninvasive behavioural tests were approved by the Institutional Animal Care and Use
Committee (IACUC) for Yale University (Barbary: number 2014-11615: rhesus: number
2014-11624), as well as the Cayo Santiago IACUC (rhesus: number 8310106) administered
through the University of Puerto Rico Medical Sciences Campus. All tests adhered to site
guidelines for animal research. Monkeys who participated in this study live in natural social
groups, are provisioned daily (in addition to access to plants growing at their respective
sites) and have ad libitum access to water.

We tested 80 rhesus monkeys living at Cayo Santiago in Puerto Rico (41 females and 39
males, ranging in age from 1.4 to 22 years), and 80 Barbary macaques living at Trentham
Monkey Forest, Stoke-on-Trent, U.K. (41 females and 39 males, ranging in age from 2.1 to
29 years); sample size for age cohorts in each species are shown in Fig. 1. Rhesus data were
partially reported in previous work (see Study 2 in Rosati et al., 2016). Both populations are
semi-free-ranging and highly habituated to humans. At Cayo Santiago, monkeys have been
habituated to human observers since the founding of the population, and a variety of
researchers work at the site. At Trentham, monkeys have been habituated to tourists, who
can walk through the monkeys’ habitat in a situation similar to that of Cayo Santiago.

Monkeys are also individually identifiable with known ages in both populations. At Cayo
Santiago, monkeys are identifiable by unique combinations of tattoos and ear notches. Exact
birth dates for all rhesus monkeys are known through a long-term census maintained at the
site. At Trentham, monkeys are identifiable by tattoos and facial and body features. Exact
dates of birth are known for all Barbary macaques born in 2005 or later. Before 2005, only
individuals’ birth years were known. Macaques are seasonal breeders, so we therefore
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assigned these individuals a birth date in the middle of their birth season (which lasts for 3
months from April to June at this site).

Monkeys completed up to four trials in a gaze-following task in which they could follow a
human’s look upwards. We used a human demonstrator to ensure that the gaze stimulus was
tightly controlled, given that previous work has clearly demonstrated that macaques follow
the gaze of both conspecifics and humans (Ferrari et al., 2000; Goossens, Dekleva, Read,
Sterck, & Bolhuis, 2008; Rosati & Hare, 2009; Teufel et al., 2010; Tomasello, Call., & Hare,
1998; Tomasello et al., 2001). The demonstrator alternated test trials, in which she looked
up, and control trials, in which her behaviour was identical except that she looked down; the
first trial type experienced was counterbalanced across subjects. We used an upward look as
our experimental demonstration as this has generated robust responses in prior work with
primates (Tomasello et al., 1998; Tomasello et al., 2001; Tomasello et al., 2007); monkeys in
these populations often look around scanning the environment (as they were free ranging
during the test), so a ‘sideways’ look (e.g. Emery, Lorincz, Perrett, Oram, & Baker, 1997)
would have been more difficult to detect experimentally. Prior work has also contrasted an
upwards look with a ‘no look’ control that involves either no social demonstration
(Tomasello et al., 1998), or an experimenter that gazes directly at the subject (Braeuer et al.,
2005; Tomasello et al., 2001). However, because extended direct gaze from a human is
generally perceived as a threat in macaques, we instead used a ‘downwards look’ in order to
provide a fair contrast: the experimenter captured the monkey’s attention and then looked in
a specific direction, without introducing additional confounds such as increased arousal due
to the human’s directed gaze. This control therefore served as a baseline measure of how
often monkeys looked up, as the control procedure was thus identical except that the
experimenter looked in a different direction.

In tests, two experimenters approached a calmly sitting monkey (approximately 1-2 m
away). The demonstrator, experimenter 1 (E1), first attracted the monkey’s attention to her
face (by calling ‘monkey” and/or clapping her hands). When the monkey was looking, E1
said ‘now’ and then looked straight up or down, rotating her entire head with her eyes open
for 10 s (following the same procedure in Rosati et al. (2016) (see Supplementary Material
1, Fig. S1). E1 did not look at an actual target, but to make the experimenter’s action appear
plausible, we tested monkeys sitting in the vicinity of a tree. We therefore refrained from
testing in locations when another monkey was actually present above the subject, to avoid
any potential visual and auditory confounds. The cameraperson, experimenter 2 (E2), stood
next to E1 and filmed the monkey’s response (see Supplementary Videos S1-S2). After the
10 s were up, E2 said ‘stop’ to end the trial. E1 tried to attract the monkey’s attention for the
next trial as soon as the previous one concluded. The same actor served as E1 for both
populations.

As the monkeys were free ranging during the tests, some individuals moved away of their
own volition before completing all four trials. Monkeys therefore had to successfully
complete at least two trials (e.g. one test and one control trial) to be included in the study
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because of the within-subjects design. Consequently, additional monkeys were approached
by the experimenters for testing but were not included in the analyses because they only
completed one trial (V=10 rhesus, /=7 Barbary), or because the coders scored that the
monkey was not looking when the primary experimenter called ‘now’ on one of the first two
trials (V= 4 rhesus monkeys). An additional four trials (2 from rhesus monkeys, 2 from
Barbary macaques) were excluded; these trials occurred in the second half of the test, so
these monkeys were included in the final sample as they had successfully completed at least
the first two trials prior to these excluded trials. In the final sample, both species exhibited
similar mean trial completion rates of 3.54 trials, with no difference between species (53 =
0.001, P> 0.99; see Supplementary Material 1, Table S1 for means by cohort). If the
monkey ran away or moved to an inaccessible location before the entire four trials could be
completed, E1 (who was blind to the monkey’s previous responses, as she had been looking
up) decided whether to end the session.

Video Processing and Coding

The same two independent coders scored both species’ responses on all trials. We first
clipped out individual trials from longer session videos, and then randomized the order of
trials (assigning a new, random trial ID) to blind coders to condition and trial number. Each
coder independently identified the start of the trial (e.g. when E1 said ‘now’) and examined
the subsequent 10 s period frame by frame in the program MPEG Streamclip (http://
www.squared5.com/). Following previous work (Rosati et al., 2016), we coded: (1) whether
the monkey looked up, using only his/her eyes or entire head (binomial response); (2) total
duration of looking upwards (in seconds); (3) latency to look up (in seconds); and (4)
number of discrete, independent looks up within the trial (a count response). The last
measure therefore examined whether monkeys looked up multiple times within a trial,
echoing previous work examining whether primates ‘check back” with actors to assess their
true line of sight (Braeuer et al., 2005; Tomasello et al., 2001). In this naturalistic context,
however, we could only assess whether monkeys made multiple independent looks (e.g.
looked up, looked away, and then looked up again). The coders had high reliability for all
measures (the Kappa value for whether or not the monkey looked was 0.92 (agreement on
97% of trials); Pearson correlations were 0.94 for total time spent looking up, 0.95 for
latency to look up and 0.91 for the total number of discrete looks).

Statistical Analyses

When modelling propensity to follow gaze as a binary response measure, we implemented
generalized linear mixed models (GLMM) in R version 3.3.3 (R Development Core Team,
2017). We used the glmer function from the Ime4 software package (Bates, 2010), fitting
binomial models with a logit link function using maximum likelihood. We included random
subject intercepts to account for repeated trials within subjects. GLMM can account for
unequal repeats across subjects (Baayen, 2008), which is important since subjects did not
always complete all four trials (as they were free ranging during tests). We then compared
the fit of different models using likelihood ratio tests (Bolker et al., 2008). We used the glht
function in the multcomp package for post hoc pairwise comparisons of model factors
(Hothorn, Bretz, & Westfall, 2008). Other characteristics of the monkeys’ gaze following
had distributions with positive skew (e.g. duration of total looking and latency to look
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upwards). We therefore used an inverse Gaussian distribution (inverse link function) for
these GLMMs (following recommendations for similiar reaction time data; Baayen & Milin,
2010; Lo & Andrews, 2015). Finally, when modelling the number of discrete looks within a
trial (a count response), we used a Poisson distribution. Across analyses, graphs showing
predicted effects and confidence intervals (Cls) from these models were calculated using the
effects package in R (Fox et al., 2016).

Across analyses, we generally accounted for condition order (the first trial type the
individual experienced), trial number (1-4) and subject (as a random factor accounting for
repeated measures). We then tested the importance of additional predictors in subsequent
models, including trial type (whether the experimenter looked up in test trials or down in
control trials), species (rhesus or Barbary macaques), sex (male or female) and the subject’s
age (in years), as relevant. We included sex as a predictor because prior work has
demonstrated that female rhesus monkeys show interest in social stimuli (Simpson, Nicolini,
et al., 2016) and exhibit greater responsivity to gaze cues (Rosati et al., 2016; Simpson,
Paukner, et al., 2016) than do males. We analysed data with age in years as a continuous
predictor, but in some figures we split individuals into age cohorts based on life history
transitions in this species (following those used in Rosati et al., 2016): juveniles up to 5
years (sexual maturity); adults up to 15 years; and older monkeys over 15 years (monkeys in
this population have a median life span of 15 years, only rarely exceeding 25 years; see
Hoffman, Higham, Mas-Rivera, Ayala, & Mastripieri, 2010).

Performance on Test versus Control Trials

In our first set of analyses, we confirmed that both macaque species responded to the
experimental manipulation. Overall, 43.8 = 5.6% (mean + SE) of rhesus macaques looked
up on their first test trial, whereas only 12.5 + 3.7% did on their first control trial; 52.5

+ 5.6% of Barbary macaques looked up on their first test trial, whereas only 8.8 + 3.2% did
on their first control trial (see Fig. 1 for breakdown by species and age cohort). For each
species, we created a basic GLMM model, with response as a binary outcome, accounting
for condition order (first trial type), trial number (1-4) and subject (as a random factor
accounting for repeated measures). We then tested the importance of three additional
predictors for each species’ responses in subsequent models: trial type (test versus control),
age and sex.

In rhesus macaques, model fit was improved by including trial type in the second model
(le =33.82, P<0.001): they looked up more on test trials than on control trials. In a third
model, fit was further improved by adding age (le =17.87, P<0.001): younger rhesus
monkeys looked up more than older monkeys. Finally, fit was further improved in the fourth
model by adding sex (<1 = 8.87, < 0.005): female rhesus looked up more than male
rhesus (see Supplementary Material 1, Table S2 for parameters from the full rhesus model).
In contrast, model fit for Barbary macaque responses was only improved by including trial
type as a predictor (le =59.96, P< 0.001). Subsequent models that included age (le =
1.64, P> 0.20) and sex (le =1.00, P> 0.31) did not improve model fit (see Supplementary
Material 1, Table S3 for parameters from the full Barbary model). Thus, Barbary macaques
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were more likely to look up in test trials when the experimenter initially looked up,
compared to control trials where she looked down, but they did not exhibit any
developmental changes in responses like those seen in rhesus macaques. These results
indicate that both species exhibited a robust gaze-following response on test trials relative to
control trials, but they also showed potential variation in developmental trajectories.

Developmental Patterns

In our second set of analyses, we directly compared the two species’ responses to test trials
to ascertain whether they differed in their propensity to gaze-follow across the life span (see
Fig. 2). To do so, we first created a basic GLMM model, with response as a binary outcome,
again with accounting for condition order, session half (as there were only two possible test
trials per monkey), sex, age and subject (as a random factor). In a second model, we added
species as a predictor, which marginally improved fit (le =3.41, P=0.065). In the third
model, we then added a species*age interaction, the main test of our prediction that any
species differences would become exacerbated with increasing age. This improved model fit
compared to the second model (le =9.17, P<0.005): social attention declined with age in
rhesus but not in Barbary macaques. Finally, we added a species*sex interaction, as our
initial analyses suggested different sex effects in these two species. This further increased fit
(le =7.63, P<0.01): females followed gaze more often than males in rhesus macaques,
whereas there was no sex difference in Barbary macaques (Table 1). This shows that,
whereas rhesus macaque gaze following declines with age, Barbary macaques sustain high
rates of gaze following across their life span.

To confirm that developmental effects were specific to test trials involving actual gaze-
following responses, we then performed the same analyses on the monkeys’ behaviour in
control trials. In general, both species responded with upward looks infrequently on control
trials. Barbary macaques looked up on 9.2 + 2.4% of all control trials, and rhesus looked up
on 14.1 + 2.9% of all control trials. As with the analysis of test trials, we first created a basic
model of control trial performance accounting for condition order (first trial test versus
control), session half, sex, age (as a covariate) and random subject intercepts to account for
repeated measures. We added species as a predictor in a second model, which did not
improve fit (21 = 0.16, 2> 0.68). In the third model, we then added the species*age
interaction, which also did not improve fit compared to the second model (le =0.35, P>
0.55). Finally, we added a species*sex interaction, which also did not increase fit compared
to the third model (le =1.16, P> 0.28). These results therefore stand in contrast to the
results from the test trials, where interactions between species and age, as well as between
species and sex, significantly increased model fit (see Fig. 1b and Table 2 for parameters
from the full control trial model).

Characteristics of Gaze-following Response

Our final analyses examined differences in other characteristics of the macaques’ gaze-
following responses. Across three sets of models, we compared the two species’ responses
across three dependent variables indexing different aspects of their looking patterns: their
total duration of time spent looking upwards, their latency to initially look up and the
number of discrete looks that monkeys produced to identify the (absent) target. In these
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analyses, we only analysed test trials in which monkeys produced a gaze-following
response. This allowed us to assess whether rhesus and Barbary macaques also differed in
other aspects of their gazing patterns beyond their overall propensity to produce a response
at all.

Barbary macaques spent an average duration of 1.50 + 0.17 s looking upwards when they
responded; rhesus macaques looked for 1.61 + 0.18 s. We first fitted a base GLMM with an
inverse-Gaussian distribution and inverse link (as this data had positive skew), accounting
for condition order (first trial test versus control), session half, sex, age and random subject
intercepts to account for repeated measures. We then added species to test whether rhesus
and Barbary macaques differed in their duration of looking, but this did not improve model
fit (x?1 = 0.09, P> 0.76; see Fig. 3a for estimated duration of looking across the two
species, derived from this second model). In the third model, we added a species*age
interaction (le =0.97, P> 0.32), which also did not improve fit. Finally, we added a
species*sex interaction (le =0.01, £>0.98), which again did not improve fit. Thus, the
two species did not differ in their duration of time spent looking upwards in test trials.

We used the same procedure to analyse the monkeys’ latency to make a gaze-following
response. On average, Barbary macaques had a response latency of 2.12 + 0.26 s; rhesus
macaques had a latency of 1.98 £ 0.30 s. We first created a base model with an inverse-
Gaussian distribution (inverse link), and then added species, the species*age interaction and
the species*sex interaction to test their importance as predictors. In fact, neither species (X21
=0.05, P> 0.81; see Fig. 3b for predicted latency to respond across the two species, derived
from this second model), the species*age interaction (le =1.10, P> 0.29), nor the
species*sex interaction (X21 =0.03, £>0.86) improved model fit. Thus, the two species did
not differ in their latency to look on test trials in which they did respond.

Finally, we used the same general procedure to analyse monkeys’ number of discrete looks
to identify the (absent) target of the actor’s gaze. As this was a count response, we
implemented a mixed model with a Poisson distribution. On average, Barbary macaques
made 1.36 + 0.08 discrete looks upwards; rhesus macaques made 1.32 + 0.08 looks. For the
number of discrete looks, neither the addition of species (le =0.001, P> 0.98; see Fig. 3c
for predicted number of looks across the two species, derived from this second model), a
species*age interaction (le =0.16, > 0.69) nor a species*sex interaction (X21 =0.46, P>
0.49) improved model fit. Thus, the two species did not differ in the number of discrete
looks they made when they did respond.

DISCUSSION

Tolerant Barbary macaques exhibited more robust social attention across the life span than
despotic rhesus macaques. Both species followed gaze at high rates as juveniles, but Barbary
macaques continued to do so in old age, whereas rhesus monkeys did not, aligning with our
prediction that these species would exhibit great divergence in social cognition with
increasing age. Importantly, both species exhibited low rates of baseline looking in control
trials, showing that this pattern was not due to general changes in vigilance unrelated to gaze
following. In contrast, other characteristics of these species’ gaze-following responses, such
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as latency and duration of looking, were quite similar across species when they did follow
gaze. This pattern indicates that the major difference between the two species involved their
overall propensity to follow gaze. Together, these results show that tolerant macaques
maintain high sensitivity to gaze signals across the life span, whereas more competitive
rhesus macaques do not. These results support the hypothesis that species characterized by
tolerant relationships exhibit more robust social cognition (Burkart et al., 2009; Hare, 2017).

Comparisons of cognitive development across species are a powerful method for
understanding how cognition evolves, as shifts in development are thought to be a potential
evolutionary mechanism for generating variation in mature traits across species (Rosati,
Wobber, Hughes, & Santos, 2014; Wobber, Herrmann, Hare, Wrangham, & Tomasello,
2013). Our results demonstrate that social attention declines with age in despotic rhesus
macaques relative to tolerant Barbary macaques, paralleling shifts in tolerance in the
transition to adulthood seen in primates more generally (Pereira & Fairbanks, 2002; Wobber
et al., 2010). This represents the largest study to date comparing the development of gaze
following across multiple primate species. While some developmental work has tracked
early gaze following in single species (Ferrari et al., 2000; Rosati et al., 2016; Simpson et
al., 2015; Teufel et al., 2010; Tomasello et al., 2001), or compared gaze following across ape
species (Braeuer et al., 2005; Kano & Call, 2014; Kano et al., 2015; MacLean & Hare, 2012;
Okamoto-Barth et al., 2007), no prior studies have tested this skill across the entire life span
of multiple species. Our developmental results do align with prior work showing that rhesus
monkeys exhibit high rates of gaze following in the juvenile period but show declining social
attention with age (Rosati et al., 2016; Tomasello et al., 2001), as well as prior work
indicating that female rhesus macaques are more sensitive to social information than are
males (Rosati et al., 2016; Simpson, Nicolini, et al., 2016; Simpson, Paukner, et al., 2016).
This pattern mirrors that seen in humans, where adult females are more sensitive to gaze
cues than are adult males (Alwall, Johansson, & Hansen, 2010; Bayliss, di Pellegrino, &
Tipper, 2005; Deaner, Shepherd, & Platt, 2007; Mundy et al., 2007). In contrast, we found
that Barbary macaques do not exhibit such developmental changes or sex differences in
patterns of social attention. While there have been no prior examinations of life span patterns
of Barbary gaze following (see Teufel et al., 2010, for patterns of gaze following in early
development), old Barbary macaques do maintain high interest in other types of social
stimuli, such as photographs or vocal playbacks of conspecifics (Almeling, Hammerschmidt,
Senn-Reulen, Freund, & Fischer, 2016), suggesting that this species may maintain other
aspects of social cognition during ageing as well. Taken together, our results suggest that
social cognition in Barbary macaques may be relatively preserved during the ageing process
compared to that of rhesus monkeys.

Importantly, our results are unlikely to be due to different developmental experiences with
humans across the two species, as both study populations are highly habituated to human
observers. Moreover, the experimental evidence mentioned above has shown that adult
rhesus monkeys also exhibit declines in gaze following relative to juveniles at other sites
despite having different experience with humans (Tomasello et al., 2001). In addition, our
work aligns with previous studies showing that Barbary macaques exhibit continued interest
in conspecific social stimuli with age (Almeling et al., 2016) even though they have different
experiences with humans and other monkeys. Finally, previous work directly tested this
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possibility, by presenting a human actor directing their gaze and then examining monkeys’
subsequent gaze-following responses in an encounter sometime later, and found that this
experience did not affect the monkeys’ subsequent performance (Ferrari et al., 2008).
Together, these findings suggest that greater experience with humans does not necessarily
impact gaze-following patterns in these kinds of situations.

We examined monkeys’ gaze following in a neutral context that was not specifically
cooperative or competitive in nature. One important open question is therefore whether
nonhuman primate species’ cognitive skills are tailored to their typical social interactions.
For example, competitive species might exhibit more robust gaze following when actually
competing with others (e.g. Hare & Tomasello, 2004), whereas tolerant primate species
might exhibit even greater sensitivity to gaze signals during cooperation. Along these lines,
there is evidence that tolerant crested macaques, Macaca nigra, are faster to respond to the
gaze cues of conspecifics who are close friends versus nonfriends (Micheletta & Waller,
2012), highlighting the potential importance of gaze sensitivity in their affiliative
interactions. In contrast, less tolerant longtailed macaques, Macaca fascicularis, exhibit more
gaze following in response to a human producing a ‘bare teeth’ expression (as signal of
submission) than one producing a ‘lip smack’ expression (a signal of affiliation) (Goossens
et al., 2008). This finding may point to the possibility that gaze signals are more meaningful
to despotic species in the context of agonistic interactions. Thus, an important next step
would involve directly comparing how species varying in tolerance respond to gaze cues
across both kinds of contexts.

Another question concerns how species variation in gaze-following propensity affects other
aspects of social cognition. In humans, co-orienting is a foundational social skill that
emerges during early infancy (D’Entremont, Hains, & Muir, 1997) and then scaffolds the
development of more sophisticated social capacities. For example, co-orienting is an
important cognitive component for establishing joint attention with others (Butterworth &
Cochran, 1980; Carpenter, Nagell, & Tomasello, 1998), communicative and linguistic
development (Brooks & Meltzoff, 2005, 2008; Csibra, 2010; Senju & Csibra, 2008) and
perspective taking and theory of mind more generally (Charman et al., 2000; Flom et al.,
2007; Moll & Tomasello, 2004, 2006; Wellman, 2011). Furthermore, older adult humans
show a decline in their propensity to respond to gaze cues (Kuhn, Pagano, Maani, & Bunce,
2015; Slessor, Phillips, & Bull, 2008; Slessor et al., 2014) as well as impairments in more
complex theory of mind skills such as perspective taking and false-belief attribution (Moran,
2013; Phillips et al., 2011; Slessor, Phillips, & Bull, 1007). Given that gaze is such a potent
source of information into other minds, it is possible that the reduced sensitivity to gaze cues
that we found in older rhesus monkeys may feed forward and lead to relative decrements in
other aspects of their social cognition as well.

The relationship between variation in tolerance and social cognition may be important for
understanding the origins of human cognition as well. Some theories suggest that
competition shapes social cognition in nonhuman primates, whereas cooperation is
important for human cognition specifically (Moll & Tomasello, 2007; Tomasello, 2014;
Tomasello & Call, 1997). Indeed, several proposals have specifically invoked our species
high levels of social tolerance as an important evolutionary precursor to our exceptional
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social intelligence (Burkart et al., 2009; Hare, 2017). Along these lines, children with calmer
or more tolerant temperaments exhibit more sophisticated theory of mind capacities relative
to children with more aggressive or reactive temperaments (Lane et al., 2013; Wellman,
Lane, LaBounty, & Olson, 2010). Our results show that tolerance may also have powerful
effects on the social cognitive development of nonhuman primates, therefore providing a
window into the evolutionary and developmental processes that may have shaped our own
species. Given that humans are not just an extremely tolerant species, but also an ultra-social
species that can routinely interact and cooperate with others in large groups, understanding
the relationship between variation in social systems and complex cognition is critical to
address how human cognition evolved.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. We examined the development of gaze following in two macaque species.
. Both juvenile rhesus and juvenile Barbary macaques followed gaze at high
rates.
. Only Barbary macaques showed high levels of social attention in old age.
. Tolerant social systems may promote more robust social cognition across

primate species.
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Figure 1.

First trial responses. Barbary and rhesus performance on their first test and control trial, split
by age cohorts; error bars represent SE.
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(a) Test Trials (b) Control Trials
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Figure 2.
Developmental changes in gaze-following responses across macaque species. Estimated

values for each species’ response across age in (a) test trials and (b) control trials. Estimates
are derived from generalized linear mixed models also controlling for sex, session-half,
condition order and subject identity. Ribbons indicate 95% confidence intervals; lines are
truncated to tested age range of each species.
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Figure 3.
Characteristics of rhesus and Barbary macaques’ gaze-following responses. Estimated

values for (a) duration of total looking upwards, (b) response latency and (c) number of
discrete looks for each species when monkeys produced a gaze-following response.
Estimates are derived from generalized linear mixed models of each response variable also
controlling for sex, age, session half, condition order and subject identity; error bars indicate
95% confidence intervals.
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Table 1

Factors influencing propensity to look up in test trials

Factor Estimate SE z P
Condition order (control first = reference) —0.434 0.298 -1.455 0.14
Session half (1-2) -0.358 0.277 -1.295 0.19
Species (Barbary = reference) 2.141 0.765  2.798 <0.01
Age: Barbary -0.027 0.033 -0.824 0.87
Age: Rhesus -0.240 0.061 -3.944 <0.001
Sex: Barbary (female = reference) 0.095 0.401  0.237 0.99
Sex: Rhesus (female = reference) -1.609 0.486 —3.309 <0.005

Page 21

Predictors from the full (best-fit) model. Condition order, session half and a random subject factor were included across models. Species and the
interactions between species*age and species*sex were added to successive models to test their importance. Significant P values are shown in bold.
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Table 2

Factors influencing propensity to look up in control trials

Factor Estimate SE z P

Condition order (control first = reference) —0.212 0585 -0.362 0.71
Session half (1-2) 0.193 0.449 0.430 0.66
Species (Barbary = reference) 2.515 1509 1.666 0.10
Age: Barbary -0.113 0.089 -1.272 0.58
Age: Rhesus -0.261 0.126 -2.062 0.14
Sex: Barbary (female = reference) 1.243 0.904 1376 051
Sex: Rhesus (female = reference) -0.577 0.830 -0.695 0.92
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Predictors from the full model. Condition order, session half and a random subject factor were included across models. Species and the interactions

between species*age and species*sex were added to successive models to test their importance.
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