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1 | INTRODUCTION

Abstract

Among human and nonhuman primates, mutual eye gaze (MEG) and gaze following are
believed to be important for social cognition and communicative signaling. The goals
of this study were to examine how early rearing experiences contribute to individual
variation in MEG and to examine the potential role of genetic factors underlying this
variation. Subjects included 93 female and 23 male baboons (Papio anubis) ranging from
3 to 20 years of age. Within the sample, there were 55 mother-reared (MR) and 61
nursery-reared (NR) baboons. MEG was assessed in four 60-s test sessions. For each
session, the duration, frequency, and bout length were recorded. Mean values were
then calculated for each individual from the four sessions. A multivariate analysis of
covariance revealed an overall significant main effect for rearing. Subsequent univari-
ate analyses revealed significant rearing effects on mean bout length, but not mean
duration or mean frequency, with MR baboons having longer bout lengths compared
to NR baboons. Furthermore, mean bout length was found to be significantly heri-
table. These results indicate that rearing experiences, and to a small extent, genetic
factors, affect patterns of mutual eye gaze - in particular, bout length. These results
differ from previous findings in MR and NR chimpanzees, further suggesting that rear-
ing may impact MEG in a species-specific manner that reflects the function of gaze in

different primate species.
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out primate evolution, particularly in social contexts, is illustrated by
the primate brain which contains over 30 regions involved in visual

Primates rely more heavily on visual signals than do most other
mammals (Emery, 2000). These visual cues help with basic survival
skills such as finding food, mates, and shelter, but also with the
maintenance of complex social relationships that characterize most
primate societies (Kaas & Balaram, 2014). Many of the traits typically
associated with primate social cognition—for example, coalition for-
mation, tactical deception, reciprocity, and knowledge of third-party
relationships—depend on visual cues since these signals can convey
emotional or mental states, and they can be directed toward specific

individuals (Emery, 2000). The importance of visual signaling through-

processing, including regions in which neurons respond to visual social
signals (Felleman & Van Essen, 1991).

Among these visual signals, eye gaze is believed to be important
for social development, social cognition, and communicative signal-
ing (Grossmann, 2017; Hopkins et al., 2020; Kano et al., 2015). In
humans, infants and their caregivers often engage in mutual eye gaze,
and this early non-verbal communication is believed to play a role
in the formation of social bonds and attachment (Farran & Kasari,
1990; Niedzwiecka et al., 2018). Mutual gaze between mothers and

infants has also been observed in other apes (e.g., chimpanzees: Bard,
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1994; orangutans: Kaplan & Rogers, 2002) and in monkeys (e.g., rhe-
sus macaques: Ferrari et al., 2009). Additionally, eye gaze may relate
to the theory of mind by allowing individuals to make inferences about
what others see and think (Grossmann, 2017). Gaze following has been
reported in all great apes (Bréuer et al., 2005), catarrhine monkeys
(e.g., stump-tailed macaques; Anderson & Mitchell, 1999), platyrrhine
monkeys (e.g., spider monkeys and capuchins: Amici et al., 2009; mar-
mosets: Burkart & Heschl, 2006), and prosimians (e.g., black lemurs and
common brown lemurs: Ruiz et al., 2009). Research on eye structure
and the communicative function of gaze across primate taxa demon-
strates that information conveyed through mutual eye gaze and gaze
following is widespread among primates (Amici et al., 2009; Brauer
et al., 2005; Rosati & Hare, 2009; Tomasello et al., 1998, 2007). Fur-
thermore, studies show that early social experiences may affect the
development of species-typical eye gaze patterns in humans (Senju
et al., 2015). However, despite the compelling evidence that eye gaze
has a strong evolutionary basis, and that it is potentially influenced by
social experiences early in life, few studies have investigated the role
of genetic factors or early life experiences on mutual eye gaze among a
relatively large cohort of primates. To this end, the current study has
two main objectives: (1) to examine how early social rearing experi-
ences contribute to individual variation in mutual eye gaze and (2) to
examine the potential role of genetic factors underlying this variation.

This research leverages a unique population of olive baboons at the
Michale E. Keeling Center for Comparative Medicine and Research
(KCCMR) at The University of Texas MD Anderson Cancer Center.
Specifically, the KCCMR maintains a colony of specific pathogen free
(SPF) baboons. To create an SPF breeding colony, newborn infant
baboons born to non-SPF females must be separated at birth to pre-
vent maternal transfer of all undesirable pathogens. When removed
from the non-SPF females, the neonates are raised in a nursery setting
(i.e., nursery-reared [NR] baboons) with same-aged peers for the first
2 years following methods very similar to those previously employed
at other facilities (Brent & Bode, 2006). There are also offspring
born to SPF females who remain with their biological mother in their
natal groups since they are already pathogen free (i.e., mother-reared
[MR] baboons). This manipulation of early social rearing between MR
and NR baboons offers a unique opportunity to examine how these
experiences influence mutual eye gaze measures.

Because the NR baboons in this study had more frequent inter-

actions with humans early in life, we hypothesized that NR baboons

TABLE 1 Study subjects.

Age/sex Mother-reared Nursery-reared Total

Juvenile/adolescent 4 17 21
female

Juvenile/adolescent 2 5 7
male

Adult female 41 31 72

Adult male 8 8 16

Total 55 61 116
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would be more inclined to engage in mutual eye gaze (MEG) with a
human experimenter than MR baboons. Specifically, we predicted that
MEG frequency, duration, and bout length would be higher among
NR baboons than MR baboons after controlling for age and sex.
Additionally, based on evidence that mutual eye gaze has strong evo-
lutionary foundations among primates, we further hypothesized that
MEG measures would be heritable among the baboons in this study.

2 | METHODS
2.1 | Subjects

Subjects included 93 female and 23 male olive baboons (Papio anu-
bis) housed at the KCCMR. Within the sample, there were 55 MR
and 61 NR baboons ranging from 3 to 20 years of age. Table 1 shows
the distribution of subjects across the age and sex within the MR and
NR cohorts. Baboons were housed in the SPF colony. The baboons at
KCCMR live in indoor/outdoor corrals (~4518 ft2) or domes (~1000
ft2). The sliding doors separating indoor and outdoor areas remain
open aside from daily cleaning times. The baboons are provisioned
a diet of monkey chow and fresh produce, and water is available
continuously.

As previously mentioned, newborn infant baboons born to conven-
tional (non-SPF) females are separated at birth to prevent maternal
transfer of undesirable pathogens and are subsequently raised in
a nursery setting. Nursery rearing typically involves bottle feeding
and inanimate surrogates during the first 30 days of life, followed
by increasing levels of socialization with same-age peers. Specifically,
infants are moved into age-matched peer groups of four to five indi-
viduals starting at 3-6 months, then larger age-matched groups of
6-12 individuals at 6-9 months, and finally into the multi-age breeding
groups when they are ~2 years old and have cleared viral testing. At the
time of testing, all subjects in the current study were housed in multi-
age breeding groups comprising both MR and NR baboons. We limited
our sample to subjects 3 years of age or older so that NR baboons intro-
duced into the breeding group had been in the group for at least 1 year
at the time of testing. All work was approved by the Institutional Ani-
mal Care and Use Committee at The University of Texas MD Anderson

Cancer Center.

2.2 | MEG procedure

As in the previous study by Hopkins et al. (2020) with chimpanzees,
mutual eye gaze of each subject was assessed in four, 60-s test ses-
sions by the same human observer. All subjects were tested in their
social groups, and no attempts were made to separate individuals. The
observer sat ~0.5 m from a window or mesh of the enclosure so that
they were not within touching distance but were close enough to tell
when direct eye contact was being made. The observer wore a dispos-
able face mask and face shield when conducting observations, though
other humans confirmed that the observer’s eyes were entirely visible
through the plastic face shield.
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TABLE 2 Pearson correlations between mutual eye gaze (MEG)
measures.

MEG Duration

Session1  Session2  Session3  Session4
Session 1 1 0.559 0.635 0.628
Session 2 - 1 0.676 0.651
Session 3 = = 1 0.647
Session 4 - - - 1
MEG Frequency

Session1l  Session2  Session3  Session4
Session 1 1 0.547 0.481 0.584
Session 2 - 1 0.410 0.599
Session 3 = = 1 0.540
Session 4 - - - 1
MEG Bout Length

Session1  Session2  Session3  Session4
Session 1 1 0.786 0.837 0.865
Session 2 - 1 0.834 0.809
Session 3 = = 1 0.855
Session 4 - - - 1

Note: All correlations are significant at p < .01 (two-tailed).

The 60-s test session began when the subject was sitting or stand-
ing with their attention directed toward the observer and when the
observer made direct eye contact with the subject. Throughout the ses-
sion, the observer actively tried to gain and maintain eye contact with
the subject by calling their name or making other sounds. All scoring
was done live using the program BORIS (Friard & Gamba, 2016). On
rare occasions (16 times during this study), sessions were discarded
if the subject was distracted by external events (e.g., a fight within
the group, other humans in the vicinity). The observer repeated this
test over four distinct sessions on separate days. During each session,
the observer recorded when the subject made or broke eye contact.
BORIS then provided the duration (i.e., total number of seconds that
MEG was maintained within the 60-s session), frequency (i.e., the num-
ber of times MEG occurred within the 60-s session), and mean bout
length (i.e., total duration divided by frequency) for each observation.

The observer was blind to MR or NR status during data collection.

2.3 | Statistical analyses

We used Pearson Product Moment correlations to evaluate individ-
ual consistency in MEG measures across the four sessions. Because we
found consistent scores within individuals and between the four ses-
sions, we computed mean duration, mean frequency, and mean bout
length for each individual. A multivariate analysis of covariance (MAN-
COVA) was used to examine the effects of sex and rearing on each
mean MEG outcome measure. For this analysis, mean frequency, mean

duration, and mean bout length were dependent measures, age was a
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covariate, and sex and rearing history were fixed factors. Subsequent
univariate analyses were also used to examine the effects of sex and
rearing history on each MEG measure.

2.4 | Heritability

Consistent with previous studies that have utilized pedigree informa-
tion from captive nonhuman primate populations (Fears et al., 2009;
Hopkins et al., 2014; Kochunov et al., 2010; Rogers et al., 2008), we
used the software program Sequential Oligogenic Linkage Analysis
Routines (SOLAR) (Almasy & Blangero, 1998) to estimate heritability
in the MEG measures based on pedigree information from the conven-
tional and SPF baboon colonies at KCCMR. The phenotypes examined
included mean MEG duration, mean MEG frequency, and mean MEG
bout length. Prior to heritability analyses, all three phenotypes were
normalized (due to high kurtosis) using an inverse normal transfor-
mation function within SOLAR. Covariates included age, sex, rearing

history, sex X age, sex X rearing history, and age X rearing history.

3 | RESULTS
3.1 | Consistency in mutual eye gaze measures

We found significant positive associations among the four observa-
tion sessions for all three mutual eye gaze measures including duration,
frequency, and bout length (Table 2). Individual responses therefore

appear to be consistent and repeatable across test sessions.

3.2 | Heritability

Mean bout length was found to be significantly heritable (h?= 0.309,
SE = 0.175, p = .026). Significant covariates for mean bout length
included age and age x sex, and the proportion of variance accounted
for by these covariates was 0.029. Mean duration was not significantly
heritable (h?= 0.210, SE = 0.232, p = .161), nor was mean frequency
(h2=0.039, SE = 0.321, p = .450). Significant covariates for mean dura-
tion included age, sex, and sex x age, and the proportion of variance
accounted for by these covariates was 0.152. Sex x age was a signif-
icant covariate for mean frequency, and the proportion of variance
accounted for by this covariate was 0.179.

3.3 | Multivariate analysis of covariance

The MANCOVA revealed an overall significant main effect of rear-
ing F(3, 109) = 2.796, p = .044 and sex F(3, 109) = 4.188, p = .008.
Age was not a significant covariate F(3, 109) = 1.516, p = .214. Sub-
sequent univariate analyses revealed significant rearing effects on
mean bout length F(1, 111) = 8.316, p = .005, but not mean dura-
tion F(1, 111) = 3.392, p = .068 or mean frequency F(1, 111) = 0.738,
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FIGURE 1 Meanand standard errors bars for mutual eye gaze (a) duration, (b) frequency, and (c) bout length in mother-reared and
nursery-reared olive baboons (Papio anubis). The asterisk indicates significance at the p < .05 level.

p = .392. Specifically, MR baboons had higher MEG duration and bout
lengths compared to NR individuals (see Figure 1). In addition, univari-
ate analyses revealed a significant effect of sex on mean frequency
F(1,111) = 10.013, p = .002, with females (mean = 11.918, SE = 0.274,
n = 93) exhibiting higher mean frequency than males (mean = 9.958,
SE = 0.555, n = 23). To determine the influence of age on MEG mea-
sures, we performed a partial correlation analysis. After controlling
for sex and rearing, age was found to have a negative association
with mean frequency (r(df = 112) = —0.194, p = .039), indicating that
as baboons age, MEG frequency decreases. There was no significant
relationship between age and MEG duration or bout length (p > .05).

4 | DISCUSSION
4.1 | Mutual eye gaze measures

The results from this study indicate that rearing experiences affect
average bout length of MEG among olive baboons. Specifically, MR
baboons engaged in significantly longer bouts of MEG compared to
NR baboons. This finding is contrary to our first hypothesis that NR
baboons would be more inclined to engage in MEG with a human
observer than MR baboons. Additionally, the results from this study
differ from previous findings in chimpanzees, which show that NR
chimpanzees engaged in longer bouts of MEG than both MR and wild-
born individuals (Hopkins et al., 2020). One possible explanation for
our results could be that when baboon infants are raised by their bio-
logical mothers, mothers may engage in frequent MEG with the infants,
whereas in the nursery setting, human caretakers do not engage in fre-
quent, sustained MEG with baboon infants. Mother-infant MEG has
been described in apes (e.g., (Bard, 1994; Kaplan & Rogers, 2002) and
rhesus macaques (Ferrariet al., 2009), though future research involving
additional primate taxa, such as baboons, may shed light on the natural
variation of this behavior.

The discrepancy in the impact of rearing on MEG between baboons

and chimpanzees (Hopkins et al., 2020) may suggest that rearing

impacts MEG in a species-specific manner that potentially reflects dif-
ferent functions of gaze in these two primate species. For instance,
mutual eye gaze may have affiliative functions in chimpanzee commu-
nication but may serve as an agonistic cue among baboons. Indeed,
among captive rhesus macaques (Macaca mulatta), eye gaze is believed
to be distressing, such that the human intruder test—a test initially
designed to measure defensive behavior in infant rhesus macaques
(Kalin & Shelton, 1989), which has since been used to measure anxiety
and fear (Bethea et al., 2004; Corcoran et al., 2012), behavioral inhibi-
tion (Rogers et al., 2008), and aggression (Minier et al., 2011)—often
includes a stare phase in which a human observer attempts to make
a direct eye contact with the subject. Rhesus macaques tested under
the human intruder paradigm have shown increased threat displays
(Bethea et al., 2004; Corcoran et al., 2012) and defensive or inhibitory
behaviors such as freezing (defined as >3 s of immobility with a tense
posture) (Corcoran et al., 2012; Rogers et al., 2008). Furthermore, at
least one of these studies shows that rearing history affects responses
to the humanintruder paradigm with NR macaques showing a decrease
in locomotory and exploratory behaviors and a slight increase in freez-
ing compared to MR macaques (Corcoran et al., 2012). Because this
study did not record threats or defensive behaviors, it is possible that
the tendency to maintain eye contact (i.e., to stare back at the human
observer) is an agonistic behavior in baboons rather than an affilia-
tive one. However, the baboons in this study had extensive exposure
to the human observer prior to MEG test sessions, the observer was
already seated outside the enclosure window when baboon subjects
voluntarily approached, and anecdotally, threat behaviors occurred
infrequently during this study.

4.2 | Heritability

MEG measures in this study showed relatively low heritability, with
only one of the three MEG measures being significantly heritable. This
finding partially supports our hypothesis, suggesting that genetic fac-
tors potentially play a small role in explaining individual variation in
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mean bout length among baboons. Given that mean frequency was the
one MEG measure that did not significantly differ between MR and NR
baboons according to the univariate analyses, it is possible that there
was not enough individual variation in this measure to detect stronger
heritability. These findings mirror previous research on the heritability
of MEG measures in chimpanzees reporting low heritability (Hopkins
et al., 2020). Based on the rearing effects found in this study, and the
low heritability values, it appears that early life social experiences—
such as rearing history—may play a larger role in shaping patterns of
MEG. However, our results indicate that genetic factors may explain
part of the observed variation as well. This is consistent with other
lines of research on heritable measures of temperament and behavioral
reactivity in baboons (e.g., behavioral inhibition and vigilance: Rogers
et al., 2008).

5 | CONCLUSIONS

Overall, this study shows that social experiences early in life—namely,
cross-species rearing histories—influence patterns of MEG among cap-
tive olive baboons. Additionally, MEG measures in this study showed
low heritability even for the one significantly heritable measure, which
is interesting given the accumulating evidence that eye gaze has strong
evolutionary foundations among primates. One interpretation of this
finding is that social learning and early life social experiences may play
a more determining role in shaping patterns of MEG than genetic fac-
tors. A limitation of this study is that we quantified MEG between
a baboon and a human observer rather than between conspecifics.
This limitation may affect the ecological validity of our results. How-
ever, measuring MEG with a human observer allows for standardized
data collection and is consistent with previous MEG research with
nonhuman primates (Hopkins et al., 2020; Mulholland et al., 2020).
Despite this concern, subsequent research on naturally occurring
mutual eye gaze between mother-infant dyads within the first year
of life considered alongside the results of this study may contribute
to our understanding of how social learning and conspecific interac-
tions affect eye gaze. Additionally, research on the neuroanatomical
basis of mutual eye gaze and on DNA methylation for genes asso-
ciated with social behavior (e.g., vasopressin and oxytocin receptors:
King & Young, 2016) may shed light on the mechanisms that govern
interactions between early social environments and behavioral/brain

phenotypes in primates.
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