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Abstract

The effect of a cooperatively breeding group’s composition on its reproductive output (GRO) has
been difficult to assess across populations and species. Prior research has correlated GRO with
age and sex classes, not accounting for uneven sample sizes and pseudoreplication at the group
or species level. This study utilizes a multistep modelling approach to assess whether breeding
status explains GRO better than age-sex classes among free-ranging saddleback (Saguinus
weddelli) and emperor tamarins (S. imperator) in Peru. Dimension reduction analyses were
performed on 6 years of morphometric data to assign breeding status to individuals. Three
analytical approaches (GLMM, binomial logistic regression and multinomial logistic regression)
were used to model the effects of breeding status on GRO in the current dataset and a historical
dataset derived from previous studies of wild callitrichids. Though alloparents have long been
considered critical to reproductive success in cooperative breeders, these results indicate that
group size and the proportion of primary breeders are the most significant factors contributing to
GRO. Thisindicates that reproductive suppression of subordinate females may even be
detrimental to GRO and though additional primary breeding males increased GRO, the addition
of secondary breeders, male or female, did not.
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1. Introduction

In a cooperatively breeding system offspring receive care from non-biological alloparents[1].
Alloparenting can occur in pair-bonded breeders (e.g. mongoose [2], ~ 9 % of birds[3]), or in
groups with multiple adult breeders and reproductive skew (e.g. prairie voles [4], meerkats [5],
and humans [6]). In primates, including humans, the frequency of alloparental care predicts
social tolerance, which enhances group cohesion [7]. While some studies emphasize the
influence of alloparenting [8-10] over prior parental experience [11] on group reproductive
output (GRO), others suggest that helpers could be detrimental [12].

Callitrichids are cooperatively breeding nonhuman primates typified by elevated levels of
prosociality and social tolerance [13,14]. However, groups vary in how and why they breed
cooperatively: previous reproductive output can modulate present litter size [15] and maternal
care can vary with helper availability and maternal health [16,17]. While subdominant females
could alloparent to gain experience for future offspring, males could alloparent to ensure the
success of young they may have fathered [13,18].

Previous studies have assessed the effect of group composition on GRO [13,14,19]. Garber [14]
found that average GRO increased with the number of helpers (typically adult males) in
Saguinus mystax. Among Leontopithecus rosalia, average GRO was significantly correlated with
average helper numbers in established groups [19]. Koenig [20] confirmed these results across
multiple studies on the marmoset Callithrix jacchus.

However, past analytical approaches have some disadvantages. First, correlations of average
GRO with composition of age-sex classes do not account for uneven sample sizes common to
even the best longitudinal datasets on wild callitrichids. We assessed a thirteen-year study on
Saguinus weddelli [21] with groups of 1-4 adult males and found that 68 % (32/47) of groups
had 2 adult males, while only 5 % (2/47) had 3 males, and 2 % (1/47) had four males — disparate
sample sizes that preclude using averages to test the effect of age-sex class on GRO (Fig. S1in
Supplementary Materials). Second, statistical models using absolute numbers of individualsin
age-sex classes can be confounded by larger groups producing more offspring overall [14,20].
Finally, comparative datasets across several species and with repeated measures from the same
social groups need statistical models that can control for species and group level effects.

We surmise that individual breeding status may be a better predictor of GRO than age-sex
classes. Despite callitrichids having scent-glands and genitalia that vary according to
reproductive status [22,23] and season [24,25], currently there is no reliable procedure for
determining breeding status. Thisis relevant given that subordinate females experience family-
induced reproductive suppression, further disconnecting age from reproductive capability [18,26-
29]. The diminutive size and relative morphological homogeneity of callitrichids also preclude
breeding status determination without the aid of a capture program.
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We used morphological and group composition data from a 6 year mark-recapture study on two
callitrichid species to model individual breeding status and assess whether breeding or age-sex
classes better explain GRO. Additionally, we compiled historical data on callitrichidsto re-
analyse GRO in relation to age-sex classes while accounting for the confounding effects of
unequal sampling and pseudoreplication.

2. Methods

() Study Siteand Subjects

We studied 21 groups of free-ranging saddleback tamarins (Saguinus weddélli, formerly S.
fuscicollis weddelli [30]) and emperor tamarins (S. imperator) at the Estacion Bioldgica Rio Los
Amigos (EBLA) in the Madre de Dios Department of southeast Perti across 6 seasons (2010-
2015) viamark-recapture (detailed protocol in [31]). At capture, infants were 4 to 7 months old,
readily identifiable by facial pelage and dentition. 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. This study follows the Animal Behaviour Society Guidelines [32] and American
Society of Mammalogists Guidelines on wild mammals in research [33].

(b) Assigning breeding status:

To determine breeding status, we recorded length and width of genitalia and suprapubic glands
and formulated indices of breeding status as follows: vulvar index (VI=length + width),
suprapubic gland area (SPA=length * width), average nipple length, and testicular volume
(TV=semi-spherical estimate) [24,34]. In 2.4% (8/331) of captures a measurement was not
recorded. We avoided omitting these records by inserting the average by breeding status (animals
of known breeding status, n=4) or age-sex class (unknown breeding status, n=4).

We mean-centred and scaled all measurements and indices by standard deviation for usein a
principal components analysis by species-sex groups (PCA: FactoMiner packagein R [35]).
Callitrichids typically live in groups with one primary breeding female (PBF), secondary females
(SBFs unable to breed in the presence of PBFs), primary or secondary males (P/SBMs), and non-
breeders (NBF/Ms). Individual coordinate values from the first two principa components were
used in alinear discriminant function analysis (LDA) to model three breeding categories:
primary, secondary, and non-breeder. Resampling of individuals occurred 1 to 4 times per
animal, with 51.8% captured at least twice. To avoid pseudoreplication, we used mean individua
component scores across years for animals with known breeding status (defined as per Table S1)
to train the LDA functions. Each species-sex class was checked for normality (g-q normal plots),
linear relationships (linear regression), and homoscedasticity between breeding categories
(Bartlett’ stest of homogeneity of variance, p > 0.05). Non-breeding males of both species were
omitted from the LDA due to limited variance causing heteroscedasticity; but since they were <
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7 months old, this exclusion had no impact on adult and sub-adult male classifications. We
calculated the percentage of known individuals that were correctly classified by this PCA-LDA
model (Table S2), and used aMANOVA (manova: MASS package in R [36]) to test the null
hypothesis that all predicted breeding status groups were indistinguishable based on individual
component scores. All statistical analyses were performed in R v.3.2.2[37].

(c) Group reproductive success

We compiled studies on wild populations of Saguinus spp. and Callithrix jacchus with published
numbers of individuals per age-sex class (NASC) and GRO (historical dataset will bein Section
1 of Dryad). First, we evaluated average GRO per NASC as per [14]. Based on more recent
analyses [14,19,20], we also performed Spearman’ srank correlations of GRO with NASC and
group size. However, correlations are pair-wise, not predictive, and cannot control for group
identity or species[38]. Thus, as per [19], we built generalised linear mixed models (GLMMs:
Imed in R [39]) with a Poisson error structure, response variable GRO (ranging from 0-3), and
NASCs as fixed factors. We used saturated fixed-effect models to optimise random structures,
incorporating group identity, species, and year when they had any effect on the outcome.
Minimal models were established using Akaike Information Criterion [40] by backwards non-
significant term deletion, retaining terms only if they reduced AIC by two units [41].
Additionally, we constructed mixed-effect logistic regression models with identical terms but a
binary response variable (offspring presence/absence), binomial error structure, and alogit link
function. Since NASC increases with group size, we aso re-ran both sets of models with the
proportion of individuals in age-sex classes relative to group size (PASC) as explanatory
variables.

Both modelling approaches were repeated on the current dataset using PASC and the proportion
of individualsin each breeding class relative to group size (PBC) as explanatory variables. We
also performed multinomial logistic regression models with PBC, separating GRO into two
levels: 0 to 1 offspring, and O to 2+ offspring. Fixed and random factors remained the same for
all analyses except multinomial logistic regression, which does not support random factors
(multinom: MASS packagein R [36]), but our findings indicated that this did not affect the
model outcome.

3. Reaults

(a) Group Demographics

Over 6 years we observed 63 reproductive attemptsin 21 groups, including 14 groups of S
weddelli sampled for amean of 2.86 + 1.35 s.d. years and 7 groups of S imperator sampled for a
mean of 3.43 + 1.27 s.d. years. Mean group sizes (Table 1), adult group sex ratios
(malesfemales) (S weddelli: 1.23 + 0.63 s.d.; S imperator: 1.65 + 1.34 s.d.), and GROs (S.
weddelli: 1.03 £ 0.87 s.d.; S. imperator: 0.92 + 0.88 s.d.) were not significantly different between
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species (Welch’'s Two Sample t-test, p >0.05). Across the study, 8.7% of all captures were of 1-2
offspring per group, with only one instance of three offspring. We observed 7 instances of
multiple primary breeding females present in asingle group —four in S. weddelli and threein S.
imperator.

(b) The Breeding Status M odel

We modelled the breeding status of 166 animals (106 S. weddelli and 60 S. imperator) over 323
capture events. Minimum requirements for factor analyses were satisfied, with an average of 19
and 23 samples per variable for the females and males. The two dimensions represented an
average of 86 % (range: 82 — 90 %) of total group variation. For all species-sex classes, PCA
dimension 1 was determined by all morphological variables and PCA dimension 2 was
determined primarily by nipple length in females and suprapubic area and animal weight in
males (Tables S3 and $4 in Supplementary Materials).

For animals with known breeding status (57.1 % of S weddelli and 59.5 % of S. imperator), the
LDA correctly assigned 98.3 % of female S. weddelli, 100 % of female S. imperator, 76.7% of
male S weddelli, and 88.2 % of male S. imperator (Fig. 1, Table S2). The LDA classification
mismatched one SBF to NBF (S. weddelli); four suspected PBMs became SBMs, and three
SBMs switched to PBMs (S. weddelli); and two PBMs became SBMs (S. imperator). The LDA
successfully distinguished between breeding classes for females and males of both species
(MANOVA, p <0.0001, Table S5). See Table S6 in Supplementary Materials for mean values
and ranges of morphological variables per species-sex group.

(c) Group Reproductive Success

Mean GRO in the historical dataset revealed unequal sample sizes per age-sex class with
overlapping confidence intervals (eg. mean offspring =1.10 = 0.87 s.d., ClI: 0.94 -1.27 in groups
with two adult males while mean offspring = 0.93 £ 0.77 s.d., Cl: 0.72 — 1.14 in groups with one
adult male) (Fig. 2). Mean group sizes were significantly different in historical datasets for
tamarins (4.63 £1.50 s.d., range: 2 -10, N = 177) and marmosets (8.08 + 2.96 s.d., range: 3 -15,
N = 36) (Wilcoxon Rank-Sum W = 5325, p < 0.0001), so they were analysed separately. In the
historical tamarin dataset, GRO was significantly positively correlated with group size
(Spearman’ srank correlation 2 (177)=0.260, p = 0.0006) and the number of adult females (#
(177)=0.150, p = 0.0439) but not with other age-sex classes. The historical dataset for
marmosets yielded no significant correlations across all cases.

In the historical tamarin dataset, group size was a significant factor across al modelling of GRO
via GLMM with Poisson errors and logistic regression with binomial errors using NASC and
PASC (p < 0.05) (Table 2). No other explanatory terms were significant, but the proportion of
adult females approached significance using logistic regression of PASC (p = 0.052).
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With new data from this study, we could not reject the null model in a GLMM with Poisson
errors or binomial logistic regression using PASC (Table 2). We then replaced PASC with PBC,
and a model with a Poisson error structure revealed that the proportion of PBFs and group size
were significant. A binomial logistic regression indicated that the proportion of PBMs
significantly explained the presence of offspring, while both group size and PBFs approached
significance. Removal of either PBFs (%(1) = 24.4, p < 0.0001) or group size (x*(1) = 13.5, p =
0.0002) significantly reduced model likelihood. Finally, a multinomial logistic regression on the
same dataset revealed that the proportion of PBMs significantly explained thefirst level (0to 1
offspring), while group size explained the second level (0 to 2 or more offspring), and the
proportion of PBFs approached significance (p = 0.0522) (Table 2); again, removal of PBFs
significantly reduced moded likelihood and increased AIC.

4. Discussion

Like other callitrichids, both study species twinned frequently and formed groups with multiple
breeding females [42]. Though these species diverged ~10.07 mya[30], we noted no significant
differences between them in mean group size, adult group sex ratios, or mean GRO.

(a) Modelling breeding status

Reproductive status has been evaluated in callitrichids through measurements of their genitalia
[25,34,43]. In addition, scent-gland morphology is known to signal oestrus, changes around
parturition (C. jacchus[44]), and differs by sex [23,45,46]; thus, it islikely correlated with
breeding status [23]. However, a method for reliably assigning breeding statuses is missing to
date. The proposed mode! utilised both genitalia and scent gland morphology to assign animals
into breeding classes, with a higher success rate in females than males. This sex-difference was
likely due to the availability of validated measuresin females, such as observed nursing and
nipple lengths [34], which were missing for males. Higher resolution on male breeding status
would require theinclusion of all or most copulation records, which was not feasible as
copulation is cryptic among arboreal primates [47] and of short duration (1-12 s) in tamarins
[23]. Nevertheless our model successfully discriminated between breeding categories for all
species-sex classes, confirming that all animals of a particular age-sex class did not have equal
reproductive capabilities.

(b) Group composition and reproduction

To date, studies on the effect of helpers on GRO among callitrichids have depended on
correlations or descriptive statistics, often within small datasets [14,20,48]. Contrary to earlier
findings, our analysis of alarge historical dataset of tamarin group compositions could not
confirm that adult males were positively correlated with GRO [14,20]. However, we detected
that the proportion, and not absolute numbers, of adult females approached significancein a
logistic regression model. This could be attributed to the singular dependence of reproduction on
breeding females and the possible presence of multiple breeding females, which could not be
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confirmed in the historical dataset. Ultimately, group size was the only factor that consistently
influenced GRO across all models, and the use of proportions rather than numbers of individuals
allowed usto isolate the potential effects of each age-sex class. Larger groups generally resulted
in more individuals in each age-sex class, but also allowed for more variation among individuals
within classes, which has not been addressed in prior studies.

Among callitrichids and some other primates, there is often a marked disconnect between age
and reproductive capability [18,27,29]. When we considered breeding status in the current
dataset, we found that the proportion of PBFs and PBMs significantly impacted GRO (Table 2),
but that SBFs and SBM's (who could be subadults or adults) did not. Secondary breeders only
facilitated GRO indirectly by increasing group size. These insights raise new questions regarding
the role of subadultsin callitrichids, whose alloparental contributions have been considered
integral to GRO [10,19]. In other cooperatively breeding species such as meerkats (Suricata
suricatta), analyses with multivariate statistical approaches revealed that helpers do not have a
direct effect on litter sizes at birth or pup weights at weaning, which were influenced by maternal
weight instead [5]. Additionally, among European badgers (Meles meles), the impact of helper
numbers on GRO was actually mediated by territory quality [12].

These findings shed light on the ultimate processes that lead to the formation of cooperative
breeding groups, which demand that certain individuals give up adegree of their own
reproductive success in order to maximize that of others. This strategy is highly advantageous to
breeding females, who benefit from the protection of large groups while relieving their offspring
of competition for resources with other infants. Helpers, in return, could benefit if offspring
survival increases the number of future helpers (the group augmentation hypothesis [49]).

However, despite the somewhat strict control of reproduction of subdominant females by
dominant females in captivity [50], and the reported harassment of breeding subdominant
females and infanticide of their offspring in wild groups [51-53], a variety of callitrichid
populations contain groups with multiple breeding females [ see reviews:. 54-56] including this
study [23]. Our findings support the idea that maximum GRO is actually hindered by the
reproductive suppression of subordinate females, who have little motivation to allomother solely
to gain experience for the care of future offspring [15]. Thus, subordinate females may instead
avoid dispersing to benefit from the advantages of group living and to increase their likelihood of
reproducing by replacing the PBF [62]. That older PBMs have a direct positive effect on
reproductive output, while SBMs do not, indicates that offspring may benefit when males are
experienced alloparents, particularly for thefirst litter [11]. To comprehensively assess the roles
of both biological and non-biological parentsin increasing GRO however, future studies should
consider genetic relatedness and alloparenting behaviours of males whose ages have been
accurately evaluated.
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Table 1. Group compositions based on breeding class status. All figures are provided as mean
number of individuals £ standard deviation (range).

Species N Group PBF SBF PBM SBM All All All
Size Juvs Males Females

Swedddli |14 495+ 095+ 090+ 140+ 065+ 103+ 205+ 188+
1.63(3- 050 078 0.98 0.74 0.86 0.90 (0- 0.69(1-
8) 02 (@03 (03 (@2 (03 5 4)

Simperator | 7 521+ 108+ 067+ 171+ 063+ 092+ 233+ 196z
141(3- 041 096 1.23 0.77 0.88 1.20 (0- 1.00(1-
8) 02 (@03 (049 @©O2 (02 b6 4)
Note: PP'SINBF/M = Primary/Secondary/Non Breeding Female/lMale; N = Number of unique
groups
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Table 2: The optima models for the historical dataset and the present study using GLMM, binomial logistic and multinomial logistic
regression.

Data Mo Ind. Variable Optimal models
del Fixed Factor 1 Fixed Factor 2 Fixed Factor 3
F B se. ¥ P F B se P F B se. P

™ | G N/PASC,GS GS 0125 0.048 6.770 0.009
TH | BL NASC, GS GS 0397 0136 8578 0.003
TH | BL PASC, GS GS 0464 0142 1061 0.001 pF 2577 1326 3776 0.052

TS| G PASC, GS - All termsin the model failed to converge, so we accept the null model

TS | BL PASC, GS - All termsin the model failed to converge, so we accept the null model

TS| G PBC, GS pPF 3559 0962 13.687 0.0002 GS 0.343 0.128 7.150 0.008

TS BL PBC,GS pPF 34230 19.255 3.160 0.0596 pPM 3971 2006 3918 0.048 GS 2679 1418 3571 0.0588

TS ML PBC, GS pPF 2754 1658 2535 0.0967 pPM 3471 1666 5403 0.0372 GS 2206 1190 15.124 0.0638
-1

TS ML PBC, GS pPF 3231 1664 2535 0.0522 pPM 3.022 1.700 5403 0.0755 GS 2485 1.197 15.124 0.0379
-2

Random factors of group identity and year were used to control for repeated measuresin all models but multinomial logistic
regression. In all cases, the response variable was group reproductive output. Datasets. TH = Tamarin Historical; TS = This Study.
Modes: G = GLMM (GRO as discrete numerical variable); BL = Binomial Logistic Regression (GRO as binary outcome); ML=
Multinomial logistic (Level 1: 0-1 offspring, or Level 2: 0-2+ offspring)

Variables: N/PASC=Number/Proportion of individuals per age-sex class, PBC = Proportion of individuals per breeding class, GS =
Group size

Statistical Output: F=fixed factor, B= estimated slope, s.e. = standard error, Factors: pF = proportion of adult females, pPF/M =
proportion of primary breeding females/males

'9sua?l| [euoneulaiu] 0’y AN-ON-AG-00e
Japun a|qejrene apew si 1| ‘Ainadiad ul uudaid ayy Aejdsip 01 asuadl| B AixHolq pajuelb sey oym ‘1spunyioyine ayl si (mainai 1aad Aq palyined
10U sem yaiym) Juudaid siyy 1oy Jepjoy 1ybuAdod syl '9T0Z ‘0T |Mdy parsod uoisiaa sIu :696.70/TOTT 0T/610"10p//:sdny :10p Jundaid AixyHolq
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Figure 1. Breeding status by species and sex before (left) and after (right) implementing the
PCA-DFA assignment model. Individuals of uncertain status (star symbol) are assigned to a
category based on reproductive morphology and weight. Femal e categories are differentiated by
discriminant functions 1 and 2 (DF1 & DF2), while male primary (P) and secondary (S) breeders
are differentiated by DF1 only; non-breeding males were removed from the DFA
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Figure 2. Average number of dependents (circles), with 95% C.I. (lines) depending on the
number individuals from each age-sex classin the complete historical data set; adult males
(AM), adult females (AF), sub-adult males (SM), sub-adult females (SF).


https://doi.org/10.1101/047969
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/047969; this version posted April 10, 2016. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

References

1. Sussman, R. W. & Garber, P. A. 1987 A new interpretation of the social organization and
mating system of the Callitrichidae. Int J Primatol 8, 73-92. (doi:10.1007/BF02737114)

2. Rood, J. P. 1990 Group size, survival, reproduction, and routes to breeding in dwarf
mongooses. An. Behav. 39, 566-572. (doi:10.1016/S0003-3472(05)80423-3)

3. Cockburn, A. 2006 Prevalence of different modes of parental carein birds. Proc. R. Soc.
Lond. B. 273, 1375-1383. (doi:10.1098/rspb.2005.3458)

4. Solomon, N. G. & Crist, T. O. 2008 Estimates of reproductive success for group-living
prairie voles, Microtus ochrogaster, in high-density populations. An. Behav. 76, 881-892.
(doi:10.1016/j.anbehav.2008.01.028)

5. Russdll, A. F., Brotherton, P., Mcllrath, G. M. & Sharpe, L. L. 2003 Breeding successin
cooperative meerkats:. effects of helper number and maternal state. Beh. Ecol. 14, 486—
492. (doi:10.1093/beheco/arg022)

6. Kramer, K. L. 2010 Cooperative breeding and its significance to the demographic success
of humans. Annu. Rev. Anth. 39, 417-436. (doi:10.1146/annurev.anthro.012809.105054)

7. Burkart, J. M. et al. 2014 The evolutionary origin of human hyper-cooperation. Nat
Commun 5, 1-9. (doi:10.1038/ncomms5747)

8. Goldizen, A. W. & Terborgh, J. 1986 Cooperative polyandry and helping behavior in
saddle-backed tamarins (Saguinus fuscicollis). In (eds J. G. Else & P. C. Lee), pp. 191—
198. Cambridge.

9. Russdll, A. F., Young, A. J., Spong, G., Jordan, N. R. & Clutton-Brock, T. H. 2007
Helpers increase the reproductive potential of offspring in cooperative meerkats. Proc. R.
Soc. Lond. B. 274, 513-520. (doi:10.1098/rspb.2006.3698)

10.  Clutton-Brock, T. H., Russell, A. F., Sharpe, L. L., Brotherton, P. N., Mcllrath, G. M.,
White, S. & Cameron, E. Z. 2001 Effects of helpers on juvenile development and survival
in meerkats. Science 293, 2446-2449. (doi:10.1126/science.1061274)

11. Washabaugh, K. F., Snowdon, C. T. & Ziegler, T. E. 2002 Variationsin care for cottontop
tamarin, Saguinus oedipus, infants as a function of parental experience and group size. An.
Behav. 63, 1163-1174. (doi:10.1006/anbe.2002.3018)

12.  Woodroffe, R. & Macdonald, D. W. 2000 Helpers provide no detectable benefitsin the
European badger (Meles meles). J. Zool. 250, 113-119.

13.  Burkart, J. M. 2015 Opposite effects of male and female helpers on socia tolerance and
proactive prosociality in callitrichid family groups. Sci. Rep. 5, 1-9.
(doi:10.1038/srep09622)


https://doi.org/10.1101/047969
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/047969; this version posted April 10, 2016. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

14.  Garber, P. A. 1997 Onefor all and breeding for one: Cooperation and competition as a
tamarin reproductive strategy. Evol. Anthropol. 5, 187-199. (doi:10.1002/(SICI)1520-
6505(1997)5:6<187::AID-EVAN1>3.0.CO;2-A)

15. Bales, K., O’'Herron, M., Baker, A. J. & Dietz, J. M. 2001 Sources of variability in
numbers of live birthsin wild golden lion tamarins (Leontopithecus rosalia). Am. J.
Primatol. 54, 211-221. (doi:10.1002/agjp.1031)

16. Fite J. E., Patera, K. J,, French, J. A., Rukstalis, M., Hopkins, E. C. & Ross, C. N. 2005
Opyportunistic mothers. female marmosets (Callithrix kuhlii) reduce their investment in
offspring when they have to, and when they can. J. Hum. Evol. 49, 122-142.
(doi:10.1016/j.jhevol .2005.04.003)

17. Bales, K., French, J. A. & Dietz, J. M. 2002 Explaining variation in materna carein a
cooperatively breeding mammal. An. Behav. 63, 453-461. (doi:10.1006/anbe.2001.1954)

18. Beehner, J. C. & Lu, A. 2013 Reproductive suppression in female primates: A review.
Evol. Anthropol. 22, 226-238. (doi:10.1002/evan.21369)

19. Bales, K., Dietz, J., Baker, A., Miller, K. & Tardif, S. D. 2000 Effects of allocare-givers
on fitness of infants and parents in callitrichid primates. Fol. Primatol. 71, 27-38.
(doi:10.1159/000021728)

20. Koenig, A. 1995 Group size, composition, and reproductive success in wild common
marmosets (Callithrix jacchus). Am. J. Primatol. 35, 311-317.
(doi:10.1002/4jp.1350350407)

21. Goldizen, A. W., Mendelson, J., Van Vlaardingen, M. & Terborgh, J. 1996 Saddle-back
tamarin (Saguinus fuscicollis) reproductive strategies: Evidence from a thirteen-year study
of amarked population. Am. J. Primatol. 38, 57-83. (doi:10.1002/(SICI)1098-
2345(1996)38:1<57::AID-AJP6>3.0.CO;2-S)

22. Araljo, A. & Cordeiro de Sousa, M. B. 2008 Testicular volume and reproductive status of
wild Callithrix jacchus. Int J Primatol 29, 1355-1364. (doi:10.1007/s10764-008-9291-4)

23.  Watsa, M. 2013 Growing up tamarin: morphology, reproduction, and popul ation
demography of sympatric free-ranging Saguinus fuscicollis and S. imperator.Doctoral
Thesis. Washington University in Saint Louis. (doi: 10.7936/K7DB7ZTD)

24.  Garber, P., Moya, L., Pruetz, J. & Ique, C. 1996 Social and seasonal influences on
reproductive biology in male moustached tamarins (Saguinus mystax). Am. J. Primatol.
38, 29-46. (doi:10.1002/(SICI)1098-2345(1996)38:1%3C29::AID-
AJP4%3E3.0.CO%3B2-V)

25.  Encarnacion, F., Soini, P., Tapia, J. & Aquino, R. 1990 La captura de Callitrichidae
(Saguinusy Cebuella) en la Amazonia Peruana. In La Primatologia en € Peru: Proyecto
Peruano de Primatologia:* Manuel Moro Sommo’ (ed N. E. Castro-Rodriguez), pp. 1-24.
Lima: Proyecto Peruana de Primatologia.


https://doi.org/10.1101/047969
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/047969; this version posted April 10, 2016. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

26. Goldizen, A. W. & Terborgh, J. 1989 Demography and dispersal patterns of atamarin
population: Possible causes of delayed breeding. Am. Nat. 134, 208-224.

27. Barrett, J., Abbott, D. H. & George, L. M. 1990 Extension of reproductive suppression by
pheromonal cues in subordinate female marmoset monkeys, Callithrix jacchus. J. Reprod.
Fert. 90, 411-418. (doi:10.1530/jrf.0.0900411)

28. Savage, A., Ziegler, T. E. & Snowdon, C. T. 1988 Sociosexual development, pair bond
formation, and mechanisms of fertility suppression in female cotton-top tamarins
(Saguinus oedipus oedipus). Am. J. Primatol. 14, 345-359. (doi:10.1002/gjp.1350140404)

29. Ziegler, T. E. 1987 The endocrinology of puberty and reproductive functioning in female
cotton-top tamarins (Saguinus oedipus) under varying social conditions. Biol. Reprod. 37,
618-627. (doi:10.1095/biolreprod37.3.618)

30. Matauschek, C., Roos, C. & Heymann, E. W. 2010 Mitochondrial phylogeny of tamarins
(Saguinus, Hoffmannsegg 1807) with taxonomic and biogeographic implications for the S,
nigricollis species group. Am. J. Phys. Anth. 144, 564-574. (doi:10.1002/ajpa.21445)

31. Watsa, M. et al. In Review. A field protocol for the capture and release of callitrichids.
Neotrop. Prim.

32. Roallin,B. E. & Kessd, M. L. 2006 Guiddlines for the treatment of animalsin behavioural
research and teaching. An. Behav. 71, 245-253. (doi:10.1016/j.anbehav.2005.10.001)

33. Skes, R. S & Gannon, W. L. 2011 Guidelines of the American Society of Mammal ogists
for the use of wild mammalsin research. J. Mammal. 92, 235-253. (doi:10.1644/10-
MAMM-F-355.1)

34.  Soini, P. & de Soini, M. 1990 Distribucién geograficay ecologia poblacional de Saguinus
mystax. In La Primatologia en el Peru: Proyecto Peruano de Primatologia * Manuel
Moro Sommo’, pp. 1-31. Lima: Proyecto Peruana de Primatol ogia.

35. Beehner, J. C. & Lu, A. 2013 Reproductive suppression in female primates: A review.
Evol. Anthropol. 22, 226-38. (doi:10.1002/evan.21369)

36. Venables, W. N. & Ripley, B. D. 2002 Modern applied statistics with S-plus. 4 edn. New
York, NY: Springer New Y ork. (doi:10.1007/978-0-387-21706-2)

37. Team, R. C. 2013 R: A language and environment for statistical computing.

38. Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, M. H.
H. & White, J.-S. S. 2009 Generalized linear mixed models: a practical guide for ecology
and evolution. Tr. Ecol. Evol. 24, 127-135. (doi:10.1016/].tree.2008.10.008)

39. Bates, D., M&chler, M., Bolker, B. & Walker, S. 2014 Fitting linear mixed-effects models
using Ime4. arXiv. (doi:arXiv:1406.5823)


https://doi.org/10.1101/047969
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/047969; this version posted April 10, 2016. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

40. Akake H. 1994 A new look at the statistical model identification. |EEE Transactions on
Automatic Control 19, 716-723. (doi:10.1109/TAC.1974.1100705)

41. Moreno, P. G., Eberhardt, M. A. T., Lamattina, D., Previtali, M. A. & Beldomenico, P. M.
2013 Intra-phylum and inter-phyla associations among gastrointestinal parasitesin two
wild mammal species. Parasitol Res 112, 3295-3304. (doi:10.1007/s00436-013-3509-x)

42.  Garber, P. A., Porter, L. M., Spross, J. & Di Fiore, A. 2015 Tamarins. Insightsinto
monogamous and non-monogamous single female social and breeding systems. Am. J.
Primatol. 78, 298-314. (doi:10.1002/ajp.22370)

43.  Garber, P. A. 1993 Seasonal patterns of diet and ranging in two species of tamarin
monkeys. Stability versus variability. Int J Primatol 14, 145-166.

44. Moreira, L. A. A., deOliveira, D. G. R., de Sousa, M. B. C. & Pessoa, D. M. A. 2015
Parturition signaling by visual cues in female marmosets (Callithrix jacchus). PLoS One
10, e0129319. (doi:10.1371/journal .pone.0129319)

45.  French, J. & Cleveland, J. 1984 Scent-marking in the tamarin, Saguinus oedipus. Sex
differences and ontogeny. An. Behav. 32, 615-623. (doi:10.1016/S0003-3472(84)80299-
7)

46. Zeller, U., Epple, G., Kuderling, I. & Kuhn, H. 1988 The anatomy of the circumgenital
scent gland of Saguinus fuscicollis (Callitrichidae, Primates). J. Zool. 214, 141-156.
(doi:10.1111/j.1469-7998.1988.th04992.x)

47.  Campbdl, C. J. 2006 Copulation in free-ranging black-handed spider monkeys (Ateles
geoffroyi). Am. J. Primatol. 68, 507-511. (doi:10.1002/ajp.20246)

48. Béker, A. J., Dietz, J. M. & Kleiman, D. G. 1993 Behavioural evidence for
monopolization of paternity in multi-male groups of golden lion tamarins. An. Behav. 46,
1091-1103. (doi:10.1006/anbe.1993.1299)

49. Kingma S. A., Santema, P., Taborsky, M. & Komdeur, J. 2014 Group augmentation and
the evolution of cooperation. Tr. Ecol. Evol. 29, 476-484.
(doi:10.1016/j.tree.2014.05.013)

50. Ziegler, T. E., Savage, A., Scheffler, G. & Snowdon, C. T. 1987 The endocrinology of
puberty and reproductive functioning in female cotton-top tamarins (Saguinus oedipus)
under varying social conditions. Biol. Reprod. 37, 618-627.

51. Dighy, L. & Saltzman, W. 2009 Balancing cooperation and competition in callitrichid
primates. examining the relative risk of infanticide across species. In The Smallest
Anthropoids (eds S. M. Ford L. M. Porter & L. C. Davis), pp. 135-153. Boston, MA:
Springer US. (doi:10.1007/978-1-4419-0293-1 7)

52. Hilério, R. R. & Ferrari, S. F. 2009 Double infanticide in afree-ranging group of buffy-
headed marmosets, Callithrix flaviceps. J Ethol 28, 195-199. (doi:10.1007/s10164-009-


https://doi.org/10.1101/047969
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/047969; this version posted April 10, 2016. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

53.

4.

95.

56.

aCC-BY-NC-ND 4.0 International license.

0182-8)

Bezerra, B. M., Da Silva Souto, A. & Schiel, N. 2007 Infanticide and cannibalismin a
free-ranging plurally breeding group of common marmosets (Callithrix jacchus). Am. J.
Primatol. 69, 945-952. (doi:10.1002/ajp.20394)

Digby, L. J. & Ferrari, S. F. 1994 Multiple breeding females in free-ranging groups of
Callithrix jacchus. Int J Primatol 15, 389-397. (doi:10.1007/BF02696100)

Smith, A. C., Tirado Herrera, E., Buchanan-Smith, H. M. & Heymann, E. W. 2001
Multiple breeding females and allo-nursing in awild group of moustached tamarins
(Saguinus mystax). Neotrop. Prim. 9, 67-69.

Hildrio, R. R. & Ferrari, S. F. 2010 Four breeding females in a free-ranging group of
buffy-headed marmosets (Callithrix flaviceps). Folia Primatol ogica 81, 31-40.
(doi:10.1159/000278839)


https://doi.org/10.1101/047969
http://creativecommons.org/licenses/by-nc-nd/4.0/

