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Abstract Cooperative breeders live in social groups in which individuals in an age–
sex class vary in reproductive development due to reproductive dominance by a few
individuals in each group. Among callitrichids, adult males have been implicated in
driving group reproductive output, but uneven sampling efforts, the underlying effects of
group size, and pseudoreplication at the group and species levels are confounding
variables in these analyses. We examined the drivers of group reproductive output in
callitrichids by 1) conducting a meta-analysis of published studies of callitrichid group
composition; 2) assigning developmental class based on reproductive morphology; and
3) using multivariate modeling to test whether the proportion of individuals of each
developmental class predicts the presence and the number of surviving offspring among
free-ranging Weddell’s saddleback tamarins (Leontocebus weddelli) and emperor tama-
rins (Saguinus imperator) in Peru. The meta-analysis revealed that the number of adult
females and group size, but not the number of adult males, are significantly correlated
with group reproductive output. Statistical models of the new dataset revealed that the
proportion of primary breeding males, primary breeding females, and group size pre-
dicted whether groups had surviving infants, and that only the proportion of primary
breeding females and group size predicted the number of surviving infants. Thus, primary
breeding males appear to be necessary for groups to raise any infants, but a higher
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proportion of primary breeding females and a larger group size increase group reproduc-
tive output overall.

Keywords Callitrichid . Cooperative breeding . Development . Group composition .

Reproductive output

Introduction

Callitrichids exhibit a cooperative breeding system in which offspring receive care from
alloparents, or individuals other than biological parents (Garber 1997; Jennions 1994;
Sussman and Garber 1987). Groups typically consist of a single breeding female,
although other females may be present, and variable numbers of adult and subadult
males. Adults and subadult helpers participate in infant rearing, including infant
provisioning and transportation (Bales et al. 2000; Goldizen and Terborgh 1986;
Huck et al. 2004). Despite the monopoly of breeding by a single adult female in most
cases, callitrichids rarely mate strictly with a single individual, but show a range of
flexible mating strategies, both across and within groups over time (Garber 1997;
Garber et al. 2015; Goldizen 1988; Goldizen et al. 1996; Sussman and Garber 1987;
Terborgh and Goldizen 1985).

One of the primary hypotheses to explain the presence of helpers, typically unrelated
adult males or natal subadults, is that they alleviate the cost of rearing energetically
expensive twin offspring that constitute >80% of all births in callitrichids (save
Callimico) (Tardif 1997; Wislocki 1939). Alloparenting benefits offspring survival,
and thus increases group reproductive output (Bales et al. 2000, 2001; Boulton and
Fletcher 2015; Garber 1997; Heymann 2000; Koenig 1995). By investing in the care of
offspring, helpers could incur indirect fitness benefits if they are related to the biolog-
ical parents; they also benefit from being in a group, e.g., by gaining access to valuable
resources or protection from predators, and contribute to it, e.g., via increased vigilance
(Bales et al. 2000; French 1997; Tardif 1997).

Research suggests that the effects of helpers on group reproductive output vary with
helper sex and developmental class (Bales et al. 2000). First, species may differ in how
helpers of different age–sex classes influence group reproductive output due to differ-
ing costs of infant-rearing between species (Díaz-Muñoz 2015; Heymann 2000). For
example, Cebuella pygmaea have infant-parking strategies (Heymann 2000), while
Callimico goeldii do not produce twins (Porter 2001), which reduces the cost of infant
care in these species. Second, the set of individuals that copulate within a group (the
mating system) and the smaller subset of individuals that contribute toward the gene
pool of viable offspring (the breeding system) are distinct from each other (Garber
1997). Kappeler and van Schaik (2002) refer to these as the social and the genetic
mating systems, respectively. Molecular techniques show that the participants in the
genetic mating system, i.e., the biological parents, are usually a single male and female
(Garber et al. 2015; Huck et al. 2005a, 2007; Nievergelt et al. 2000). In rare cases,
multiple males father offspring in the same litter (Díaz-Muñoz 2011; Huck et al. 2005a;
Suárez 2007). The social mating system, however, is difficult to describe, since
copulation can be cryptic, infrequent, or short (Campbell 2006; Watsa 2013). Never-
theless, the potential to contribute to the gene pool (reflected in varying reproductive
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development among individuals) may be relevant to understanding group reproductive
output in cooperatively breeding primates, because biological parents’ efforts are not
the sole contributors to infant survival. The factors that describe the social mating
system of each group have not been explored in relation to offspring survival, but they
could clarify why all adults do not contribute equally to group reproductive output
(Garber 1997). These factors can be classified into two broad areas: demographic
factors such as age and sex, and the biological factors that could predispose a particular
group of individuals to have a greater influence on group reproductive output.

Demographic Factors

The relationship between group reproductive output and demography has been ex-
plored in a few callitrichine species with field data from long-term studies. The mean
number of infant Saguinus mystax that survived to become juveniles was significantly
positively correlated with the number of adult male helpers in a group (Garber et al.
1984). A follow-up to this study showed that groups with one adult male had one-third
the number of dependent offspring of groups with three or more adult males, indepen-
dent of group size (Garber 1997). A review of research on wild Callithrix jacchus
found that the number of juveniles was significantly correlated only with the number of
adult males among all age–sex classes (Koenig 1995). In a large dataset on
Leontopithecus rosalia, groups with two adult nonnatal males had more offspring than
those with only one such male (Baker et al. 1993). In the same population, a more
recent analysis showed that in young groups (formed for ≤3 yr), both the number of
helpers and adult males were positively correlated with the number of surviving infants,
but that in established groups (formed for >3 yr), only the number of helpers correlated
with group reproductive output (Bales et al. 2000). Here, alloparents were classified in
two ways: 1) as Bhelpers,^ defined as all individuals >18 mo of age other than the
reproductive pair and reproductive subordinate females and 2) Badult males,^ both
breeding and nonbreeding (Garber 1997; as with Garber et al. 1984; Koenig 1995).
Finally, neither infant nor juvenile numbers were correlated with the number of adult
males in a group in an analysis of 21 group-years of Cebuella pygmaea; however,
juvenile (and not infant) numbers were strongly positively correlated with group size,
i.e., the number of adult and subadult group members (Heymann and Soini 1999; Soini
1988).

These studies indicate that more than any other factor, the number of adult males in a
group are correlated with increased callitrichine group reproductive output, although in
some cases, group size, and numbers of helpers can have similar effects (Heymann
2000; Koenig 1995). However, there are many reasons unrelated to offspring survival
why a group might vary in the number of males it contains (Carnes et al. 2011;
Heymann 2000; Kappeler 2000; Ridley 1986). For instance, the number of adult males
in a group has been proposed to increase with shorter breeding seasons (Ridley 1986),
since a single male probably cannot successfully monopolize multiple reproductively
synchronized females (Carnes et al. 2011; Dunbar 2000). However, it has also been
suggested that primate males simply Bgo where females are^ (Altmann 1990). Cross-
species analyses that control for phylogeny show that these theories are not necessarily
exclusive: the number of males is tightly positively correlated with the number of
females in primate groups across species (Mitani et al. 1996), but either overlap or
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synchrony of female breeding can predict adult male numbers after female numbers are
controlled for (Nunn 1999). Other theories for larger numbers of males in groups
include heightened predation risk (Savage et al. 1996; van Schaik and Hörstermann
1994) or, as with callitrichids, the necessity for alloparents owing to the high costs of
caring for twin infants (Heymann 2000; Tardif 1994, 1997). With the exception of
Callimico, the number of adult males is positively correlated with litter mass gain and
daily path length among callitrichids, implying that adult males are necessary to counter
the increased costs of infant care (Heymann 2000). This conclusion was recently
supported by an extensive cross-genera analysis of the effect of infant care costs on
variation in reproductive behaviors (Díaz-Muñoz 2015), which identified genus
Saguinus (which previously included all members of the genus Leontocebus) as facing
the highest infant care costs among all callitrichine genera.

One way to reduce infant care costs among callitrichids is to minimize the number of
breeding females in a group in order to keep the number of offspring to a minimum of
one set of twins. Several cases of maternal infanticide have been reported for some
tamarin species (Bezerra et al. 2007; Culot et al. 2011; Digby 1995; Tirado Herrera
et al. 2000), largely in the case of multiple breeding females reproducing in a single
group, such as in Callithrix jacchus. Moreover, an analysis of Saguinus mystax also
found that infants were four times as likely to die before reaching the age of 3 mo in
groups with two breeding females rather than one (Culot et al. 2011).

Studies that have modeled the predictors of group reproductive output in
callitrichids, rather than conducting correlation analyses, have shown further factors
at play, but there is significant variation between species. For example, a model of the
effect of maternal factors on female reproductive output among Leontopithecus rosalia
showed that female body mass predicted female reproductive output for litters in the
first of two birth seasons in a year, whereas the number of helpers (as defined in Bales
et al. 2000) explained offspring numbers in the second birth season (Bales et al. 2001).
In this study, mothers with increased helpers carried infants less and were thus in better
body condition for the second pregnancy in the year. Among Saguinus mystax observed
from 1999 to 2008, the number of male helpers, and not female factors per se,
significantly affected infant survival to 3 mo (Culot et al. 2011). One-third fewer
infants survived when two vs. three males were present in the group, and infants died
significantly more often when a median of 2.5, rather than three, males were present.

Critical to such analyses are two factors: 1) the nonrandom distribution of group
sizes within a study population, and 2) differing effect sizes of studies that confound
direct comparisons between them. For example, in a 13-yr. study of Weddell’s
saddleback tamarins (Leontocebus weddelli, formerly Saguinus fuscicollis weddelli:
Buckner et al. 2015; Matauschek et al. 2010), 25% (12/47) of groups had one male,
68% (32/47) of groups had two adult males, while only 5% (2/47) had three males, and
2% (1/47) had four males (Goldizen et al. 1996). Here, group sizes were not evenly
distributed across the population, which could then bias a correlational analysis of the
number of adult males with group reproductive output. In a different analysis of group
reproductive output across 6 studies on Callithrix jacchus spanning 16 groups, adult
males were strongly correlated with number of infants, but the authors reported that
independence of data could not be ensured, and that they could not consider uneven
sampling or random variation between studies that could be achieved through a meta-
analytical statistics (Koenig 1995). Subsequently, the large dataset on the demographics
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of Leontopithecus rosalia was analyzed with more powerful statistical methods that
accounted for many of the abovementioned confounding factors; however, the focus of
that analysis was on female factors, excluding the potential influences of individuals
from other age–sex classes (particularly adult males) from the model (Bales et al.
2001).

Biological Factors

Callitrichids in the same age–sex class often show varying reproductive capabilities, or
developmental classes, which might influence variation in group reproductive output.
For example, several studies of both captive and wild populations have shown female
reproductive suppression (Barrett et al. 1990; Beehner and Lu 2013; Ziegler et al.
1987). Among males, wild Leontopithecus rosalia showed reproductive suppression in
24 subordinate males unrelated to the dominant breeding male in 14 groups (Bales
et al. 2006). Additionally, differences of up to 174% have been detected in testicular
volumes of male Saguinus mystax from the same group (Garber et al. 1996), which
suggests male reproductive skew. The loose correlation between physical maturity and
participation in the mating system (Ginther et al. 2001; Ziegler et al. 1987) can alter
demography, such as delayed dispersal of individuals from natal groups, which has
been documented in the wild (Garber et al. 2015; Goldizen and Terborgh 1989).

Reproductive status has been assessed using testosterone, estradiol, and prolactin
assays among callitrichids in captivity (Ziegler et al. 1993) and in the wild (Bales et al.
2006; French et al. 2003; Löttker et al. 2004). However, wild studies are challenged by
the inability to collect blood for peptide hormones or adequate numbers of fecal
samples from known individuals across multiple ovarian cycles and breeding seasons
(Löttker et al. 2004). For example, testosterone levels among wild Saguinus mystax
varied too widely during maturation to reliably indicate reproductive development
(Huck et al. 2005b). In Leontopithecus rosalia, however, androgen levels differed
among subordinate males unrelated to the dominant male, and age class had no effect
on hormone profiles, suggesting that reproductive capability as reflected by hormone
levels was sensitive to group demography but not affected by age class (Bales et al.
2006).

Another means to evaluate reproductive development is to assess dominance status
in a group, often defined based on behavioral observations. Among females, reproduc-
tive dominance has been assessed based on observed mating with breeding males
(marmosets: Sousa et al. 2005), participation in infanticide and aggression (Bezerra
et al. 2007; Digby and Saltzman 2009), and simply via age effects, i.e., the oldest
female is the breeding female (moustached tamarins: Garber 1997). Among males,
since assessments of androgen levels can be inconsistent in some cases (Huck et al.
2005b), some researchers have used agonistic interactions to identify a dominant male
(Baker et al. 1993).

Given these complexities, it is difficult to standardize differentiation of reproductive
potential between individuals, particularly in light of species, demographic and site-
specific variation. Since all individuals in an age–sex class cannot be assumed to
possess similar reproductive potential, it is critical that developmental class, and not
only age class, be assessed for possible impacts on group reproductive output. This has
been evaluated in callitrichids through measurements of their genitalia (Soini and de
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Soini 1990) and scent-gland morphology, which may be representative of an animal’s
ability to reproduce (French and Cleveland 1984; Moreira et al. 2015; Watsa 2013;
Zeller et al. 1988).

Study Outline

We hypothesized that adult males were critical to group reproductive output while high
adult female numbers could negatively affect group reproductive success. Therefore,
we predicted that the number of adult males would be significantly positively correlated
with group reproductive output across studies on wild callitrichids and high numbers of
adult females would have a negative effect on group reproductive output across these
studies. To test these predictions, we used a compilation of all published studies on wild
callitrichids that provide data on the numbers of individuals in each age–sex class and
the numbers of surviving offspring per year. We used meta-analyses to estimate the
magnitude of correlations between age–sex classes and group reproductive output
across studies (Scheiner and Gurevitch 2001).

We also address two questions regarding development classes and group reproduc-
tive output: First, which developmental classes predict whether a group has offspring?
Second, which developmental classes predict the number of surviving offspring (zero
to three) in a group? To answer these questions, we used a dataset from a 6-yr. study on
Leontocebus weddelli and Saguinus imperator in southeastern Peru, which included
group compositions by sex-based developmental classes and the numbers of surviving
offspring each year. We used multiple morphological measures of genitalia and scent
glands collected via a mark-recapture program to assign individuals to one of three
developmental classes independent of age—primary, secondary, and nonbreeders—
reflecting their potential to participate in the social mating system of a group.

Methods

Group Reproductive Output in the Literature Review

We used Google Scholar and Scopus to conduct a literature review for published informa-
tion on demographics and group reproductive output in wild callitrichid populations. We
compiled a dataset from 17 studies published from 1976 to 2015 on wild populations of
Saguinus spp.: Saguinus geoffroyi, S. mystax, S. weddelli, S. nigrifrons, S. illigeri (now
Leontocebus weddelli, L. nigrifrons, L. illigeri: Buckner et al. 2015; Matauschek et al.
2010), S. tripartitus, S. imperator, and S. oedipus; Leontopithecus caissara; Cebuella
pygmaea and Callithrix jacchus. We included studies only if they reported raw numbers
of individuals per age–sex class and group reproductive output for a minimum of five
group-years (Electronic SupplementaryMaterial [ESM]Appendix 2). For themeta-analysis
of the effects of the numbers of adult males on group reproductive output, we included an
additional study (N = 16) onLeontopithecus rosalia byBales et al. (2000) by calculating the
effect size from the sample size and Spearman’s rank correlations presented in the study. To
combine data frommultiple studies, we used a Spearman’s rank correlation weighted by the
number of group-years in the study as a standardized effect size. In this dataset, groups
(within a study) and species (acrossmultiple studies) were subject to repeated sampling over
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time, resulting in pseudoreplication. To address this problem of inflated samples size, we
use a more conservative significance level of P < 0.01 for the meta-analyses (see Gurevitch
et al. 1992; Poulin 1994 for detailed explanation of this reasoning). To control for
interspecific differences, we added species as a moderator variable in a mixed effect
meta-analysis of the dataset. Species did not have a significant effect so we removed it
and proceeded with a random effects meta-analysis that does not assume equal effect sizes
across studies.

Study Site and Subjects

We studied 21 groups of free-ranging Leontocebus weddelli and Saguinus imperator at
the Estación Biológica Río Los Amigos (12°34′S 70°05′W) in the Madre de Dios
Department of southeast Perú from May to August annually across 6 yrs. (2010–2015).
We used a mark-recapture program (detailed protocol in Watsa et al. 2015) and
captured 106 L. weddelli and 60 S. imperator with a mean of 61 captures per year
(range: 42–74), for a total of 331 captures. At capture, infants were 4–7 mo old, based
on their facial pelage and dentition, and we tagged them along with the adults using
individually distinct beaded collars. We fitted the largest suspected breeding female in
each group with a radio collar to facilitate tracking as a part of a larger behavioral study.
We followed groups of both species for a mean of 425 h (range: 116–1135 h) each
season (May to August) (2127 h across the 6-yr. period) and recorded a total of 143
copulations by 33 males. We could identify all individuals in the study population and
censused groups at least twice a month for group composition, noting changes due to
immigration, emigration, birth, and death.

Assigning Developmental Class

We used three developmental classes—primary breeders, secondary breeders, and
nonbreeders—classified according to the following criteria. A female was a primary
breeder if she had a nipple length of >3 mm for Leontocebus weddelli or >4 mm for
Saguinus imperator (Soini and de Soini 1990; Watsa 2013), which indicated that she
was parous, regardless of whether multiple adult females or infants were present in the
group. We considered males that we observed copulating to be primary breeding males.
We identified known secondary breeding individuals as group-members who were born
in the previous census year, 1–2 yr. old and sexually mature, but had not yet bred. Thus,
groups could consist of primary or secondary breeders of both sexes, as well as any
nonbreeding offspring born in that year. Based on these criteria, we identified a subset
of individuals of known reproductive developmental class to validate our models to
predict reproductive developmental class in other animals.

Like other callitrichids, both study species at Los Amigos twinned frequently and
formed groups with multiple breeding females (Garber et al. 2015; Watsa 2013).
Although these species diverged ca. 9.10–10.07 mya and are now placed in separate
genera (Buckner et al. 2015; Matauschek et al. 2010), we found no significant
differences between them in mean group size, adult group sex ratios, or mean group
reproductive output. Thus, we pooled data from both species for this study.

During capture, we recorded body mass and length and width of genitalia and
suprapubic glands to formulate indices of developmental class as follows: vulvar index
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(length + width), suprapubic gland area (length × width), mean nipple length, and
testicular volume (a semispherical estimate of one testicle) (Garber et al. 1996; Soini
and de Soini 1990). In eight captures, we failed to record a measurement (not always
the same one). In these instances, we replaced the missing values with the mean value
for the measurement in that developmental class, if known (N = 4), or in that age class,
if not (N = 4). We analyzed males and females separately for each species, and for each
group, we mean-centred and scaled all measurements and indices by the standard
deviation for use in a principal components analysis (PCA: FactoMiner package in
R; Beehner and Lu 2013). Using the individual coordinate values from the first two
principal components we conducted a linear discriminant function analysis (LDA) and
then used the function to predict the developmental class (either primary breeding,
secondary breeding, or nonbreeding) of all individual of uncertain breeding status.
Across the study period, we resampled individuals one to four times, with 52%
captured at least twice. To avoid pseudoreplication, we used mean individual compo-
nent scores across years for individuals with known developmental status to train the
LDA functions. We checked each species–sex class for normality (q–q normal plots),
linear relationships (linear regression), and homoscedasticity between developmental
categories (Bartlett’s test of homogeneity of variance, P > 0.05). We omitted infant
males of both species from the LDA due to limited variance causing heteroscedasticity;
but since they were <7 mo old, this exclusion had no impact on adult and subadult male
classifications. We calculated the percentage of known individuals that were correctly
classified by our PCA–LDAmodel, and used a MANOVA (manova: MASS package in
R; Venables and Ripley 2002) to test the null hypothesis that predicted developmental
classes were indistinguishable based on individual component scores. We used R
v.3.2.2 (R Development Core Team 2015) for all statistical analyses.

Group Reproductive Output in the Los Amigos Dataset

We constructed a mixed-effect logistic regression model with a binomial error structure
and a logit link function to predict a binary response variable: offspring presence or
absence based on proportions of individuals of each developmental class as fixed
factors. As per Bales et al. (2001) we also built generalized linear mixed models
(GLMMs: lme4 in R [Bates et al. 2014]) with a Poisson error structure, response
variable of group reproductive output (ranging from zero to three), and proportions of
individuals per developmental class as fixed factors. We used saturated fixed-effect
models to optimize random structures, and incorporated group identity, species, and
year as needed to ensure independence of data points across all models. We ran
correlation analyses on all pairwise combinations of explanatory variables and removed
redundant fixed factors. We plotted each explanatory variable against the response
variable to ensure that there were no nonlinear relationships. We established minimal
models using Akaike Information Criterion (Akaike 1994) by backwards non-
significant term deletion, retaining terms only if they reduced criteria by two units
(Moreno et al. 2013). We confirmed minimal models by calculating a likelihood ratio,
which compares the difference in log-likelihoods of nested models with a Chi-square
distribution. We plotted the residuals of best fit models to ensure that they were
randomly distributed around zero. We inferred the relative influence of each breeding
class based on the outcome of model selection.
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Ethical Note

This study follows the Animal Behaviour Society Guidelines (Rollin and Kessel 2006)
and American Society of Mammalogists’ Guidelines on wild mammals in research
(Sikes and Gannon 2011). The study is part of an ongoing, long-term annual capture-
and-release program that began at this site in 2009. In brief, we captured entire groups
at baited compartment traps to which they are habituated, and processed and released
them on the same day to minimize disruption and discomfort to the subjects. We use a
two-step chemical restraint method that has improved recapture rates in comparison to
established methods (Savage et al. 1993), virtually eliminates capture-related injuries,
and has no visible effect on habituation (see Watsa et al. 2015 for protocol
comparisons). Radio collars placed on the groups will be removed at the end of this
study, and are replaced annually on the largest breeding female in each group.

The Peruvian Ministry of the Environment (SERFOR) granted annual research and
collection permits, and the Animal Studies Committees of Washington University in St.
Louis and the University of Missouri–St. Louis approved protocols.

Results

Meta-analyses of Group Reproductive Output

We found that 23% of group-years in the dataset compiled from past studies contained
three or more males, while most group-years considered (77% of 239 group-years)
contained two or fewer males. Even the largest dataset available to us, a study at Cocha
Cashu on Weddell’s saddleback tamarins or Saguinus fuscicollis (now Leontocebus
weddelli) (Goldizen et al. 1996), was biased toward groups with one or two males
(91%, or 43 of 47 group-years), with groups of three or more males present much less
frequently (9%, or 4 group-years). Large confidence intervals are due to the rarity of
documenting groups with high numbers of individuals of a particular age–sex class.
Overlapping confidence intervals confounded the use of mean group reproductive
output as an effective means of comparison across age–sex classes (Fig. 1).

A random-effects meta-analysis combining data from published studies and the
present study revealed significant correlations between the number of adult females
and group reproductive output (weighted mean rs (16) = 0.185, P < 0.028), and
between group size and group reproductive output (weighted mean rs (17) = 0.252,
P < 0.003) (Fig. 2). The numbers of adult males (weighted mean rs (17) = 0.147,
P < 0.150) and subadults of either sex (females: weighted mean rs (14) = 0.058,
P < 0.579; males: weighted mean rs (16) = 0.076, P < 0.484) were not significantly
correlated with group reproductive output across studies. These results remain un-
changed when we excluded our study from the analysis.

Study Group Demographics

We observed 21 groups across 63 group-years (40 group-years for Leontocebus
weddelli and 23 group-years for Saguinus imperator) during which they could
have reproduced, including 14 groups of L. weddelli sampled for a mean of
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2.9 ± SD 1.4 yrs. and 7 groups of S. imperator sampled for a mean of 3.4 ± SD
1.3 years. We found no significant difference between species in mean group sizes
(Table I) (exact Wilcoxon Mann-Whitney test: z = −1.067, P = 0.292), mean adult
group sex ratios (males:females) (L. weddelli: 1.23 ± SD 0.63; S. imperator:
1.65 ± SD 1.34) (Welch’s two-sample t-test: t = −0.979, P = 0.335), and mean
group reproductive outputs (Welch’s two-sample t-test: t = 0.300, P = 0.766)
(Table I). Of all captured individuals, 8.7% were infants, with one to two offspring
per group and only one instance of three offspring in a single group. We also
observed seven instances of two primary breeding females present in one group –
four cases of L. weddelli and three of S. imperator.

Fig. 1 Mean number of infants (dots), with 95% confidence intervals (lines) depending on the number of
individuals from each age–sex class. The species represented in this dataset compiled from past studies are
Saguinus mystax (Culot et al. 2011; Garber et al. 1984; Ramirez 1989; Soini and de Soini 1990), S. weddelli
(Garber et al. 2015; Goldizen et al. 1996), S. geoffroyi (Díaz-Muñoz 2011), Callithrix jacchus (Lazaro-Perea
et al. 2004; Nievergelt et al. 2000; Pontes and da Cruz 1995; Scanlon et al. 1988), S. tripartitus (Kostrub
2003), S. oedipus (Savage and Baker 1996), S. fuscicollis illigeri (Soini and Cóppula 1981), Leontopithecus
caissara (Martins et al. 2015), and Cebuella pygmaea (Soini 1988; Heymann and Soini 1999).

Fig. 2 Forest plots with bars representing the 95% confidence interval around the correlation coefficient
between group reproductive output and (a) number of adult females; (b) group size and (c) number of adult
males, for each study in the dataset compiled from past studies. Data were compiled from Saguinus mystax
(Culot et al. 2011; Garber et al. 1984; Ramirez 1989; Soini and de Soini 1990), S. weddelli (Garber et al. 2015;
Goldizen et al. 1996), S. geoffroyi (Díaz-Muñoz 2011), Callithrix jacchus (Lazaro-Perea et al. 2004;
Nievergelt et al. 2000; Pontes and da Cruz 1995; Scanlon et al. 1988), S. tripartitus (Kostrub 2003),
S. oedipus (Savage and Baker 1996), S. fuscicollis illigeri (Soini and Cóppula 1981), Leontopithecus caissara
(Martins et al. 2015), andCebuella pygmaea (Soini 1988; Heymann and Soini 1999). LCL = lower confidence
limit; UCL = upper confidence limit.

b
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The Developmental Class Model

Our model satisfied the minimum requirements for factor analyses, with a mean
of 19 samples per variable for the females and 23 for males. The first two
dimensions represented a mean of 86% (range: 82–90%) of total group varia-
tion. For all species–sex classes, Principal Components Analysis dimension 1
was determined by all morphological variables and Principal Components
Analysis dimension 2 was determined primarily by nipple length in females
and suprapubic area and body mass in males (Tables SI and SII in ESM
Appendix 1).

The LDA correctly assigned 98% of female Leontocebus weddelli, 100% of
female Saguinus imperator, 77% of male L. weddelli, and 88% of male
S. imperator of known developmental class (Fig. 3, Table II). The LDA mis-
matched one secondary breeding female to the nonbreeding class (L. weddelli),
four primary breeding males as secondary breeding males, three secondary
breeding males as primary breeding males (L. weddelli), and two primary
breeding males as secondary breeding males (S. imperator). The LDA distin-
guished between developmental classes for females and males of both species
(MANOVA P < 0.0001, Table III), and we calculated mean values and ranges of
morphological variables per species-sex group (Table IV). We observed variation
in developmental classes in all age classes except among infants in both species
(Fig. 4).

Fig. 2 (continued).
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Group Reproductive Output in the Los Amigos Dataset

We excluded the proportion of secondary breeding males (maximum likelihood logistic
regression: B = 0.395, SE = 5.088, χ2 = 0.006, P = 0.938), which was the least
significant factor in the saturated logistic model to predict presence of infants (group
reproductive output either 0 or 1), from subsequent models. The minimal model
selected after the elimination of this factor revealed that the proportion of primary
breeding males, the proportion of primary breeding females, and group size were
significant factors in predicting the presence of offspring in a group (Table V). The

Fig. 3 Developmental class by species and sex before (left) and after (right) implementing the PCA–DFA
assignment model and classifying all individuals of uncertain developmental class (star symbol) to a
developmental class based on reproductive morphology and mass. Female categories are differentiated by
discriminant functions 1 and 2 (DF1 and DF2), while primary breeding and secondary breeding males are
differentiated by DF1 only. All data were obtained from Leontocebus weddelli and Saguinus imperator studied
at the Estación Biológica Río Los Amigos in Peru (2010–2015).
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mean proportion of primary breeding males in groups with no offspring (0.27 ± SD
0.23, N = 22) was significantly lower than in groups with one or more offspring
(0.41 ± SD 0.23, N = 41) (exact Wilcoxon–Mann–Whitney test: z = −2.351,
P = 0.018), a but this was not the case for the proportion of primary breeding females
(z = −1.919, P = 0.054) or group size (z = −1.817, P = 0.068) (Fig. 5).

A GLMM with offspring number as a discrete numerical response variable revealed
that the proportion of secondary breeding males (B = −0.131, SE = 2.265, χ2 = 0.003,
P = 0.954) was the least significant factor in the saturated model. After eliminating this
factor, the GLMM indicated that the proportion of primary breeding females in a group
(B = 3.559, SE = 0.962, χ2 = 13.69, P < 0.001) and group size (B = 0.343, SE = 0.128,
χ2 = 7.15, P = 0.008) were the only two significant factors predicting group
reproductive output. Removing the seven group-years in which there were multiple
primary breeding females in a group did not alter the outcome of this GLMM.

Table II Sample sizes of developmental classes before and after the Linear Discriminant Functional Analysis
model was applied

Known
developmental
class

Full
dataset

% correctly
classified
by LDA
(%)

Known
developmental
class

Full
dataset

% correctly
classified
by LDA
(%)

Leontocebus weddelli Saguinus imperator

Primary breeding
females

24 36 100 17 26 100

Secondary breeding
females

17 41 94 12 15 100

Nonbreeding
females

18 19 100 17 17 100

Primary breeding
males

21 55 81 12 42 83

Secondary breeding
males

9 26 67 5 15 100

Nonbreeding males 28 28 NA 11 11 NA

We obtained all data from Leontocebus weddelli and Saguinus imperator studied at the Estación Biológica Río
Los Amigos in Peru (2010–2015)

Table III For each sex in both species, a MANOVA of the principal components of the LDA shows
significant clustering of the three breeding classes: primary breeders, secondary breeders, and nonbreeders

Species–sex class Wilks’ λ F df P-value

Female Leontocebus weddelli 0.0461 82.35 2 <0.0001

Female Saguinus imperator 00348 56.67 2 <0.0001

Male Leontocebus weddelli 0.3722 43.29 1 <0.0001

Male Saguinus imperator 0.4756 19.48 1 <0.0001

Female assessment included all three developmental classes (df = 2), and males included two (df = 1);
nonbreeders were excluded. We obtained all data from Leontocebus weddelli and Saguinus imperator studied
at the Estación Biológica Río Los Amigos in Peru (2010–2015)
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Discussion

We showed that adult male numbers are unequally distributed over groups in the dataset
compiled from past studies, which means that correlational studies between group
reproductive output and adult male numbers may be biased by the rarity of observing
groups with high numbers of males. A meta-analysis revealed that adult males were not
correlated with group reproductive output, but that adult females and group size play a
significant role in this respect. By exploring in greater detail similar data at a long-term
field site on two callitrichine species, we created a model based onmorphology to assign
developmental class to the animals in this population.Whenwe included the proportions
of individuals in various developmental classes in logistic models of group reproductive
output and the proportion of various classes of adults and subadults in a group, we found
that primary breeding males, primary breeding females and group size, were the
strongest predictors of the presence of weaned infants, but only primary breeding
females and group size predicted the number of offspring that survived to weaning.

Our developmental class model assigned females more reliably to the correct class
than males, likely owing to the availability of better external indicators of develop-
mental class in females, such as observed nursing and nipple lengths (Soini and de
Soini 1990). Higher resolution of male developmental class would require the inclusion
of all or most copulation records, which is not feasible as copulation is cryptic in
arboreal primates (Campbell 2006) and short (1–12 s) in tamarins (Watsa 2013).
Nevertheless, our model successfully discriminated between developmental categories
for all sex classes, and revealed that animals in particular age–sex classes have different
reproductive capabilities. This method allowed us to reexamine how group composition
influences group reproductive output, by discriminating based on developmental class,
in addition to age–sex class.

Fig. 4 The distribution of developmental classes (primary breeder, secondary breeder, and nonbreeder)
between age classes (adult, subadult, and juvenile) for males and females of both Leontocebus weddelli and
Saguinus imperator at the Estación Biológica Río Los Amigos in Peru (2010–2015).
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The meta-analysis did not support the prediction that the number of males
would positively influence group reproductive output across the Callitrichidae.
Instead, group size and the number of adult females were positively correlated
with group reproductive output across five callitrichine genera for which data were
available. This does not necessarily imply that adult males have a negligible effect
on infant survival. Our meta-analysis was restricted to correlations with the
number of infants in a group, but logistic regression based on the Los Amigos
dataset showed that groups with high proportions of primary breeding adult males
are most likely to have one or more infants present. This finding supports a study
of factors explaining infant survival to three months of age in Saguinus mystax

Table V Results of a) Maximum likelihood logistic regression examining the effects of the proportions of
primary breeding females, primary breeding males, secondary breeding females, group size, and species on the
presence or absence of infants in a group and b) a generalized linear mixed-model examining the effects of the
proportions of primary breeding males and females, secondary breeding females, group size, and species on
group reproductive output among saddleback and emperor tamarins in Peru

Factor Estimate SE χ2 P

a: Logistic regression AIC = 58.887, df = 57

Intercept −18.675 9.322

Primary breeding females 31.619 17.222 22.204 <0.001

Primary breeding males 4.376 1.942 6.037 0.014

Secondary breeding females 2.116 2.934 0.543 0.461

Group size 2.418 1.264 15.340 <0.001

Species −1.215 0.798 2.483 0.115

Minimal model AIC = 58.532, df = 59

Intercept −17.590 8.959

Primary breeding females 29.765 16.455 23.529 <0.001

Primary breeding males 3.248 1.507 5.297 0.021

Group size 2.336 1.177 14.444 <0.001

b: GLMM AIC = 151.45, df = 57

Intercept −3.033 0.993

Primary breeding females 4.139 1.247 10.756 0.001

Primary breeding males 1.156 0.749 2.559 0.110

Secondary breeding females 0.533 1.137 0.219 0.640

Group size 0.331 0.128 6.612 0.010

Species −0.177 0.269 0.439 0.508

Minimal model AIC = 148.77, df = 60

Intercept −2.443 0.763

Primary breeding females 3.559 0.962 13.339 <0.001

Group size 0.343 0.128 7.090 0.008

The minimal models include only factors with significant effects on the response variables (α = 0.05).
Significant P-values are in bold. AIC = Akaike Information Criterion (Akaike 1994); GLMM = general linear
mixed model. We obtained all data from Leontocebus weddelli and Saguinus imperator studied at the Estación
Biológica Río Los Amigos in Peru (2010–2015)
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using similar methodology (Culot et al. 2011). These results show that males
influence the likelihood that infants are present in a group, but are not indicative
of higher group reproductive output per se among these callitrichids.

Although females are not usually identified as playing a significant role in deter-
mining group reproductive output, a study of the most comprehensive dataset on a wild
callitrichine population to date (Leontopithecus rosalia from Poço das Antas Reserve in
Brazil) did highlight the importance of many female factors to reproductive success
(Bales et al. 2001). Our analyses indicate that, after controlling for group size, the
proportion of primary breeding adult females in a group is the chief determinant of
group reproductive output. Our results remained the same even when seven instances
of multiple primary breeding females in a single group were excluded from the
analysis. Thus we consider the circumstances under which the proportion of primary
breeding adult females could contribute to increased group reproductive output, given
numerous observations of adults and subadults of both sexes actively participating in
alloparenting (Erb and Porter 2017). We posit three possible scenarios for high
proportions of primary breeding adult females in a group: 1) a single primary breeding
female present in a relatively small group, 2) multiple primary breeding females present
in a relatively small group, or 3) multiple primary breeding females present in an
average-sized group.

Fig. 5 Boxplots of the proportion of primary breeding males, proportion of primary breeding females, and
group size compared across group-years when infants were either absent or present. The mean proportion of
breeding males, unlike the proportion of primary breeding females and group size, was significantly higher
when infants were present than absent (exact Wilcoxon–Mann–Whitney test). All data were obtained from
Leontocebus weddelli and Saguinus imperator studied at the Estación Biológica Río Los Amigos in Peru
(2010–2015). Dark lines indicate median values, boxes indicate the interquartile range (IQR) between the first
and third quartiles, dots indicate outliers (3 × IQR above the third quartile or below the first quartile), and
ns = nonsignificant difference (P > 0.05) between group size in the presence or absence of infants.
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In the first scenario, a single primary breeding female forms a large proportion of a
small group and remains reproductively dominant, without any female challengers. The
proportion of primary breeding females would be maximized at 0.5 if only one primary
breeding adult male comprised the rest of the group. A recent review of a range of wild
tamarin studies (N = 183 groups and an additional 66 resampled cases) reported this
group composition in only 9.4% of cases, and these single breeding pairs invariably
failed to raise infants in the wild (Garber et al. 2015). Before our study, there was only
one reported exception to this trend, in Saguinus imperator at Cocha Cashu
(Windfelder 2000). However, we report mixed reproductive success from our smallest
groups, i.e., those that contained a single pair of primary breeding adults and one
secondary breeding subadult. In three cases of Leontocebus weddelli and one of
Saguinus imperator there were no living infants at the time of evaluation, either
because the female did not give birth or the male–female pair was unable to raise
offspring to the age of weaning. In contrast, we observed two groups of L. weddelli
where one infant survived successfully to weaning age. In one of these groups, this
occurred in two consecutive years, and the infant from the first year was still present in
the second year as a secondary breeding subadult. Thus, of seven group-years of a
single pair of primary breeding adults, we observed a ca. 43% success rate in raising
infants to weaning, which is more common than in the remaining callitrichine data.

In scenarios 2 and 3, multiple primary breeding adult females coexist in a single
group of small or average size and could enhance infant survival in several ways. If
only one female breeds successfully, i.e., there is high female reproductive skew, then
the second female can enhance infant survival indirectly by increasing vigilance and
foraging efficiency, or directly by alloparenting in an equivalent manner to a primary or
secondary male breeder. This in turn could be beneficial to this second female in a
variety of ways (parenting experience, future reproductive opportunities, or via kin
selection if she is the breeder’s sibling or close relative) (Erb and Porter 2017). In a
study of 12 groups of Leontocebus weddelli in Bolivia (Garber et al. 2015), 25% of the
groups contained two parous females (determined by nipple length), and the majority of
these pairs were genetically verified to be likely mother–daughter pairs. Unfortunately,
none of the groups contained infants at the time of assessment, so whether both females
bred simultaneously is unknown. In the longest running study to date on L. weddelli,
spanning 13 years at Cocha Cashu, female reproductive skew was high, with a
suspected 50% of females never breeding (Goldizen et al. 1996), although how the
reproduction of these females was limited is not known precisely. However, a broader
review of all callitrichine studies to date (Garber et al. 2015) reveals that groups with
multiparous females see low frequencies (6.3% or 18 of 287 group-years) of both
females breeding in tamarins (genera Saguinus and Leontopithecus) but a higher
tendency for this to occur (41.7% or 25 of 60 group-years) in the marmoset genus
Callithrix (Garber et al. 2015). Owing to marmoset propensities to carry multiple litters
in a year, there are more breeding opportunities available to primary breeding females,
groups are larger, and in several of these cases females gave birth several months apart
(Garber et al. 2015).

At least 10 cases of infanticide by females have been reported in the wild for both
marmosets and tamarins together, including some involving cannibalism (Arruda et al.
2005; Bezerra et al. 2007; Ferrari and Digby 1996). Though infanticide could reduce
group reproductive output in groups with multiple primary breeding females that have
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offspring, it does not necessarily result in reduced group reproductive output relative to
the rest of the population. For example, we observed a case of allonursing of infants by
a primary breeding female Leontocebus weddelli who most likely lost her own infants
at birth either to predation, infanticide, or other injury. This permitted a pair of twin
offspring to nurse until 6 mo of age on two females, their mother and subsequently the
second female that lost her infants, whereas they would normally be weaned around
three months (full account in Watsa 2013). This pair of infants survived for >3 yr. in
their natal group before dispersing. Allomaternal care such as this can be greatly
beneficial to the survival of offspring across primate species (Fedigan and Jack 2011;
Isler and van Schaik 2012; Smith et al. 2001) and also occurs commonly in cooper-
atively breeding meerkats (Suricata suricatta) as well (MacLeod 2013). Multiple
females breeding in a group a few months apart might also enhance group reproductive
output, if these separated births reduce conflicts related to infant care. We observed
multiple breeding females in a group of L. weddelli in which a pair of infants differed in
age by approximately two months based on timings of tooth eruption, indicating that
only one infant from each female survived. Offspring survival from both females has
been observed in at least two cases in the genus Saguinus (Calegaro-Marques and
Bicca-Marques 1995; Garber et al. 1993) and in multiple cases of Callithrix (Digby
1994; Digby and Ferrari 1994; Ferrari and Digby 1996; Roda 1989). We also report a
case in which a group of two adult male and two adult female L. weddelli raised three
offspring of approximately the same age, implying that the females had produced
offspring simultaneously. This group composition of adults is a common minimum
among callitrichines; for example, 32% of groups assessed in the longest study of
L. weddelli (Goldizen et al. 1996) and 66.7% of groups of the same species assessed
recently in Bolivia (Garber et al. 2015) had at least two adult males and females,
although morphological data used to determine the precise developmental classes of the
adults is not reported in these studies.

Our data emphasize the value of long-term, individual-based field studies in which
morphology described via mark-recapture programs can be utilised in evaluating
overall patterns of reproductive output, a view shared by others in primatology
(Clutton-Brock 2012; Clutton-Brock and Sheldon 2010; Robbins 2010). Many other
valuable characteristics of this study population are currently being evaluated to further
inform these analyses. First, analyses of dental ecomorphology will allow us to fine-
tune age classes and predict chronological age for identified individuals. With chrono-
logical age for each individual, we can explore how reproductive status changes over an
individual’s lifetime, monitor shifting population demographics in developmental class,
and test for interspecific differences in development and reproductive behavior between
Saguinus and Leontocebus. We can also use genetic sampling to determine paternity
and relatedness to directly address the impacts of developmental class on the identities
of biological parents in groups. Additional behavioral observations of actual infant care
in this population could elaborate on the role of individuals of different developmental
classes on group reproductive output. This study highlights the differences in the
influences of primary breeding adult males and females on group reproductive output,
which allows us to further understand the composition of groups capable of reproduc-
ing and contributing to population viability, which is an important consideration for the
conservation of these primates. A recent assessment of the conservation status of the
Callitrichidae revealed that of the 48 identified species, six remain data deficient and
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ca. 36% (15 species) of the remaining species are classified as threatened by the
International Union for the Conservation of Nature (Estrada et al. 2017). Thus, these
data will form an important benchmark against which future research can be compared
for the monitoring of the long-term viability of these primates.
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