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Explaining the evolution of primate social organization has been fundamental to under-
stand human sociality and social evolution more broadly. It has often been suggested
that the ancestor of all primates was solitary and that other forms of social organization
evolved later, with transitions being driven by various life history traits and ecologi-
cal factors. However, recent research showed that many understudied primate species
previously assumed to be solitary actually live in pairs, and intraspecific variation in
social organization is common. We built a detailed database from primary field studies
quantifying the number of social units expressing different social organizations in each
population. We used Bayesian phylogenetic models to infer the probability of each
social organization, conditional on several socioecological and life history predictors.
Here, we show that when intraspecific variation is accounted for, the ancestral social
organization of primates was inferred to be variable, with the most common social
organization being pair-living but with approximately 10 to 20% of social units of the
ancestral population deviating from this pattern by being solitary living. Body size and
activity patterns had large effects on transitions between types of social organizations.
As in other mammalian clades, pair-living is closely linked to small body size and likely
more common in ancestral species. Our results challenge the assumption that ancestral
primates were solitary and that pair-living evolved afterward emphasizing the importance
of focusing on field data and accounting for intraspecific variation, providing a flexible
statistical framework for doing so.

social system | social structure | monogamy

Understanding primate social evolution is central to understanding our own social ancestry.
Numerous comparative studies have inferred that the ancestor of all primates was nocturnal,
small, arboreal, and solitary (1-5). Previous research explained transitions from solitary living
to pair- and group-living by various ecological factors and life history traits (1-3, 6, 7). The
inferred ancestral solitary stage hinged largely on Strepsirrhines (among the extant primates),
which are understudied and previously often assumed to be solitary living (8). However,
several field studies over the last decades indicate Strepsirrhines to be more social (1, 8) and
often pair-living (9).

Social systems are composed of different components including the social organization
(composition of social units), social structure (interactions between individuals), care
system (who cares for infants), and mating system (who mates with who) (10, 11). It has
been argued that these components should be studied independently from each other to
understand social evolution, especially in primates (1, 12—14). For example, pair-living
as a form of social organization has often been equated with monogamy, even though
monogamy refers to a mating system (1, 12, 13, 15-17). Importantly, pair-living species
can vary significantly in their mating system, e.g., in the degree of extra-pair paternity
(18, 19). Similarly, primate social organization varies greatly between (1, 3) but also within
species (8, 20). Previous studies were statistically limited by assigning a single type of social
organization to each species, such that the analysis could only consider between but not
within species variation (2, 3, 21).

Here, we examined whether taking intraspecific variation in social organization (IVSO)
into account and focusing on data from field studies, including many recent studies on
nocturnal strepsirrhines, but excluding assumptions about nonstudied species, changes
our estimate of the ancestral primate social organization. Intraspecific variation in primate
social behaviour has long been recognised (22), and a few studies were successful in
incorporating it into phylogenetic comparative studies (23). For example, considering
intraspecies variation in primate group size did not alter conclusions of the social brain
hypothesis predicting larger neocortex ratios in species with larger groups (24), but it
remains to be tested whether intraspecific variation influenced other aspects of social
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evolution. Primate social evolution is assumed to largely depend
on ecology and life history (25, 26). For example, small nocturnal
species living in forests are generally assumed to be solitary and
large diurnal species living in open habitat to be group-living, with
group composition (one or multimale groups) depending on diet
(3, 10, 25). Species living in heterogeneous habitats are predicted
to have a more variable social organization (27). Therefore, we
tested whether these ecological and life history factors influenced
primate social organization (S Appendix, Table S3).

We assembled a database on the social organization of 493
populations of 215 primate species observed in the field, as pub-
lished in the primary peer-reviewed literature. A population con-
sists of individuals of a species that live in the same geographic
area and can potentially mate and interact with each other. For
our study, a population refers to the animals studied at one par-
ticular field site, even though in most cases the population would
have consisted of many more social units than those observed in
the study area. A social unit consisted of individuals being observed
consistently together either during foraging or at sleeping sites,
and which were sharing the same home range (home range overlap
>50% during the study period). Studies varied considerably in
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duration and research effort, and species varied in life history (e.g.,
lifespan), making it difficult to find a definition of being “consist-
ently together” that could apply to all studies. Consistently there-
fore means consistently within the duration of the study, which
in most cases varied from months to years.

Rather than selecting a single social organization per species, we
treated each study population as the unit of analysis. Within each
population, we counted the number of social units exhibiting dif-
ferent social organizations, allowing us to quantify within-population
variation (Fig. 1). Therefore, our statistical approach allowed us to
consider variation in social organization i) between species, ii)
between populations of the same species, and iii) between social
units within populations. We developed a flexible Bayesian phyloge-
netic GLMM framework to partition this extensive variation in
social organization across populations, species, and superfamilies,
as well as to evaluate its phylogenetic and socioecological determi-
nants. Using a multinomial likelihood, we modelled the relative
frequency of each social organization being observed within each
population, adjusting for phylogeny and research effort within
superfamilies (a more direct measure of the effects of research effort
per se, independently of unbalanced sampling across superfamilies).

29 FMM

935 FFMM

0 Overall IVSO 0.70

)
c
.2 200
-
&
=
Q.
o
Q.
f
© 100
™
(3
£
g
=3
=z
0 f ]
solitary MF MFF FMM  FFMM
Primary SO

Fig. 1.

200
100
0
0.0 0.2 0.4 0.6
Overall IVSO

The distribution of social organizations across extant primate populations. The Top panel demonstrates how we coded social organization per population
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as solitary, male-female (MF) or pair living, single male multifemale (MFF), single female multimale (FMM), or multimale and multifemale (MMFF). Three examples
taken from field research on the slender loris (Loris lydekkerianus), common marmoset (Callithrix jacchus), and lion-tailed macaque (Macaca silenus) are shown.
Large circles (Middle) around pictures represent different populations of the species. Smaller circles within each large circle represent a single social unit within
a population, with color corresponding to the social organization observed. The phylogeny reflects a simple contour mapping of overall IVSO (# units deviating
from primary social organization/total # units) across taxa in our database. Note that the branch lengths have been arbitrarily modified for visual clarity and
should not be directly interpreted. The Lower panel shows the total number of populations in our dataset exhibiting each form of primary social organization,
as well as overall IVSO (binwidth = 0.05). Left, primary SO: Dark gray bars represent uncertainty in the primary social organization for populations exhibiting two
social organization with equally high frequency. Right, overall IVSO: Light gray hashed bars represent uncertainty in the level of IVSO due to studies including
only a single social unit.
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We defined the “primary social organization” as the social organiza-
tion with the greatest probability of being observed within a popu-
lation. As a second response variable in the same model, we used a
binomial likelihood to directly account for the degree of intrapop-
ulation variation in social organization (IVSO) observed in each
population, calculated as the proportion of social units deviating
from the most frequent social organization (Fig. 1). This allowed us
to estimate effects of socioecology and phylogeny on IVSO, irre-
spective of the relative probabilities of specific social organizations
within a population. Both models accounted for the total number
of social units, thus weighing larger studies more heavily.

Results

Distribution of Social Organization in Extant Primates. We
observed relatively high rates of pair-living (primary social
organization in 16% of populations and 23% of species) and low
rates of solitary organization (primary social organization in 3% of
populations and 6% of species) in our database (Fig. 1). Previous
studies (1, 3, 7) counted many more species to be solitary living,
as most solitary foragers were classified as having a solitary social
organization. Our database challenges this assumption, showing
that among 19 solitary foraging populations (from 17 species) only
9 had solitary living as the primary form of social organization,
while in the remaining 10 populations pairs or groups shared the

same home range and sleeping site (see also S/ Appendix, Table S2).
‘The most common form of social organization in extant primates
is multimale multifemale groups, followed by one male multiple
females groups and then by pairs, while one female multiple-male
groups were rare (Fig. 1). Many species (64%) and populations
(43%) exhibited more than one social organization, demonstrating
that primate populations show substantial levels of variation in
social organization (Fig. 1).

Variance Due to Phylogeny, Ecology, and Life History. We first
wanted to know how much variation in primate social organization
and IVSO is explained by phylogenetic history, current ecological
conditions and life history, or unmeasured effects at the levels of
populations, species, and superfamilies. Ecological conditions and
life history included habitat heterogeneity (number of different
habitats in which the population occurred), open vs. closed
habitats, foraging strategy, substrate, activity pattern, body size,
and dietary reliance on fruit, foliage, seeds, or animal protein.
Using multiple imputation to leverage all predictors despite
missing data (S Appendix), we found that the ecological and life
history variables considered explained only a small-to-moderate
proportion of variation in social organization and IVSO (median
R? range: 0.05 to 0.29; Fig. 24; see SI Appendix for details on
the direct and total effects of each predictor with and without
imputation). Phylogeny explained a moderate to large proportion
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Fig. 2. Variation in social organization among extant primates. (A) The proportion of variation in each social organization and overall IVSO accounted for by
phylogenetic history, ecological and life-history factors (“ecological predictors”: habitat type and heterogeneity, diet, foraging style, substrate, activity pattern,
and body size), as well as remaining residual (unexplained) variation among populations, species, and superfamilies. Dots indicate posterior medians, and lines
indicate 90% Bayesian Cls. See S/ Appendlix, Table S4 for direct and total effect estimates for each predictor. (B) Total effects of the ecological and life history
factors (activity level, substrate, and body size) used to predict ancestral social organization and IVSO. Thick lines indicate posterior medians, and ribbons

indicate 90% Bayesian Cls.
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of variation in social organization [median phylogenetic signal
(M) range: 0.23 to 0.71], although single-female multimale social
organization had much lower phylogenetic signal (median A = 0.06).
Species- or superfamily-level effects, independent of ecology and
phylogeny, were weak (median R” range: 0.01 to 0.10), suggesting
against grade shifts. However, ;Jopulation-level heterogeneity was
consistently larger (median R” range: 0.13 to 0.63), indicating a
sizable portion of unexplained variation among populations within
the same species. These results suggest that while some forms of
social organization are conserved within primate lineages, social
organization often shows substantial variation among populations
that remains unexplained by phylogeny or the ecological or life
history variables we had included.

Ecological Predictors and Reconstruction of the Ancestral State.
Next, we estimated the probability of each social organization
and degree of IVSO for the last common ancestor of all primates,
contingent on predictors. Evidence strongly suggests that ancestral
primates were relatively small-bodied, arboreal, and nocturnal;
hence, body size, substrate, and activity pattern can be used to
make more informed inferences about ancestral states. Conversely,
since the literature does not offer strong a priori expectations about
ancestral habitat types, foraging strategies, or specific dietary
patterns, we excluded these variables from this model, which had
the added benefit of not requiring imputation.

The total effects of body size, substrate, and activity pattern on
social organization are shown in Fig. 2B. Overall, pair-living was
more common with nocturnal than diurnal activity [median dif-
ference (A) in probability of pair-living in nocturnal species com-
pared to pair-living in diurnal species = 0.27, 90% CI (0.02,
0.56)]. Pair-living was more likely among smaller bodied species
(-1 SD) compared to average-sized species [median A probability =
0.18, 90% CI (0.04, 0.34)] or larger species [+1 SD; median A
probability = 0.30, 90% CI (0.07, 0.58)]. Multimale, multifemale
groups were in turn more likely among larger-bodied species com-
pared to average [median A probability = 0.10, 90% CI (-0.004,
0.28)] or small species [median A probability = 0.18, 90% CI
(0.01, 0.50)]. No clear effects were observed for differences in
substrate on the probability of social organization, and none of
our predictors consistently explained variation in the overall pro-
portion of IVSO across populations.

The oldest known primates were very small (28-30), making
it important to account for body size when inferring ancestral
states. As a first approximation, we assumed an ancestral body size
of approximately 50 g (-2 SD log mean size relative to extant
species; Fig. 2B), which is a slightly conservative estimate based
on current fossil evidence indicating ancestral primates may have
been as small as 30 g (19). We also assumed nocturnal activity and
arboreal substrate as indicated by fossils from one of the oldest
primates (31, 32). Under these assumptions, we found pair-living
to be the most likely ancestral social organization [median prob-
ability = 0.77, 90% CI (0.31, 0.96)], compared to solitary [median
A probability = 0.68, 90% CI (0.06 to 0.94)] and all forms of
group living (all median A probabilities 2 0.70 and 90% Cls
exclude zero; Fig. 3). In addition, there is support for a small
proportion of solitary social units occurring in ancestral popula-
tions [median probability = 0.09, 90% CI (0.01, 0.30)], while
little to no support is provided for the presence of group-living
units (lower 90% Cls < 0.01). Note that these results were qual-
itatively robust to a wide range of ancestral body sizes, from -2 SD
to -0.5 SD below the extant mean, as well as different activity
patterns and substrate (S Appendix, Table S6). In other words,
pair-living was the most likely ancestral social organization so long
as ancestral primates were smaller than average extant primates.

40f9 https://doi.org/10.1073/pnas.2215401120

Our results infer that if we could sample 10 social units in an
ancestral population, we would expect ~80 to 90% of those units
to be pair-living, but also ~10 to 20% to be solitary. This pattern
is supported by the overall IVSO model, which estimates that
approximately 15% of social units [median probability = 0.16,
90% CI (0.06, 0.42)] should deviate from the primary social
organization. Thus, the last common ancestor of all primates most
likely had a variable social organization, with most individuals
living in pairs but some being solitary.

Discussion

Like previous analyses (1, 3, 7), our results suggest that living in
groups of multiple adults evolved late in primates’” evolutionary
history. However, our finding that pair-living was the ancestral
primate social organization contrasts with previous studies which
found solitary living to be ancestral (1, 3, 7). Our inference of
ancestral pair-living was not because of an inflation of pair-living
species (see agreement in our coding of pair-living with others,
SI Appendix, Table S2), but is likely a consequence of our exclusive
focus on primary field data and the exclusion of nonstudied noc-
turnal, cryptic species that have often been assumed to be solitary
even in the absence of direct field observations (resulting in a much
lower percentage of solitary species in our database compared to
others). Multiple field studies revealed that few nocturnal
Strepsirrhines actually exhibit solitary living, with pair-living
instead being common (9, 33). Accordingly, we found pair-living
to be more common in nocturnal Strepsirrhines than in diurnal
Haplorrhines. Further, we focused exclusively on the composition
of social units (social organization), while most previous studies
combined the social organization of pair-living with the social
structure of pair-bonding, biparental care, and a primarily monog-
amous mating system (3, 7). Similarly, we defined solitary living
based on the social organization, while others had used a combi-
nation of mating system, social structure, and social organization
to define solitary living (7). For example, many regarded all species
that forage alone as solitary (1, 3), even when they share the same
territory and sleeping sites (7). In contrast, we categorised a male
and a female sharing a home range and sleeping site for extended
periods with each other—but not with other adults—as pairs even
when they forage alone, as has been done for many other mam-
malian taxa like elephant shrews (34), some carnivores such as red
foxes (35), and many bird species. This demonstrates how differ-
ences in classifying social systems can influence the interpretation
of social evolution. In addition, our ancestral state estimation
accounted for body size, which is strongly associated with pair-
living (Fig. 2B).

Here, we inferred that the ancestral social organization of pri-
mates was variable, with approximately 15% of the individuals in
the population deviating from pair-living. Our analysis differs
from previous studies by allowing IVSO rather than assigning a
single social system to each species (3, 7). Intraspecific variation
in primate social systems recently received more attention
(8, 22-24). Kappeler and Pozzi (1) already considered IVSO in
understanding primate social organization, but their statistical
analysis used IVSO as one possible category and not as a contin-
uous variable [as did several other studies on different mammalian
taxa (34-37)].

Pair-living has often been regarded as a derived form of social
system needing specific explanation (1, 3, 7). Thus, it might seem
surprising that we found pair-living to be the most likely ancestral
social organization. However, pair-living has also been suggested
to be the ancestral form in other mammalian orders, including

Artiodactyla (36), Eulipotyphla (38), and in Macroscelidea (34).
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Fig. 3. Ecologically informed predictions of social organization in ancestral primate populations. Predicted probabilities of a social unit exhibiting each social
organization and some form of IVSO within ancestral populations, assuming that the ancestral was primarily nocturnal, arboreal, and small-bodied (~50 g/-2 SD
from the mean body size of extant species), as well as average within-superfamily sampling effort. See S/ Appendix, Table S6 for predictions at different levels of
ancestral body size, from -0.5 SD to -2 SD. Scaled posterior densities are shown, with posterior medians indicated by the dotted line.

In all of these analyses, pair-living was strongly related to small
body size, and the fact that extant mammalian groups tend to be
larger than their ancestors (39) might have biased previous ances-
tral state reconstructions that did not account for body size. We
also note that the inference of pair-living as the most likely ances-
tral state holds across body sizes below the extant mean (Fig. 2 B,
Bottom and SI Appendix, Table S6). Moreover, Kappeler and Pozzi
(1) also suggested that pair-living is not a derived social organiza-
tion in primates, but an ancestral form before the evolution of
larger social groups.

Our results suggest that solitary living is a derived state and
as such an adaptation to specific environmental conditions.
Future studies will have to determine costs and benefits of solitary
living as has been done for pair- and group-living (40). The
socioecological model used in primatology would suggest that
individuals become solitary living when food is rare and widely
dispersed (not clumped) and when predation pressure is low (41),
as seen, e.g., in orangutans (42). We further suggest that small
nocturnal primates retain a pair-living social organization by
reducing predation risk through solitary foraging. Here we show
that pair-living is ancestral in primates, but we do not make
statement about the evolution of other aspects of social system,
such as the social structure (e.g., pair bonding), mating system
(e.g., monogamy), or care system (e.g., biparental care); these
other components of the social systems differ widely among
extant pair-living primates, highlighting the importance of dif-
ferentiating among them (11-15).

PNAS 2024 Vol.121 No.1 e2215401120

Materials and Methods

Materials.

Definition of social organization. Animal social systems can be characterized
by variation in four inter-related components (11): social organization (compo-
sition and size of groups), social structure (social interactions), mating system
(who mates and who reproduces with whom), and care system (who takes care
of the offspring). Previous research has often used heterogeneous terminology
to describe social systems across taxa, resulting in ambiguous definitions and
confounding of distinct selection pressures (43). Here, we strictly focused on the
composition of groups, a central aspect of social organization. Data for group
composition were taken from the Methods and Results section of peer-reviewed
field studies, avoiding any interpretations from the authors in the discussion. We
defined social organization as solitary, pairs (MF), single male + multifemale
(MFF), multimale + single female (FMM), multimale + multifemale (FFMM),
and sex specific, where groups consisted of one sex only.

Database on social organization. We identified 450 species of primates using
the IUCN database (International Union for Conservation of Nature) (44). We then
conducted literature searches on social organization in Web of Science (Thomson
Reuters) and in Google Scholar between January 2016 and September 2019.
For each species, we initially searched the Latin name of the species and the
term “social” (e.g., "Alouatta caraya AND social”; "Gorilla gorilla AND social"). If
no literature on social organization was found, only the Latin name was searched.
For several species, the Latin name changed over the years, in which case, we
repeated the search with the previous versions of their names.

Searches on Web of Science were restricted to articles within one of the follow-
ing three categories: "behavioral science’, "zoology” and "environmental science/
ecology” Only peer-reviewed literature from field studies was considered while
reviews, laboratory-based studies, and captive studies were ignored to ensure that
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the social organization observed by a given species also occurred in their natural
habitat (e.g., many species can be keptin pairsin captivity, but this does not mean
that pairs occur in nature). For each study, we read the abstract, examined all
figures and tables, and searched the following keywords throughout the papers:
"social’, "solitary", "group”, and "pair”. As such, our literature search focused on
the data reported in Methods and Results sections of the peer-reviewed studies,
not on the interpretation of the authors regarding the social organization in the
introduction or discussion. This search yielded more than 2,000 articles that were
scanned for information on social organization. Of these, a total of 977 papers
contained useable data (83 for strepsirrhines, 247 for platyrrhines, 11 for tarsiers
and 636 for catarrhines). Overall, data on social organization were found for 498
populations from 223 species (40 strepsirrhines, 6 tarsier, 64 platyrrhines, 93
catarrhines, and 20 hominoids). To determine the forms of social organization
present in each population, we recorded the adult sex composition of all social
unitsin a population using the classical definitions from Kappeler and van Schaik
(including the differentiation between pairs and groups) (10) and adding "sex-
specific group” as an additional category (S/ Appendix, Table S1). Studies that did
not report the sex of individuals were not included, following (45).

We searched for information in published papers aiming to determine social
organization or that needed to know the social organization for research aims.
There was no criterion for the length of study. Depending on the species, the
study duration differed from months to years, to some extent reflecting variation
in life history which differs greatly among species. To be included in our database,
studies needed to include individual recognition of most adults (in the case of
multimale multifemale groups not all individuals needed to be recognised indi-
vidually), but not of juveniles and infants. We checked in the text in the Methods
and Results sections which social units were reported by the researchers. We
recorded social units when authors reported in the Methods or Results section
the observed composition of social units (groups) in their study, most often in a
table summarising the group composition of the study animals, or in the text by
the number of solitary males, solitary females, pairs, or different groups having
been observed. A social unit consisted of individuals being observed together
either during travelling/foraging or at sleeping sites, and which were sharing the
same home range. For animals being considered to form one social unit they had
to be seen together for >50% of the time (though this was commonly >75% of
the time). In cases where it was not evident from the original paper whether pairs/
groups were consistently together or whether a pair was only observed during
one occasion/a short period, the study was not included into our database. Our
approach was in so far standardized as all these studies were peer-reviewed,
which thus ensured that the social organizations had been reported adequately
and corresponding to scientific standards. In other words, definitions were to our
best knowledge appropriate for each species. We confirmed that our definition
of pair-living was consistent with the terminology used by the scientists who
studied these populations in the wild (S/ Appendix, Table 52). We also found high
consistency between our scoring for species with the main social organization of
pair-living and the scoring of these species in two datasets generated by primatol-
ogists [Shultz etal.(3)and Kappeler and Pozzi (1)]. In contrast, our scoring of these
species differed more from the scoring of Lukas and Clutton-Brock (7), which also
differed considerably from the two other databases (S/ Appendix, Table S2) and
has been criticized for including information based on assumptions rather than
direct observation (38; Schradin 2007). Based on these observations, we believe
that our dataset is an accurate reflection of the natural inter- and intraspecific
variation in primate social organisation.

From each paper, we recorded how often each category of social units was
observed, e.g., how many solitary individuals, pairs, or different groups were
recorded. We only recorded solitary living as a form of social organization when
both sexes had been observed to be solitary, as single individuals of one sex
may often represent dispersers. Whenever individuals were explicitly reported
to be dispersers, they were not considered in the recording of social organization.
Therefore, to record one social unit of solitary living, at least one solitary male and
one solitary female were needed, to make the classification comparable to the
criterion used for pair-living (one pairalso consists of one male and one female).
For example, when 5 solitary males and 4 solitary females were reported, we
recorded 4 solitary social units. The same procedure was done with sex-specific
groups. We only recorded sex-specific groups as a form of social organization
when both sexes had been observed to live in unisex groups. This avoided that
species with groups consisting of one adult male and multiple adult females were
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regarded to show IVSO because the remaining males were necessarily forming
bachelor groups or were solitary, which would have led to an inflation of popu-
lations being scored as showing IVSO. To record one social unit of sex-specific
groups, at least one group of males and one group of females were needed. For
example, when 10 groups of males and 4 groups of females were reported, we
recorded 4 sex-specific groups as social units. Overall, we only observed sex-
specific groups in nine species, indicating that intersex units are the dominant
form of social organization in group-living primates. This low count prevented us
from drawing meaningful inferences about phylogeneticand ecological effects on
the probability of sex-specific units occurring, and we therefore excluded these
units from our analyses.

Data were collected at the population level by recording the total number of
papers reporting a given social organization in a population. When the same indi-
viduals and their social units were included in more than one published paper, we
considered only the most precise paper, e.g., papers where the precise number
of social organizations and/or the sex of individuals was described, to avoid con-
sidering the social organization of the same individuals several times. The total
number of peer-reviewed publications with nonoverlapping data reporting social
organization per population was then recorded in the database as a crude measure
of research effort. For example, populations with multiple studies over decades
might be more likely to show variation in social organization than populations
with only one single study. Similarly, taxa exhibiting greater (or lesser) variation
in social organization may be more or less likely to be investigated by researchers.

The database records whether multilevel societies or fission-fusion societies
occurred for each population. When multilevel societies (46) occurred within
a population, indicating hierarchically structured social organization, we only
recorded the composition of the core group defined in the study. We did this
because the different core groups within primates’ multilevel societies tend to
maintain their social organization across interactions, such as the maintenance
of the one male multiple female groups composing hamadryas baboon (Papio
hamadryas) societies (47). In contrast, when populations with high fission-fusion
dynamics (48) occurred in the population, suggesting a more fluid social organiza-
tion, we recorded all forms of group composition observed, as this indicated that
individuals of this population could exhibit multiple forms of social organization
within their society over time.

Our study included data on only 30 of 119 nocturnal species versus 192 of

325 diurnal or cathemeral species. While nocturnal primates were previously
often assumed to be solitary living, our review shows that most of them (16) are
actually pair-living and that the scientists who studied them also categorized
them as pair-living (S/ Appendix, Table S2).
Intrapopulation variation in social organization (1vs0). IVSO was identified
when different forms of social organization occurred within a population, indi-
cating some degree of plasticity in a species' social organization. The social
organization of a population describes in which social units both females and
males are living. When only one sex had two or more forms of social organization
without affecting the other sex this was also not recorded as IVSO. Bachelor groups
or alternative reproductive tactics in one sex only (for example, male followers
during the breeding season) are an interesting phenomenon by itself warranting
study, but in these species, they are part of the main form of social organization
and not a variation of it.

Environmental disruption such as the death of a dominant breeder or preda-
tion of group members can also change the social organization of a unit, but these
changes do not reflect the evolved behavioral plasticity we want to explain (49).
Thus, such environmental disruption events were not considered in our database
but were recorded separately.

Previous studies have treated IVSO as a distinct category of social organization
(1,34,36). However, given the wealth of data available for primate social organi-
zation, we were able to continuously measure IVSO at the population level as the
proportion of social units deviating from the most frequently observed ("primary")
social organization within a population. In the present study, we therefore con-
ceptualized and measured IVSO as a distinct trait capturing the overall degree
of variation in social organization, which may coevolve with the composition and
frequency of specific social organizations within a population. This avoided the use
of arbitrary thresholds for categorizing the presence or absence of IVSO, retaining
the continuous information provided by the primary literature, and allowed us to
consider how the evolution of specific forms of social organization and the overall
degree of IVSO are related across species and populations.
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Predictors of social organization. We included the following predictors in our
Bayesian model to account for potential social, ecological, life history, and meth-
odological causes of variation in social organization: habitat heterogeneity, hab-
itat type, body mass, diet, activity pattern, substrate, number of peer-reviewed
publications with nonoverlapping data per population, and foraging strategy
(S Appendix, Table S3). Habitat type was recorded from the primary literature and
categorized on IUCN classification and used to calculate habitat heterogeneity
(total number of habitats per population). Further, we classified the different
types of habitat as open, closed or open and closed. Populations were also cat-
egorized as having group- or solitary foraging individuals or both, depending
on information in the primary literature used to categorize social organization.

We used two published databases (50, 51) for the predictors body mass, diet,
activity pattern, and substrate (called "locomotion type” in these databases). First,
we compared the two databases to see whether their information was similar.
This was the case for substrate (terrestrial, arboreal, and both) and activity pat-
tern (diurnal, nocturnal, and cathemeral). However, for body mass and diet, we
found differences between the two databases, which could undesirably influence
our statistical inferences. Body mass was recorded for males and females, with
some studies only reporting average body mass across sexes. If for one species,
more than one measurement for body mass was available for either sex, then
we calculated the mean value and the SD. In our dataset, male and female mean
body size across species were almost perfectly correlated, r = 0.97. Therefore,
the choice of body size should not have any meaningful influences on our pre-
dictive inferences. For food, information was available at the species level for
average diet composition, including percentage of fruits and foliage (composed
of mature leaves, undefined leaves, and young leaves) as well as the percentage
of seed and animal protein consumed. We took multiple steps to ensure that
estimated effects for these variables were robust to variation in dietand body size
results between the databases. Whenever there was a difference between the two
databases, we checked whether their information was based on the same or on
different published studies. If both databases reported the same primary study,
we checked the publication ourselves and only utilized the data reported directly
in the paper. If the two databases were not based on the same study, we then
entered the average result across databases to account for potential heterogeneity
and/or measurement error within taxa. We also conducted analyses of body size
separately within each database to ensure thataggregated estimates were robust
across datasets. No meaningful differences were observed between the databases
in the main effects of body size on social organization and IVSO (all A 90% Cls
included zero), so we used the average species body size between databases
for all reported analyses. Information on diet was also combined between the
databases when possible to increase sample size, due to heterogeneous patterns
of missing data across species.

Methods.

Statistical analyses. We employed multilevel phylogenetic models to inves-
tigate the evolution of social organization and IVSO across primates, and we
conducted all analyses within a flexible Bayesian framework to account for
non-Gaussian outcome measures, measurement error in social and ecological
data within taxa, as well as uncertainty in phylogenetic relationships across taxa
(52-54). Our analyses used one of the most recent and up-to-date mammalian
phylogenies from the VertLife project (55), and results were robust to using a
different phylogeny (S Appendix, Robustness Checks). The phylogeny represented
relationships among species, while variation among different populations of the
same species was captured with an additional random effect (52, see below).
Primary social organization was modelled as a multinomial response variable,
appropriate for repeatedly measured categorical data (56), while VSO was treated
as a binomial response, representing the number of groups deviating from the
primary social organization out of the total number of groups observed (i.e., each
social group observed in a population was coded as either being “primary” = 0
or "nonprimary” = 1in organization). Multiresponse models were estimated to
simultaneously assess phylogenetic and ecological effects on these measures,
as well as to conduct robust ancestral state reconstruction of the primary social
organization and magnitude of IVSO expected in ancestral primate populations.
We took multiple steps to integrate uncertainty in our phylogeny and empiri-
cal measures during these analyses, e.g., pooling the analyses over a random
sample of phylogenies, which were supported by robustness checks to ensure
appropriate inferential stability among models (S/ Appendix, Robustness Checks).
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Conservative, weakly regularizing priors were also used to introduce more real-
istic assumptions into the estimators, as well as to reduce the risks of inferential
bias caused by multiple testing and measurement and sampling error (54, 57).
Code for all analyses described in the text along with the original database can
be found at https://osf.io/tybfk/.

Forallanalyses, we estimated two generalized multilevel phylogenetic models,
one for describing the probability of each social organization with a multinomial
distribution and the other for describing overall IVSO with a binomial distribution.
For population p for species s, the multinomial model predicted the number of
units observed in category i as a function of the total number of units observed
n,s and a vector of parameters 8, for the relative probabilities of each category
compared to the base category, which in this case is solitary social organization.

Social organization,; ~ Multinomialy (n, 6, ),

i Ny —,W 1 pli)
|Oglt (‘9,(;_;) ) - ﬂg +Xp5ﬂl +aphy\o(s) + aspecies(s) +asuperfami|y(s)

+ @popuiatonp) 10T iy -+ K=T.

The parameters 61 for each category /(MF, MFF, FMM, and FFMM) as compared to
category K (Solitary) were predicted on the transformed logit scale by a category-

specific interceptyg),fixed effects B (research effort and ecological predictors),

where X . is the transposed vector of population- and/or species-specific predic-
tors, andubythe random effects a, which capture Brownian Motion phylogenetic
effects (5 as well as any deviations from these phylogenetic predictions at the
superfamily, species, and population level. The term ey, ion(y) iS N 0bservation-
level random effect capturing overdispersion from the expected variance. Note
that because this is a multilevel or mixed-effects model, we were able to specify
phylogenetic effects across species while simultaneously accounting for popu-
lation variation within species, removing the need to average over or otherwise
ignore uncertainty in species-typical patterns (see refs. 52, 58, and 59). This also
allowed us to partition how much of the observed differences in population-level
measures of social organization could be explained by within- versus-between
species variation.

By adjusting for any species-level effects, the K-1 intercepts 6, provide appro-
priate relative probabilities of nonsolitary compared to solitary social organization
foranaverage ancestral population.These values can be transformed to the abso-
lute scale using the logistic function, which facilitates calculating the probability
of social units in an average ancestral population showing each of the K social
organizations. In particular, for solitary and any other social organization i

o 1
Pr(Sohtary)—HziH o0 (logit <93~) ))

o (gt (09 )

T+Y  exp <|ogit (Hg) ) > .

Pr(ih=

Note that this standard parameterization of the multinomial model can be equiva-
lently specified with K intercepts, where 93" = — gé_Sllitary 65 This approach
allows for modelling predictors directly on the probability of each category, as
shown in Fig. 24, and can be implemented manually in the Stan statistical pro-
gramming language (60).

The variance explained in social organization by each set of effects can be
calculated on the transformed scale using model predictions for the fitted data.
Specifically, the total latent variance for social organization i is given by

VT(i) = Vgo + Va(i) + Va(i) +Va

2
V4
N + Va(f) +{— |,
phylo species superfamily population \/3

2
where (i ) is the theoretical variance of the logit scale. The latent variance

V3
explained (R?), also known as the repeatability or phylogenetic signal (A), can
then be estimated by
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Note that when using a multilevel or mixed-effects model to estimate phy-
PRO)
logenetic effects, the quantity —-2

, sometimes referred to as "phylogenetic
T()

heritability’, is equivalent to the lambda parameter A more commonly known

from phylogenetic generalized least squares regression (see ref. 52). To make

Aphylo @

this equivalence clear, we therefore use the same symbol 4y = to refer

to the magnitude of variance predicted by phylogenetic effects[i.e., prﬁﬁ/logenetic
signal, (61)].

The same approach is taken for predicting the total probability 7 of IVSO
given the number of social units n,, for population p of species s using a Binomial
distribution

Overall IVSO,, ~ Binomial (n,, 7, ).

: /
|Oglt (Tps) = Hy +xp5ﬁ + aphylo(s) + aspedes(s) + asupen‘amily(s) + apopulation(p).

The probability 7, predicts the proportion of social units expected to deviate
from the primary social organization observed in the population or, equivalently,
the probability of deviating for a randomly selected social unit. As noted above,
because this is a multilevel model with species-level phylogenetic effects, we
are able to use our population-level measures of IVSO to partition and estimate
sources of both within- and between-species variation in IVSO.

Heterogeneous patterns of missing data were present for our ecological
and life-history measures across species. As a consequence, a few populations
lacked data for foraging style (1%), primary substrate (3%), body size (2%),
while many lacked data on the proportion of dietary reliance on fruits (18%),
foliage (28%), seeds (60%), and animal protein (51%). Best practice for statis-
tical estimation from a nonexperimental dataset such as ours is to use some
form of multiple imputation to account for nonrandom missingness across
observations (54). Therefore, when seeking to assess the aggregate average
effects of ecological predictors across species (Fig. 24), we used the mice R pack-
age (62) to impute missing ecological and life-history values across predictors
and obtain more reliable population statistics in our full model. However, for
biological inferences about the effects of specific predictors (Fig. 2B) and the
overall ancestral state (Fig. 3), we relied only on observed values taken from
primary literature, excluding any rows containing missing data. S/ Appendix,
Table S4 provides sample sizes and posterior estimates for all predictors in
the full model with and without imputation, as well as in univariate models
capturing the total effect of each predictor.
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Ancestral state reconstructions are commonly carried out with intercept-only
random effects models, in which the global model intercept is interpreted as
the expected ancestral state after marginalizing over any species-level phyloge-
netic or stochastic effects; multiple regression models are then used separately to
identify relevant selection pressures across the sample (52, 63). However, as the
size and depth of the sampled phylogenetic tree grows, so too does the poten-
tial bias introduced into a reconstruction by unmeasured temporal trends and
processes of nonrandom convergent evolution. These concerns are particularly
acute for our dataset, which contains unbalanced samples across all major clades
within the primate order and covers a span of approximately 69 My. Therefore,
we conducted our reconstruction of primate social organization in the context of
a broader multiple regression model accounting for the effects of key social and
ecological factors thought to be relevant to understanding the adaptive niche of
ancestral primates, and which may also be associated with directional change in
social organization and IVSO across extant primates. In particular, we assumed
thatancestral primates were of relatively small body size [~50 g or —2 SD z-score
log mean body size (4, 5, 64)], largely arboreal in their substrate, and nocturnal
in their activity pattern. Inferences were robust under varying assumptions of
ancestral body size, from —2 SD to —0.5 SD (S/ Appendix, Table S6). We also
adjusted our reconstruction for biased sampling caused by differential research
effortwithin primate superfamilies by averaging over the main effect for number
of peer-reviewed publications with nonoverlapping data conducted relative to
the mean number of peer-reviewed publications with nonoverlapping data per
superfamily (i.e., centered within superfamilies).

Given that our analyses were conducted in a fully Bayesian framework, we
avoided the limitations of null-hypothesis testing (65), and instead relied on multi-
ple sources of information provided by posterior distributions of model parameters
and predictions. Median posterior estimates and median absolute deviations were
used to characterize the central tendency and relative dispersion of estimated
effects, while 90% Bayesian credible intervals (Cls) and posterior probabilities of
positive or negative effects (i.e., P+ or P—) were used to gauge uncertainty in the
magnitude and direction of these effects. Note that a 90% Bayesian Cl excluding
zero indicates greater than 0.95 posterior probability (P+ or P=) in support of a
directional effect. These posterior probabilities P+ or P— directly quantify support
for substantive rather than null hypotheses, so that values closer to 1 indicate
greater support for the directional effect (+, —) and values closer to 0 indicate
greater support for the opposite directional effect (~, +). Within this Bayesian
framework, we were also able to directly test hypotheses about differences in the
absolute probability of social organizations (reported as A probabilities), such as
whether pair living was more probable than solitary living, by simply subtracting
their posterior distributions. All models were estimated in the Stan statistical pro-
gramming language (60) using R (R Core Team 2020) and the brms package (66).

Data, Materials, and Software Availability. Code for all analyses described in
the textalong with the original database have been deposited in OSF (https:/osf.
io/tybfk/) (67). All other data are included in the manuscript and/or S/ Appendix.
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