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Abstract

Callitrichids are small Neotropical primates and, due to their cooperative breeding system, infants are of particular interest
in research on social dynamics. Although a few studies have investigated the role of helpers in this type of system, there is
still a lack of research in field studies seeking to determine whether there is a relationship between the number of helpers
(adults) in a social group and the motor development of infants. With that in mind, four groups of wild marmosets (Callithrix
Jjacchus) were observed and the motor behaviors of 1 to 4 month-old infants were recorded. To investigate the influence of
the adult:infant ratio on motor diversity, used as an indicator of motor development, we ran a GLMM with a Gaussian distri-
bution and found that: (i) in groups with fewer adults, 2-month-old infants show earlier motor diversity; (ii) motor diversity
increases with age regardless of the ratio of adult males per infant; (iii) in groups with more adult females per infant, the motor
diversity of 2-month-old infants is significantly lower compared to 3-month-old infants. Although adult callitrichid males
play an important role in the care of their offspring, the presence of females appears to be a key factor in motor development
at this early stage in the study groups. In a cooperative breeding system, the lack of helpers seems to drive the development
of independence in infants, resulting in earlier development.
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Introduction

Living in social groups emerged as a key evolutionary
response to survival in most primates (Mitani et al. 2012).
While social-ecological models aim to identify the advan-
tages and disadvantages of living in a social group with
ecological and social factors as determinants (Terborgh and
Janson 1996; De la Fuente et al. 2019), only a few investi-
gate the possible effect of group size (Berman et al. 1997,
Dunbar et al. 2018) or composition (Lehmann et al. 2007;
Jablonski 2021; Markham and Gesquiere 2017) on infants’
development (see also Hinde and Spencer-Booth 1968; Ber-
man et al. 1997).
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Callitrichids are small Neotropical primates that exhibit
a precocial state in the level of development at birth, that is,
they are more developed than newborn infants of altricial
species (van Schaik and Isler 2012; see also Isler and van
Schaik 2012; Schiel et al. 2010). Despite being considered
“precocial”, infants are dependent on adults for a prolonged
period, during which motor and cognitive development
occur (Schiel et al. 2010; Whiten and Waal 2018). In this
respect, these species are of particular interest in research
on social dynamics, especially when focused on the develop-
ment and care of infants (Rapaport 2011; Huang et al. 2020;
Saito et al. 2011). Social groups consist of up to~ 15 indi-
viduals (Malukiewicz et al. 2021; Schiel and Souto 2017),
which show intense cooperative care of offspring by repro-
ducing and non-reproducing members (the latter are here-
after referred to as “helpers”) (Ford et al. (2009); Rapaport
2011; Barbosa and Silva Mota 2013; Digby et al. 2011). The
cooperative care of the offspring is probably due to the pecu-
liar reproductive biology of these animals, which involves
high costs such as (i) the birth of twins twice a year; (ii) a
high maternal:neonatal weight ratio; and (iii) a postpartum
estrus (Tardif et al. 2003, 2008). Thus, it is believed that
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helpers came to play a key role in the reproductive success
of these small primates (Santos and Martins 2000; Rapaport
2011). In their study on captive Callithrix jacchus, Rothe
et al. (1993) found that the greater the number of individu-
als in a group, the greater the benefit of the breeding pair in
relieving the burden of caring for the infants. Furthermore,
in a field study on C. aurita, Santos and Martins (2000) sug-
gested that a greater number of helpers would be associated
with slower development of the infants, presumably due to
the easier access to food provided by the adults. Especially
when it comes to the effect of the helpers’ sex, males tend
to carry the infants more often than females (Yamamoto and
Box 1997), and a greater number of male helpers in a group
seems to be associated with a higher survival rate of the
infants (Koenig 1995; Garber 1997).

Although there have been studies attempting to under-
stand the role of helpers (e.g., Tardif et al. 1995; Rapaport
and Brown 2008), these usually focus on the animals that
carry the infants (including the sex of the helper) and/
or provide the most resources (Santos and Martins 2000;
Yamamoto et al. 2008; Rapaport 2011). Moreover, a sig-
nificant amount of data comes from studies on captive ani-
mals, which may represent a limiting factor considering the
diverse environmental conditions that free-ranging animals
are exposed to (e.g., Hinde and Spencer-Booth, 1968; Santos
and Martins 2000; Stoinski et al. 2003). Thus, field studies
investigating the relationship between group composition
and the associated motor development in infants are still lim-
ited, and little is known about motor development in young
primates (see Young and Shapiro 2018).

Common marmosets (Callithrix jacchus) stand out as a
promising model for studies on the effects of social interac-
tions (De la Fuente et al. 2019, 2021), as they are character-
ized by a cooperative breeding system (Schiel and Souto
2017), associated with a sensitive period of infants’ motor
and cognitive development (Schiel and Huber 2006; Schiel
et al. 2010; Wang et al. 2014; Young and Shapiro 2018).
Factoring in greater ease in obtaining care from adults, we
expect that a larger number of adults in the group would
lead to delayed motor development in infants (prediction
i). Moreover, given that males carry the infants more often,
we expect that in groups with more males the infants would
show a delayed motor development (prediction ii); and that,

on the other hand, the number of females in a group would
not affect infants’ motor development (prediction iii).

Methods
Study area

Sampling was carried out in a residential condominium
within the Aldeia-Beberibe Environmental Protection Area
(31.634 ha; CPRH 2022) featuring fragments of primary and
secondary Atlantic Forest, with areas inhabited by humans
and areas entirely forested (for a further description of the
area, see Souto et al. 2007). The area is in the township of
Camaragibe (7°56'97"S, 35°1"23"W), in the state of Pernam-
buco, northeast Brazil. Several studies have been conducted
in the area since 2001 (e.g., Schiel and Huber, 2006; Souto
et al. 2007; Schiel et al. 2010; Gunhold et al. 2014).

Subjects

Four groups of wild marmosets totaling 29 individuals were
observed (Table 1). The members of each group were identi-
fied by sex, size, and their natural markings, such as the size
and color of ear tufts, facial scars, hair color, and physical
impairments (Schiel et al. 2006). All animals were habitu-
ated to the presence of the researchers (Schiel and Huber
2006; Bezerra et al. 2007; Gunhold et al. 2014). Based on
the age categories established by Ingram (1977), we clas-
sified the animals into adults/sub-adults (> 11 months),
juveniles (5-10 months), and infants (1-4 months). Table 1
shows the composition of the four observed groups and the
individual:infant ratio of these groups (for more details see
the data analysis section). During the observations, the com-
position of the groups remained stable, except in group C,
where a new male joined the group immediately after the
disappearance of the dominant male. This research study
was conducted in compliance with the guidelines for the
ethical treatment of animals in behavioral research and
teaching (Animal Behaviour 2003; v.65; p 249-255), as
well as with the ethical principles for the treatment of non-
human primates, established by the American Society of
Primatologists.

Table 1 Group composition and

- . Group composition
ration for each studied group

Adult:infant ratio

Group Adult Adultd AdultQ Juvenile Infant Adultinfant Male:infant Female:infant
A 6 3 3 2 2 3 (more) 1.5 (more) 1.5 (more)

B 4 1 3 0 1 4 (more) 1 (less) 3 (more)

C 4 2 2 2 2 2 (less) 1 (less) 1 (less)

D 4 3 1 0 2 2 (less) 1.5 (more) 0.5 (less)
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Procedures

Sampling occurred from October/2001 to April/2002,
between 6:00 a.m. and 5:00 p.m., 5 days a week. The obser-
vations were carried out using the focal animal method (Alt-
mann 1974; Lehner 1996), with continuous 10-min sessions,
for a total of 600 h of observation. All infants were observed
for the full 4 months. When an animal was lost from view
for a period > 1 min, the session was discarded. All obser-
vations were recorded using micro-cassette recorders (Sony
M-529 V; Aiwa NFR TP-M330) for later transcription and
analysis in Excel spreadsheets.

Importantly, we are using motor diversity as an indicator
of motor development, as they are intertwined (Adolph and
Robinson 2015; Yamamoto 1993). Thus, we were attentive
to the following infants’ behavioral events: prey capture,
prey capture attempt, prey stealing, crawling, minor locomo-
tion, major locomotion, traveling, gummivory, weak pounce
(with or without prey capture), strong pounce (with or with-
out prey capture), leaf/branch/fruit manipulation with hand/
mouth (for the definition of these behaviors see: Schiel and
Huber 2006; Schiel et al. 2010; Ngo et al. 2022).

Statistical analysis

First, to measure the motor activities of infants based on the
observed behaviors, we calculated a motor behavior index
(MDI: Motor Diversity Index), which reflects the motor abil-
ity of each infant during each month of age (1 to 4 months).
To this end, we used the Shannon Index, combining the dif-
ferent types of behavior and their frequency:

H=-%_ tIng

ni corresponds to the number of each behavior, N is the
total number of sampled behaviors, and ni/N is the relative
abundance of each behavior. H reaches its maximum when
all behaviors occur at equal frequency. The higher the final
value, the greater the diversity.

Before testing prediction (i), we examined whether the
MDI value was related to the number of sessions sampled
for each infant, given that a greater number of sessions could
mean a greater chance of observation/sampling a new motor
behavior. To accomplish this, we ran a generalized linear
mixed model (GLMM) with a Gaussian distribution (normal
data), where the MDI value was the response variable, the
number of sessions for each age group of each infant was the
predictor variable, and the group identity was the random
variable (controls the group effect). The results showed that
MDI is not affected by the number of sessions (GLMM:
F| 19=0.30, p=0.59). Therefore, the MDI was used as the
response variable to test prediction (i).

Next, we compared motor diversity across infants’ age
groups (1 to 4 months) to examine among which age groups
the MDI differs, and to understand which age groups could

be included in our analysis to test how group composition
affects motor development in infants. This was done by
building a GLMM with Gaussian distribution, where the
response variable was the MDI, the predictor variable was
age (categorical: 1 to 4 months) and the control variable was
the group identity. For this model, we allowed heterogeneous
variance among different age groups (following Zuur et al.
2009). We found that motor diversity (MDI) varies with age
(GLMM: F| ;=72,81, p<0.0001). Tukey’s post hoc test
(pairwise comparison) showed that the MDI differs between
month 1 and months 2, 3, and 4 (p <0.0001, Fig. 1), as well
as between months 2 and 3 of age (p=0.021, Fig. 1). Since
I-month-old infants are carried most of the time and do not
yet have a good motor development (Yamamoto 1993), this
age group was removed from the analysis. The 4-month age
group was also removed because motor diversity at this age
seems to be already developed (Schiel et al. 2010). There-
fore, to test our hypothesis, we used 2- and 3-month-old age
groups, where motor diversity varies significantly.

Since the number of infants and adults varies between
groups, we calculated the adult:infant ratio in 2- and
3-month-old infants to find the ratio of adults per infant in
each group. We then grouped these values into the catego-
ries “more” and “less” adults as our corresponding predictor
variable for group composition. The same procedure was
used to calculate the adult male:infant ratio and the adult
females:infant ratio (see Table 1). This ratio was calculated
by accounting for all adult individuals in each group, includ-
ing the reproducers. We assumed that the number of breed-
ing adults among groups remains constant (with each group
having one breeding female and one breeding male), so the
variation in group composition differs according to the num-
ber of non-breeding individuals (helpers). Since we have no

N
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Motor Diversity Index (MDI)
o 5

o
il

2 3
Age (months)

Fig. 1 Motor diversity of common marmoset infants by age (months).
Tukey’s post hoc test (pairwise comparisons): different letters repre-
sent significant differences (p <0.05)
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genetic information about the identity of the breeding male,
we chose to include all adults to avoid possible identifica-
tion biases. Juveniles were not included in the analyses since
they play a minimal role in infant care (Yamamoto and Box
1997).

Finally, to investigate the effect of adult:infant ratio on
motor diversity in 2- and 3-month-old infants, we ran a
GLMM with Gaussian distribution where the response vari-
able was the MDI, the predictor variables were infants’ age
(category: 2 and 3 months) and adult:infant ratio (category:
“more” and “less” adults per infant), and the random vari-
able was once more the group identity. To further investi-
gate whether the adult male and adult female ratio have a
different effect on the motor diversity of these infants, we
built two GLMMs with Gaussian distribution by replacing
only the adult:infant ratio variable of the first model with the
adult male:infant ratio variable and the adult female:infant
ratio variable, respectively.

The statistical software R, version 4.1.1 (R Core Team
2021), was used for all the analyses. All models (GLMMs)
were fitted using the “Ilme” function of the “nlme” statisti-
cal package (Pinheiro et al. 2019). We compared the models
(null vs. full models) by sequential analysis of the variance
using the Anova function from the R Stats package. To
conduct pairwise comparisons (Tukey’s test), we used the
Ismeans package (Lenth 2016). Before running the compari-
sons, we examined the models against the assumptions of
normality and homogeneity. When the assumption of homo-
geneity of variance was not met, heterogeneity of variance
was incorporated into the model, since it may provide rel-
evant ecological information. The significance level set for
all analyses was p <0.05.

Results

The results show that the interaction between age and the
composition of adults in the group (adult:infant ratio)
affects infants’ motor diversity (GLMM: F1,8=5.49,
p=0.047). More specifically, considering that motor skill
is already high by infants with 2 months (see Fig. 1), in
groups with fewer adults per infant, motor diversity is
similar across the 2- and 3-month age groups, while in
groups with more adults per infant, motor diversity of
2-month-old infants is significantly lower than 3-month-
old infants (Fig. 2a). This supports our prediction (i)
because in groups with fewer adults 2-month-old infants
develop earlier than infants in groups with more adults.
When the effect of the adult male:infant ratio on motor
diversity was investigated separately on 2- and 3-month-
old infants, motor diversity was found to be affected by
age only (GLMM: F; 3=11.18, p=0.01), and not by the
male:infant ratio or the interaction between the two vari-
ables (GLMM: F| 4=0.42, p=0.53). That is to say that
infants’ motor diversity increases with age regardless of
the ratio of adult males per infant in the group (Fig. 2).
When investigating the influence of adult female:infant
ratio, we found that it affected infant motor diversity in
the same way as the overall adult composition (GLMM:
F,4=5.49, p=0.047). In groups with fewer adult females
per infant, motor diversity is similar across the 2- and
3-month-old age groups, while in groups with more adult
females per infant, motor diversity of 2-month-old infants
is significantly lower than 3-month-old infants (Fig. 2).

Fig.2 Motor diversity index of 2.1 a Adults 225( b Males + 21 ¢ Females
2- and 3-month-old infants: a = * More * Less + More * Less + More + Less
with more and less adults per =3 2.00 B
infant; b with more and less 3 [ i | 11 8 L — gl
adult males per infant; ¢ with :i sl 175 e /"'// = el
more and less adult females per 15 e ‘ e 1 15 P
. . ’ e >
infant; d 3-week-old infants on 2 ra 150{ || —" wa
their mother’s back; e 2-month- 5 ¥ e s
old infants exploring (photos by g 12 125 12
Antonio Souto) 1
2 2 3 2 3
Age (months) Age (months) Age (months)
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Discussion

This study investigated whether group composition affects
the motor development (as indicated by motor diversity;
Adolph and Robinson 2015) in infants of wild common
marmosets, which are primates characterized by a coop-
erative breeding system. We found that having more
adults in the social group delays the motor development
of infants, which supports our first prediction. Santos and
Martins (2000) suggested that the presence of more help-
ers in a group could lead to a delay in motor skills in
infants, which in turn leads to a delay in the ability to
get solid food independently. The same seems to be true
in our study. Thus, the lack of helpers would accelerate
independence in infants, resulting in earlier development.

On the other hand, in contrast to our prediction, the
advanced motor development of infants from larger groups
appears to be affected by the ratio of adult females per
infant, rather than by the ratio of adult males per infant.
Thus, it seems like the presence of more females in a group
slows down the motor development of 2-month-old infants.
Although adult callitrichid males play an important role in
caring (e.g., carrying and sharing food) for their offspring
(Santos and Martins 2000; Burkart 2015; Yamamoto 2005;
Ziegler et al. 2017), the presence of females seems to have
been a key factor in motor development at this early stage
in the study groups. While Kostan and Snowdon (2002)
observed the adult males of cotton-top tamarins (Saguinus
oedipus) to be the attachment figures for infants (espe-
cially under stress situations), it should be mentioned that
Tardif et al. (1993) found that, although males were the
primary carriers, mothers were always preferred as a “con-
tact partner”. Such a preference could be associated with
the fact that infants prefer females over males as role mod-
els (Schiel and Huber 2006). These two complementary
aspects seem to be crucial to explain the longer develop-
ment time in groups with more female individuals. Our
results are comparable to those obtained with rhesus mon-
keys, in which more prolonged contact with the mother
would delay the development of independence in infants
when it comes to locomotion on the ground (Maestripieri
et al. 2009). Although our study is focused on a species
that exhibits cooperative care by group members, the com-
parison is still useful, since in our case there seems to be a
stronger bond with all the females of the group rather than
with a specific female, as documented in rhesus monkeys
(see also Vochteloo et al. 1993; Maestripieri 2018).

It might be tempting to evaluate the earlier motor fit-
ness of marmoset infants in larger groups as positive and
assume it to be true for smaller groups as well. However,

caution is needed when evaluating earlier independence as
positive or negative without considering some important
aspects. For example, it is well known that dependence
on caregivers at a stage of biological and/or psychosocial
immaturity means protection from starvation and predators
(e.g., Fragaszy and Bard 1997). Thus, large groups of mar-
mosets would provide greater protection, in turn, allowing
the infant to explore the environment more safely than
when in a small group. This possibility to explore more
would presumably be a facilitator for the motor develop-
ment of infants, as observed in our study. It is also worth
noting that in humans, except in extreme cases such as
abandonment, situations characterized by both greater
and lesser dependence have positive aspects for the motor
development of children. Thus, the “attachment theory”
has shown the positive psychological implications of close
and harmonious social relationships, which can produce
an increase in the child’s self-confidence, with benefits
when it comes to the exploration of the environment (e.g.,
Holmes 2014; van Londen et al. 2007). However, as pre-
viously mentioned, motor skills such as teeth-brushing or
bathing alone were facilitated in groups whose mothers
needed to go to work in the fields (Wulan and Kurniawati
2020). Therefore, as long as there is no premature inde-
pendence or excessive care (something hard to imagine in
non-human primates in the wild), both strategies would
have survival benefits, depending on ecological, biologi-
cal, and/or psychosocial aspects.

Overall, our results showed that more helpers lead to
delayed development, and females seem to have a greater
effect on this process. While most studies address the iden-
tity and/or the role of the helper, little is known about how
these variables impact the motor development of infants.
In addition, environmental and mental factors, such as per-
sonality (see élipogor et al. 2021) may affect infant care.
Thus, while data is still scarce and more studies are needed
to better understand motor development in primate infants,
we hope our study will encourage further investigations on
this fascinating subject.
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