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ABSTRACT

The degree of genetic relatedness among group nmsnshiefluenced by dispersal, group
formation and composition, mating systems, andratbeioecological factors. Making
inferences about differences between species indbeio-genetic structure is difficult
because studies rarely compare multiple specidghidrstudy, we use multilocus
microsatellite genotype data to analyze intragrgeipetic relatedness in two howler
monkey species)ouatta palliata andA. pigra). We test the prediction that their patterns

of intragroup genetic relatedness will be distimased on expectations derived from their



distinct social system#louatta palliata is expected to have low levels of intragroup
relatedness, given that both males and femalegpogted to disperse from their natal
groups, and to join groups with no close kin. Lewa relatedness amoig pigra group
members are expected to be variable accordingethigtory of group formation, with new
groups formed by unrelated individuals and welkbished groups having close kin due to
female nepotism and sometimes by takeovers bytwoeliof related males. Our results
indicate that in both species, most groups cortlaisely related same-sex and/or inter-sex
dyads. This suggests that philopatrAirpalliata may be more common than reported or
that individuals are using alternative strategeeseside with close kin. We found greater
variation among groups in female-female relatedimesspalliata than inA. pigra,

implying that these species have distinct socicegerstructures. Further studies including
both long-term observational and genetic data acessary to understand the mechanisms
that determine the degree of variation in intragrganetic relatedness within and among
populations for both species. Ecological and deequigic data are also necessary to
determine the importance of other factors, espgdiabitat loss and fragmentation, in
determining the degree of relatedness in howlerkeypgroups.
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INTRODUCTION

In social animals, genetic relatedness and sati@tactions among members of a
group influences the way in which genetic variai®structured within and between
populations. The degree of genetic relatedness gup@up members is affected by the

mode of dispersal and group formation, by group masition, mating systems, and can



also be indirectly influenced by demographic ststieéy and historical factors [Di Fiore,
2012], habitat fragmentation [Oklander et al., 2040d the distribution of resources
[Henzi et al., 1997; Koenig et al., 1998; Sinhalet2005]. Within populations, patterns of
inter- and intragroup relatedness are determinezblyplex interactions between these
factors. Thus, understanding patterns of relatesinwihin and between social groups can
inform us about both the factors that shape geségticture in populations and the potential
for individuals to attain inclusive fithess bengfit

Traditionally, researchers have relied on long-tebservations (i.e., demographic
records) in order to understand patterns of retedssl dispersal and genetic structure in
populations. However, long-term field studies impates are often difficult, due to
logistics and the costs associated with such pijecaddition to dealing with political
obstacles [Strier & Mendes, 2009]. Furthermore jittherent difficulties of keeping
accurate immigration and emigration records in Esewith bisexual dispersal in which
individuals are difficult to identify, makes thiask even harder. When long-term
demographic data are not available, genetic datgpavide a way to understand the extent
of genetic structure resulting from patterns opdisal and social systems. In fact, genetic
data can be used to infer patterns of intergroupement because, in general, we can
expect to find a greater degree of intergroup gesétucture in the more philopatric sex
because individuals remaining in natal groups eesiilh same-sex kin [Goudet et al.,
2002]. Over the last decade, molecular methods bega implemented to investigate
genetic relatedness among many social specieslan to understand the extent and

implications of kin associations in relation topkssal patterndarus major: Van De



Casteele & Matthysen, 200Basser domesticus: Vangestel et al., 201 Crocuta crocuta:
Watts et al., 2011; delphinids: Mdller, 2012].

Considering social animals, primate societiesageal systems in which genetic
data can be used to understand patterns of redediue to the extensive variation across
taxa in their dispersal and social structure. Hemveselatively few primate studies have
used genetic data to assess the degree of relatedm®ng group members [Silk, 2002]
and the data are especially limited for New Worlohkeys [Di Fiore, 2009]. Analyses of
genetic relatedness have been used to confirndiaersal systems and social structure
produce predictable patterns in genetic populatidrstructure [e.g., Altmann et al., 1996],
and to indirectly infer patterns of dispersal widemographic data are unavailable [e.qg., Di
Fiore & Fleischer, 2005]. However, studies rareynpare multiple species, so it is hard to
make comparative inferences about differencescdiosgenetic structure. Howler monkeys
are an interesting taxon that can be used to asltiesproblem because there are several
closely related species that appear to vary indepgcts of their dispersal and social
systems. Here, we use reports of dispersal andlsiaiicture in two species of howler
monkeys Alouatta palliata andA. pigra) to generate predictions on patterns of genetic
relatedness that might emerge from these behaWshen test our predictions using
multilocus genotype data to examine intragroup tiemelatedness by comparing patterns
of relatedness between the two species.

In both species, individuals live in uni- or muttiale/multi-female groups, bt
palliata groups tend to be larger. A palliata, group size ranges from 6—20+ individuals
[Chapman & Balcomb, 1998] and usually consists-ef @dult males, 2—-10 adult females,

and 1-10 immatures [Glander, 1980; Estrada, 1982yA-Rodriguez et al., 2008; Milton



et al., 2009]Alouatta pigra mean group size ranges from 4-9 individuals, 4B adult
males, 1-3 adult females, and 1-4 immatures [Cha@talcomb, 1998; Van Belle &
Estrada, 2006]. Although bisexual dispersal has bbeported in both species [Brockett et
al., 2000; Horwich et al., 2000; Van Belle et 2D08; Glander, 1992; Clarke & Glander,
2004], these reports also show variation aroungedsal patterns within each species.
SomeA. pigra females have been reported to remain philopatddm@migration by
dispersing females is thought to be rare [Brookedl., 2000; Van Belle et al., 2011].
However, not alA. pigra females stay in their natal groups and thosedisgierse may
form new groups instead of joining established groas is reported fa@k. seniculus
[Crockett, 1984; Pope, 1992]. On the other h#&ngballiata females are reported to
disperse from their natal group and join group$ dwanot contain kin, but exceptions exist
where individuals sometimes stay in their natabigrfiGlander, 1980; Clarke & Glander,
2008]. Regarding males, different group-joiningastgies have been reportediirpigra;
whereas in some cases a single male can join @ gvithiout evicting any residents, in
other instances a single male may take over a dgrg@gxpelling the resident males
[Horwich et al., 2000; Van Belle et al., 2012],abwsely related males can form coalitions
and take over a group together [Van Belle et 8l1,22. In contrast to the multiple strategies
reported iPA. pigra, the dispersal strategiesAfpalliata males are reported to be similar
to that ofA. palliata females, with individuals dispersing before aduodith, remaining
solitary for some time, and joining groups thatad contain kin [Glander, 1980; Glander,
1992; Clarke & Glander, 2008]. In addition, secagdeansfer across multiple groups has
been observed for sonde palliata individuals (both male and female) [Clarke & Glande

2010].



Due to these reported differences, we predictghtierns of genetic relatedness
among same-sex adults will differ betwekrmigra andA. palliata groups. To test this, we
calculate and compare coefficients of genetic eeliass for intragroup adults generated
from multilocus microsatellite genotypes in botleses. Specifically, we ask 1) what are
the patterns of genetic relatedness among samaeseis within social groups in these
species? and 2) Do these patterns reflect ourrduwirederstanding of their dispersal and
social structure? If the dispersal strateggbigra females is similar to that reported for
A. seniculus, female relatedness should be greater in welbésked groups as compared
to new groups formed by dispersing individuals. réf@re, we predict that mean intragroup
female relatedness amoAgpigra groups will be highly variable due to likely rando
sampling of established and new groups in thisystBdcause solitar. pigra males may
join groups without necessarily expelling residerties, and closely related coalitions of
males can join groups together, we should alswaeation in mean intragroup adult male
relatedness among groups in this species. On tiee band, since moét palliata
juveniles (female and male) are reported to digplmsn their natal group and join
established groups that do not contain close velstiwe predict that mean relatedness
among intragroup adults will be low #& palliata groups for both sexes, and we should see

little variation among groups.

METHODS
Sample Collection
Blood and hair samples from @4 pigra individuals [26 adult females (F), 23 adult

males (M), 15 immatures (IM)] and 140 palliata individuals (59 F, 42 M, 39 IM) were



obtained from 37 wild groups from different locatso(Figure 1, Table SlI). Sampled
individuals were captured between 1998 and 2018vihg procedures described in
Rodriguez-Luna & Cortés-Ortiz [1994]. Since our parcomprises wild-born individuals
that had not been followed since birth we deterchiagult status following dental
development and wear patterns of captured indilsdaecording to the criteria developed
in Pope [1966] (see details in Kelaita et al. [Ap1Rriefly, we assigned adult status for
individuals with fully-erupted dentition and tharthmolar in functional occlusion, and at
least slight wear found on some of the premoladsfaist molar. Most individuals (groups
designated with numbers in Figure 1) were tattomigd unique IDs to avoid duplicated
sampling. Non-tattooed individuals (groups desigdatith letters in Figure 1) were either
captured in locations sampled only once or werepéaarduring the same expedition from
distinct groups. During sample collection, 2 mbtdod were extracted from the caudal
vein of chemically immobilized individuals and mden 10 ml of lysis buffer [Seutin et
al., 1991]. Samples were kept on ice in the field stored at -20°C after they arrived in the
laboratory. Hair samples were stored in paper eped, kept at room temperature in the
field, and stored at -20°C in the lab. This rese@amplies with the protocols approved by
University of Michigan Committee on Use and Carénimals, and adhered to American
Society of Primatologists’ Principles for the Etlid reatment of Non-Human Primates.
Sample collection and transportation comply witHegal requirements in Mexico and the
USA.

Because some of our samples came from geographitisint locations and

relatedness estimates are sensitive to populdtioctsre [Wang 2011}, we partitioned our



data in three datase®. pigra, and Western and Eastern populationa.qfalliata (Figure

1, see details in the “Analyses” section).

DNA Extraction and Microsatellite Genotyping

Genomic DNA was extracted from both blood and bamples for all individuals
(except for one infant for which we only extraci2NA from hair) using the QIAGEN
DNeasy tissue kit (Qiagen Inc., Valencia, CA). \WWkdwed the manufacturer’s protocol
for animal tissue extractions with the following dnications: step 1) for blood samples:
starting volume of 100L of whole blood solution, added to 100 buffer ATL, for hair
samples: approximately 15 hair follicles in 1d0buffer ATL.

All A. pigra, WesterrA. palliata, and Easter@. palliata individuals were
genotyped at 22, 12, and 19 polymorphic microstdtici, respectively (28 loci analyzed
in total, Table I). The presence of polymorphisrad previously been determined for each
species [Cortés-Ortiz et al., 2010], but for oualgses we only used those loci that were
polymorphic in each dataset, therefore different Weere analyzed for each dataset (Table
[). We conducted both single and multiplex reactismamplify these loci. Singleplex
amplifications were performed in a reaction volunhé@ O uL containing 1ul 10X buffer, 1
uL dNTPs at 2M each, 0.8iL MgCl, (50mM), 0.25uL of fluorescently labeled forward
primer (10uM), 0.25uL unlabeled reverse primer (M), 5.7 uL water, 0.045uL
Platinum taq (Invitrogene), andul. DNA extract. The thermal cycling profile was as
follows: initial denaturation of 94C for 2 min, followed by 35 cycles of 9& for 30 s,
annealing temperature (see Table 1) for 30 SCrfar 30 s, followed by a 72 for 10 min.

Based on similarities in annealing temperature i@ 8bwe ran multiplex reactions for a



number of samples using the Qiagen multiplex PGRiagen Inc., Valencia, CA), with a
total reaction volume of 10L. The reaction mix containedi& of 2X Master Mix, 1uL of
10X primer mix (with each primer concentrated a8, 1 uL of water, 2uL of Q

solution, and 1L of DNA. Multiplexed PCR reactions followed a thaal cycling profile

of 95°C for 15 min, followed by 35 cycles of 9& for 30 s, annealing temperature for 30
s, 72°C for 45 s, and 66C extension for 30 min. A negative control was tied in all

PCR reactions to ensure lack of contamination. Wetmphoresed PCR products on a 2%
agarose gel to verify the presence and qualitymgdldications in order to determine the
appropriate dilutions for genotyping. PCR prodwetse diluted with water according to
the intensity of the observed band and added txaffluorescent standard (GS500LIZ)
and Hi-Di Formamide (Applied Biosystems) before pls were sent to the University of
Michigan DNA Sequencing Core where genotyping wasedon a 3730XL Applied
Biosystems DNA sequencer. Allele sizes were scasity GeneMarker V 1.5
(Softgenetics, State College, PA, USA) by at leastdifferent researchers. If researchers
did not agree on a call, the sample was amplifgadra genotyped and the alleles were re-
scored. On average 12% of samples from individaa¢dyzed in this study were genotyped
more than once per locus. All plates submittedygrotyping contained at least one PCR
product with alleles of known size to ensure cdesismigration of DNA and comparable

allele sizing across runs.

Analyses
Observed and expected heterozygosity, numberagalper locus, and probability

of identity (PI) were calculated in GenAlEx 6.4%kHkall & Smouse, 2006]. We used



Micro-Checker [Van Oosterhout et al., 2004] to festevidence of null alleles, scoring
errors due to stuttering, and large allele dropNone of the loci showed evidence to
suggest the presence of any of these phenomemg of aur datasets (i.eA, pigra,
WesternA. palliata and Easterd. palliata). Arlequin ver 3.5.1.3 [Excoffier & Lischer,
2010] was used to analyze linkage disequilibriui@)(between pairs of loci and departures
from Hardy-Weinberg equilibrium (HWE) in each dafsnd for each we implemented a
Bonferroni correction to account for multiple compans. We did not find evidence for
LD between any loci i\ pigra, but there was evidence for LD for several pairA.i
palliata. Since we do not know the location of these matelfites in the genome we
cannot be sure of physical linkage between anygddoci. However, the fact that different
loci show LD in each dataset (loci in LD for Westé:. palliata include AB06 & ABO7,
and for Easteri. palliata include PEPC8 & API11, APM4 & 157, TGMS1 & TGMS2,
and D6S260 & ACA45) suggests that physical proximftioci may not be responsible for
this observation. Data analysis after removal oboggpe data for loci under LD did not
produce results different from those of analyséiiuy the entire dataset. For each
dataset, at least two loci showed evidence foradieri from HWE (Table 1). For neutral
loci, like microsatellites, deviations from HWE che caused by the presence of null
alleles. Based on our analyses with Micro-Chedkere is no evidence of null alleles in
our datasets. Another factor that can affect HWiaésanalyses of multiple populations
treated as a single population, which is known @#aalund effect [Wahlund, 1928].
Although we partitioned ouk. palliata dataset into two more evident populations (Eadt an

West) we cannot exclude the possibility that theeobed deviations from HWE could have



been caused by population substructure. Howevelu@ixg loci under HW disequilibrium

did not affect our overall results, so we repont aoalyses without excluding these loci.

Relatedness

When not accounted for, population structure isfmeo inflate relatedness
estimates [Wang 2011]. Therefore, we partitionedgamotype datasets to avoid this issue.
In A. pigra, all relatedness estimates were calculated udliele frequencies in the “central
population” (Figure 1). For the two groups that &geographically distant from the central
location, we calculated relatedness values for gamlnp separately by combining
individuals with the central population. & palliata, our samples clustered in two
geographically distant populations (Eastern andt&vies To determine whether or not
these populations are genetically distinct, we aatexb pairwise Brin Arlequin. Our
results indicated that there is some structure éetvihese sampling sitess{R0.34,
P<0.001). Therefore, we calculated relatednessiasds for the Eastern and Western
populations ofA. palliata separately using local allele frequencies witldohepopulation.

There are several relatedness estimators avadableach calculates the coefficient
of relatedness (r) from multilocus genotype dattedintly. Factors such as degree of
dyadic relatedness and number of alleles per loansnfluence different estimators in
different ways. To determine which estimator is traggpropriate for each dataset in this
study, we compared r-values from several estimatsirgy simulated genotypes [100 each
of parent-offspring (r=0.5), full sibs (r=0.5), kaibs (r=0.25), and unrelated (r=0)] against
actual values using RELATED [Pew et al. 2014]. Tdmslysis takes allele frequencies

from sampled populations into account when simogatjenotypes. As a result, dyadic r-



values for the most appropriate estimator will rhdte expected value most closely. The
Queller & Goodnight [1989] estimator performed besttheA. pigra, and the EasterA.
palliata dataset, while the Lynch & Ritland [1999] perfohizest for the Wester

palliata dataset. To be consistent in our calculationssscdatasets, we report here only
Queller & Goodnight [1989], (QG) r-values compuiedRELATED and used those
estimates in statistical analyses. To confirm f{hyerepriateness of this estimator, we
compared QG r-values against others estimated YARED for known mother-offspring
dyads in each species (N=4 dyads each). QG relesisnated expected r-values for these
dyads (#0.5) (see results for more details). We considesedly related dyads to be those
with an r-value consistent with that of first-degirelatives. Thus, closely related dyads
have an r-value greater than or equal to the meamated value for half-sibs in that
datasetA. pigra: r>0.239; Westeri\. palliata: r>0.213, EasterA. palliata: r>0.227) and
unrelated dyads to be those with r-values belosttireshold.

To examine patterns of intragroup relatednessch species, we made
comparisons between dyad types. We tested forfsigni differences in mean relatedness
by permuting r-values across dyad types in R [ReQ@am 2015], using the sample
function to construct permuted datasets 10,000stiwithout replacement. We considered
mean relatedness to be significantly different wthenobserved difference between dyad
types exceeded that seen in >95% of our permutiedeta. To test if close relatives reside
in the same groups, we tested for significant déffiees in observed mean relatednegs (D
between a) all possible adult female-female (Fy@dd and intragroup F-F dyads, between
b) all possible adult male-male (M-M) dyads andagtoup M-M dyads, and between c) all

possible adult male-adult female (M-F) dyads atgroup M-F dyads. These analyses



were conducted using only within-population dyagke(above for population description).
For example, foA. pigra “all F-F dyads” means all possible F-F dyads wattiie “central”
population and foA. palliata “all F-F dyads” means all F-F dyads within the Yées
population plus all F-F dyads within the Easterpydation, but no F-F dyads between
Western and Eastern populations. For each spetegarisons involving mean
relatedness among intragroup adult females werdumted using only genotype data for
adult females in groups from which we collected glas from all adult females present in
the group (i.e., complete group#) pigra N=9 groupsA palliata N=6 groups). The same
criterion was applied for comparisons involvingatedness among intragroup adult males
(A. pigra=8 groupsA. palliata=7 groups; Table II). If mean relatedness is grefate
intragroup dyads than for all possible dyads, wWuosild suggest that intragroup individuals
are more closely related than is any given dyatiatftype at random. To evaluate possible
sex-biased dispersal in each species, we alsaltistsignificant differences in relatedness
between intragroup M-M dyads vs. intragroup F-Fddydf dispersal is not sex-biased, we

should see no difference in dyadic relatednessdmithe sexes.

Intergroup variation

To evaluate potential differences in levels ofligteup variation in mean
relatedness between species, we subtracted meagranip relatedness values separately
for males and females for every possible combinatiogroups within each population
(example: g=|groupl mean r — group2 mean sf|droupl mean r — group3 mean r|, etc.),
then calculated the mean difference by speciggfél...+d,/n comparisons for each

species) and compared this difference betweenesgddsing this method, we will expect



that populations with low variation in mean relatesls among groups will exhibit a lower
mean difference than populations with a greateatian in the patterns of relatedness
among groups. We then tested for significant diffiees in this mean difference using the
permutation method in R as described above.

Because our analyses of same-sex relatednessimészllto groups in which either
all males or all females were captured and dubkddlifficulty of capturing all females in a
large group, our sample éf palliata F-F dyads in particular is biased to groups witbve
number of females (mean=3). Although smaller greigp and this female composition are
not uncommon foA. palliata mexicana [e.g., Estrada 1982; Arroyo-Rodriguez et al., 2008
Asensio et al., 2009; Dunn et al., 2009], we tefbe@dn effect of group size dh palliata
F-F relatedness within groups using dyads from bothplete and incomplete groups (data
not shown) to determine if this bias affected @sults. Female-female relatedness was not
correlated with number of females sampled (Speaswan=0.044, P=0.648), nor number
of adults sampled (Spearman’s rho=0.034, P=0.7@4ymup. This suggests that group
size may not affect variation in F-F relatednedsvben groups ir\. palliata. However, we
cannot be certain of the possible effect of ourpdarg until studies of larger groups can be

completed.

RESULTS
Suitability of molecular markers
Observed heterozygosity {Hoer locus in the centrdl. pigra population ranged
from Hy,=0.16 to H= 0.78 and averaged at#0.51 across all 22 microsatellite markers and

the mean number of alleles per locug)(Nas 4.12 (Table I). Probability of identity was



very low (P1=1.7x133, Pki,=1.6x10° indicating that it is unlikely that two individigor
any two siblings, respectively, in a randomly chrodgad share the same multilocus
genotype. This supports the notion thatAopigra our results are robust using this
combination of microsatellite markers. Heterozyggoand mean number of alleles per
locus were lower among the markers usedifgralliata (Western: mean §40.34 [range
H,=0.06-0.61], mean N3.33, Eastern: mean,&0.30 [range B=0.09-0.74] mean
Na=4.42). However, probability of identity was alsery low (Western: PI=1.1x10
Plsy=4.7x10°% Eastern: PI=4.3x1%) Pkj,=5.0x10"%), suggesting that although the markers
used forA. palliata were not as polymorphic as those used@igra, their combination

is sufficient to distinguish among individuals.

For known mother-offspring dyads (N=4 for each g®¢ mean QG relatedness
was close to the expected value of r=@&5p{gra mean r=0.43A. palliata mean r=0.59).
For A. palliata, the mean is higher than the expected value fsitype of relationship, but
this is not surprising given that many of the maskesed foA. palliata were not highly
polymorphic. Although we report QG r-values forbgpecies since this estimator also
performed well in the simulation studies, we wdrattthese values are probably slightly
inflated forA. palliata. This should not be a problem for the purposdhisfstudy since we

are only making within-species comparisons usiuaglues directly.

Intragroup relatedness
Our relatedness results for each species are supathdny dyad type in Figure 2.
Within each species, mean intragroup relatednessigm@l dyad types was significantly

greater than the general mean relatedness amodypalltypesA pigra rin=0.12 + SE



0.017, gi=-1.7x10% + SE 0.005, |P=0.14, P<0.001A. palliata r,=0.17 + SE 0.012 5f=-
8.8x10° + SE 0.003, |f)=0.19, P<0.001). This result indicates that, inegel, groups of
both species do not contain a random sample oftgee® from the population, but actually
contain close relatives. Similarly, for both spsamean intragroup female-female
relatedness was significantly greater than thatrepadl female-female dyadé.(pigra rinee-
r=0.21 + SE 0.049 4.=-1.8x10% + SE 0.011, |[}=0.22, P<0.001A. palliata fin.r=0.22

+ SE 0.063, 4ir.==8.5x10° + SE 0.007, |f)=0.22, P<0.001). For intragroup male-male
dyads this difference was only significantAnpalliata (A. pigra rinsy-w=0.10 £ SE 0.083,
Famam=-7.5x10" + SE 0.012, |P=0.10, P=0.063A. palliata ring-m =0.34 + SE 0.082 -
w=-1.0x10% + SE 0.010, |{)=0.33, P<0.001).

Our analyses of relatedness between males anddermstabw that in both species,
mean intragroup male-female relatedness was gnifly greater than that among all
male-female dyadsA(pigra rinn-r=0.04 = SE 0.034 aiir=-3.9x10° + SE 0.009, |p=0.08,
P=0.005A. palliata riym r=0.11 + SE 0.028 4ii.r=-3.5x10° + SE 0.006, |(=0.15,
P<0.001), suggesting that groups also contain-segrelatives. Withi\. pigra groups
relatedness of male-female dyads was not significdifferent from relatedness of male-
male dyads (|[>=0.06, P=0.490), but was lower than mean relasslokfemale-female
dyads (|G}=0.16, P=0.013). WithiA. palliata groups this trend was reversed, and
relatedness of male-female dyads was not significdifferent from relatedness of
female-female dyads (B0.11, P=0.132), but was lower than mean relatsiobmale-
male dyads (|[P=0.23, P=0.016). This implies that although theeeclose inter-sex

relatives living in the same group in each spediesre may be a larger number of closely



related same-sex dyads (F-F fompigra and M-M forA. palliata) in the group or that
levels of relatedness among same-sex dyads arerhigh

Considering all dyads, mean male-male relatedndssad differ from female-
female relatedness within each speciegigra: |Di|=1.6x10°, P=0.902A. palliata:
IDi|=1.7x10%, P=0.289). This trend was also true within groupean intragroup male-male
relatedness was not significantly different fromamentragroup female-female relatedness
(A. pigra: |D|=0.11, P=0.250A. palliata: |D;|=0.12, P=0.259), suggesting that dispersal is

not sex-biased in either species.

Intergroup Variation

In A. pigra, all but one group had only two adult males ansame groups they
were unrelated (e.g., groups 13 and 20A) whiletiheiogroups adult males were closely
related (groups 2 and 10) (see Table II). In tHy tmee-male group for this species (group
5), two males were closely related to each othd.56), while the third appeared to be
unrelated to both individuals (both dyads r<0).

There were twd\. palliata groups with more than two adult males (groupsntdl a
78). In group 74, all adult male dyads were closelsted (r=0.40-0.58), and in group 78,
two males were closely related (r=0.42), whiletthied seems to be unrelated to both
individuals. Among the two-malg. palliata groups (N=5), there was only one in which the
adult males were unrelated (r =-0.13, group 25js @igad was one of only three intragroup
M-M dyads that were unrelated for this species. e\mv, each male was closely related to

at least one of the four adult females in this gr(data not shown). These results indicate



that intragroupA. palliata males tend to be closely related to each othergkeeptions
certainly exist.

For both species, there was variation between groumtragroup F-F relatedness.
In A. pigra, relatedness in two-female groups ranged fromlatae (groups 10A, 12, and
11) to closely related (groups C and W). In thremxdle groups (N=4), the degree of
relatedness among intragroup adult female dyadsvalsed. Females in two of these
groups were unrelated to each other (groups 5 prwihile females in one of these groups
were all closely related (group 4), and one groag two related, and one unrelated
females (group 10). FaX. palliata, there were two groups that only contained twdtadu
females (groups R and 53). In both cases, thesalésere highly related to each other —
on the order of mother-daughter or full siblingsQ65-0.74). There were foi palliata
groups in which there were more than two adult fesm&ach of these groups contained a
mixture of unrelated and closely related dyads.

Next, we compared the degree of intergroup vanationean same-sex relatedness
between the species. The mean differengeiidntragroup female relatedness among
groups was significantly lower iA. pigra than inA. palliata (A. pigra d==0.21;A. palliata
d-=0.41, |B)=0.21, P=0.006), suggesting greater variation éehA. palliata groups in
levels of female relatedness. For males, meanrdiftee (¢) in intragroup relatedness
among groups was not different between spedéiggigra dy=0.23;A. palliata dy=0.29,
|Di|=0.06, P=0.364). In both species, mean differemgeoup relatedness did not differ
between males versus femalésgigra |Di|=2.2x10%, P=0.602A. palliata |D;|=0.12,

P=0.305).



DISCUSSION

In this study, we used genetic data to comparepetiof relatedness between two
species of howler monkeyA, pigra andA. palliata. We found that in both species most
groups contained pairs of close relatives, which urexpected foh. palliata. Although
direct statistical comparisons of intragroup genetlatedness between species would be
inappropriate given the different number and lewéigariation of the microsatellite
markers used for each species, the general patieraktedness observed show that for
both species intragroup F-F dyads are more claséyed than they would be at random in
the populations. This was expected for group&.qigra, as it is believed that mothers
recruit their daughters to remain in their natalugr while impeding the immigration of
unrelated females [Horwich et al. 2000]. Howevkis tvas not expected féx. palliata,
where it is reported that groups are predominatetgposed of females that emigrate from
groups elsewhere (and thus would be unrelatednff&lia 1992; Clarke & Glander, 2008].

A recent comparative behavioral study by Ho ef24114] analyzing groups of both
species near locations sampled in this study fabatA. pigra females were in closer
proximity to one another and had higher rates filfatfve behavior tharA. palliata
females; which ratifies the expected differencesedaon reports made by numerous
behavioral studies on each species [Ho et al., 2084 eferences therein]. These
differences in social interactions would be expedtsvithin-groupA. pigra females were
more closely related thah palliata within-group females, but our study does not previd
support for this inference, suggesting that kinghgy not always be a strong determinant

of social interactions among females. The combomadif genetic analyses and behavioral



observations for the same groups would provideangtapproach to study the effect of
kinship in determining social interactions betwgeoup members in each species.

Despite this general similarity between specigbénpattern of intragroup female
relatedness, variation among groups in mean feraldtedness was significantly greater in
A. palliata, which was also unexpected. This result implieg tamale social structure may
be quite variable among groups witiinpalliata, and perhaps even more variable than in
A. pigra. For malesA. palliata groups had a higher prevalence of closely reldyedls, but
analyses indicate that intergroup variation in mmahe relatedness is similar between
species. In general, our results support the ndtiahsome of the patterns in genetic
relatedness among same-sex intragroup adufisprgra andA. palliata are different, but
understanding the factors that contribute to thig$erences and similarities requires a
deeper understanding of the social systems anérdilppatterns for each species.

The variable levels of relatedness within and betwe pigra groups found here
for males and females are consistent with previlmasngs at Palenque National Park by
Van Belle et al. [2012]. These authors found clpselated same-sex dyads in many, but
not all A. pigra groups, and they also observed immigration byittoas of relatedA. pigra
males. However, the presence of more than oneimalgroup may not always be the
result of a group takeover by a coalition. For egeanHorwich et al. [2000] observed
solitaryA. pigra males joining established groups and living witheo (possibly unrelated)
resident males. Additionally, multi-male groups nadéso be formed when juvenile males
stay in their natal group until adulthood, althoulgére is no information available on the
proportion of malé\. pigra juveniles that do not disperse from their natalgr. Our

genetic results suggest that in both species, thayebe multiple strategies for males to



become group residents, as groups were uni- ofmal# and males in multimale groups
were sometimes related and sometimes unrelateédBaslong-term census data, Crockett
[1985] reported similar results fér. seniculus in that males can remain in their natal group,
take over other groups, or join established groups.

Horwich et al. [2000] suggested thatpigra female dispersal might be similar to
that of A. seniculus, in which dispersing females tend to form new g®with non-
relatives and over time reproductively dominantdésa recruit their daughters as group
members [Crockett, 1984; Pope, 2000]. In a poparatontaining both long-established
and new groups, this phenomenon would be manifestieigh variance in intragroup adult
female relatedness. Thus, we predicted to fincatian between groups in levels of
intragroup female relatedness among our randomlsamhgroups. Our results do not
conflict with this idea as we observed variatiotweenA. pigra groups in mean intragroup
adult female relatedness (Table Il). However, wadbhave long-term demographic data
for these groups and we do not know when thesepgrauere formed. In order to determine
if the pattern of female dispersal indeed prodwliffsring levels of intragroup relatedness
between new and well-establish&dpigra groups, future studies should include analyses
comparing female relatedness between groups of kruoigins.

Considering the observation that méspalliata juveniles at La Pacifica, Costa
Rica (LP) disperse from their natal group and groups that do not contain kin [Glander,
1992; Clarke & Glander, 2008], we predicted th&teziness among same-sex adults in our
A. palliata groups would be low (as they would be a mix ofvidals that likely
immigrated from different groups). However, ourulés do not support this prediction as

all but one group contained closely related samedgads. This may mean that either rates



of male and female philopatry for the species agatgr in the Mexican population than
reported in the LP population [Clarke & GlanderQ&Por that individuals are using
alternative strategies to reside with close redsti(e.g., dispersing from one’s natal group
and later joining a group that contains full sigj. Contrary to our findings, Ellsworth
[2000] revealed mean r-values withnpalliata groups at LP that did not suggest close
kinship among intragroup adult dyads for both maled females. Milton et al. [2009]
found closely related adut palliata males in some groups on BCI in Panama, but only a
single pair of closely related intragroup adult &es. Such mixed results A palliata
relatedness among groups studied at differentimtaare consistent with the idea that
dispersal strategies and social structure mayaengyss populations in this species. This
has important implications for studies of socidhdéaor, as social interactions may be
affected by kin selection and the interactionschfles within or between groups in different
populations may vary depending on the particull@tedness patterns of that population.
Therefore, we urge researchers studying sociaMi@haf howler monkeys to incorporate
genetic analyses of their study groups, rather telymg on assumptions about patterns of
relatedness among group members that are derieddbservations alone.

Within-species differences in social structure. (itlee pattern of social interactions
and the resulting relationships among membersiopailation [Kappeler & van Schaik
2002]) may be attributed to variation in ecologiaatl demographic factors between
habitats [Chapman & Rothman, 2009]. Likewise, dispkpatterns may vary between
populations in relation to the distribution of foresources [Henzi et al., 1997; Koenig et
al., 1998; Sinha et al., 2005] and to habitat fragtation [Oklander et al., 2010]. In

particular, habitat fragmentation has been dematestrto affect social organization and



dispersal in howler monkeys [reviewed in Arroyo-iRgdez & Dias, 2010]. Movement
between forest fragments is risky since monkeys bavravel across the ground.
Therefore, one might hypothesize that philopatry amore common in fragmented
forests than in continuous forests. Oklander gRat10] compared intragroup genetic
relatedness iA. caraya between continuous and fragmented forests andifdifferences
between habitat types. In continuous forest, imtag adults were not closely related, but
in fragmented forest, intragroup adult females weoge closely related than adult males,
suggesting that females tend to be more philopittice fragmented forest than in the
continuous forest. Many of thke palliata groups sampled in the current study live in very
small forest fragments often isolated by pastusgdor cattle. In contrast, although usable
habitat in the LP population is also fragmentednyfaagments are connected via forest
corridors [see map in Glander, 1992] and BCI hadeen altered much by humans since
the early 1900’s when it was deemed a nature resBifferences in the degree of forest
connectivity between habitats at LP, BCI, and @mgling sites may be patrtially
responsible for the greater prevalence of closgbtedA. palliata dyads in this study due
to higher rates of philopatry as a response tdrdggmented nature of their habitat.
Molecular studies that compare intragroup relatsgietween fragmented and continuous
forest in replicate populations would be desirdbleest this hypothesis.

It is now apparent that high levels of geneticterlaess among at least some
intragroup adults may be a common feature in homl@nkeysocial systemsA. seniculus:
Pope, 1998A. caraya: Oklander et al., 201@s. pigra: Van Belle et al., 2012, present
study;A. palliata: Milton et al., 2009, present study]. However, tlegree of intraspecific

variation in patterns of relatedness within andveein howler monkey populations, and the



factors that determine this variation have not ddentified. Differences among groups in
each species, along with the prevalence of clasddyed intragroup dyads in species with
distinct social systems demonstrate the compl@fitgteractions between habitat,
demography, social interactions and dispersal pettdat shape patterns of genetic
relatedness in howler monkey populations. Our figdihere invoke the need for deeper
investigation of the ecological factors affectingpegrsal patterns and social interactions in
both species, and the role of these factors inisgaptragroup genetic relatedness in

howler monkeys.
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FIGURE LEGENDS
Figure 1. Map of sampling localities. Each symbol correspotda group of howler

monkeys, see key for details. Incomplete groupgereps in which neither all adult males
nor females were sampled, but data from these graag included in population level
analyses (see methods for details). Complete graxgogroups in which all adult males and
females were sampled. F complete and M completgpgrare those in which all adult

females and all adult males, respectively, werepszan

Figure 2. Box plot comparing QG relatedness by dyad typeé\joA. pigra, and B)A.
palliata. Samples sizes are indicated below central how@tdines, which represent

medians. Asterisks indicate significant comparis@hgds of “all types” include M-M, F-



F, M-F, and dyads that include immatures. QG rdladss values only include within-

population dyads as specified in methods.

Table 1. PCR conditions and variability for the microshtielmarkers used for each
dataset.



T°C

Allele size range (bp) [Api|(Apm Na
Locus™®"®® Dataset (Api | ApmW | ApmE) multiplex) Apm single]  (Api | ApmW | ApmE) (Api | A
AP6g Api, ApmE 185-197 | na | 191-197 50 | (53)50 6|nal4 0.67:0.6
AP742 Api 148-152 | na | na 52 | na 3|na|na 0.38:
D5S111°  Api 169-182 | na | na 60 | na 3|na|na 0.18:
D6S260°  Api, Apm 181-187 | 177-181 | 173-187 53|53 4137 0.75:67 | 0
D14S51°  Api, Apm 143-152 | 143-147 | 141-149 53 | (55)60 313|5 0.58:0.51 | 0.
D17S804  Api 157-169 | na | na 60 | na 4| na|na 0.45:
PEPCE Api, ApmE 239-250 | na | 238-250 46 | 46 5|nal4 0.55:0.4
AB20¢ Api, ApmE 136-266 | na | 236-246 67 | na 6|nal4 0.60:0.6
APM1®  Api, Apm 181-208 | 208-220 | 206-210 64 | (64)64 5(5|3 0.75:0.70 |
APM4° Api, Apm 239-247 | 245-249 | 237-251 65 | (64)64 4138 0.31:0.63*** | 0.1
AB06° Api, Apm 174-176 | 272-276 | 272-280 60 | (55)55 313|5 0.47:0.48] 0.
ABO7¢ Api, Apm 174-176 | 174-176 | 174-176 60 | 60 21212 0.49:
AB12¢ Api 219-234 | na | na 65 | na 4 |na|na 0.51:
AB16¢ Api 168-177 | na | na 65 | na 2|na|na 0.33:
AB17¢ Api 224-248 | na | na 60 | na 7|na|na 0.78:
APM9*® Api 170-176 | na | na 55| na 4| na|na 0.56:
API06° Api, Apm 244-254 | 277-279 | 250-277 55 | (55)55 4123 0.56:0.54 | 0.
APIO7¢ Api, Apm 108-121 | 115-117 | 113-117 50 | (55)50 51213 0.56:0.60 |
API08° Api 271-279 | na|na 55 | na 5|na|na 0.62:
API09° Api 475-471 | na|na 60 | na 6| na|na 0.40:0.
API11®  Api, ApmE 253-261 | na | 253-259 55 | (55)55 2|nal4 0.16:0.1
AP114°¢ Api, ApmE 253-261 | na | 181-210 55 | (55)55 4|na|3 0.64:0.6
1110° Apm na | 203-205 | 203-205 na | (53)54 na|2|2 na | 0.3
157 Apm na | 224-226 | 222-232 na | (53)54 na|7]|6 na | 0.58:(
AC459 Apm na | 342-358 | 330-358 na | 65 na|5]10 na|0.61:(
1118 ApmE na|na|132-136 na | (53)52 nalnal4 na | na
TGMS1"  ApmE na | na | 304-323 na | 60 nalnal3 najr
TGMS2"  Apm na | 322-328 | 312-328 na| 60 na|3|4 na| 0.5¢

Sources: a=Ellsworth & Hoelzer, 1998, b=Researctetjes (for all MapPairs), c=EscobBaramo, 2000, d=Goncalves et al. 20
2010, f=Di Fiore & Fleischer, 2005, g=Oklander kt 2007, h=Tomer et al., 2008pm=both Western and Eastefnpalliata, Apnr
palliata, ApomE=EasterrA. palliata, Api=A. pigra, na=locus not amplified for dataset, T °C = animgglemp, Na = number of alle
heterozygosity, k= expected heterozygosity, asterisk = test famificant deviation from HWE: < 0.05, **p < 0.01, * p < 0.

Table Il. QG estimates of the coefficient of relatednes#ofrall same-sex intragroup
dyads in all complete groups sampled in this study.

Group

M

F ri r2 r3

r4

rs

ré

Mean r




A. pigra

Females
4 1 3 0.48* 0.31* 0.52* 0.43
5 3 3 0.24 -0.08 -0.08 0.03
10 2 3 0.42* 0.09 0.17 0.23
1 2 3 0.11 -0.02 0.20 0.10
10A 2 2 0.15 0.15
W 1 2 0.46* 0.46
12 1 2 -0.10 -0.10
C 1 2 0.40* 0.40
11 2 2 0.24 0.24

Males

5 3 3 0.56* -0.21  -0.12 0.08
1 2 3 0.38 0.38
2 2 1 0.47* 0.47
3 2 1 0.11 0.11
20A 2 1 -0.03 -0.03
10 2 3 0.24* 0.24
11 2 2 0.14 0.14
13 2 1 -0.19 -0.19

A. palliata

Females
A 1 4 0.17 -0.05 0.37* 0.10 0.82* 0.29* 0.28
25 2 4 0.08 -0.12 -0.17 0.30* 0.24* 0.01 0.05
B 1 3 0.46 0.02 0.28* 0.26
Y 1 3 0.33* -0.02 0 0.10
R 1 2 0.74* 0.74
53 1 2 0.65* 0.65

Males

74 3 10 0.58* 0.40* 0.53* 0.50
78 3 2 0.42* 0.05 -0.09 0.13
14 2 5 0.56* 0.56
25 2 4 -0.13 -0.13
26 2 2 0.62* 0.62
77 2 1 0.38* 0.38
80 2 8 0.47* 0.47

"~ M=number of adult males, F=number of adult femal&s2, etc. = dyadic r-value, * denotes closelated
dyad, mean r=mean intragroup relatedness of dysaldgecified.
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