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Abstract

Among mammals, bats exhibit extreme variation in sociality, with some species living largely solitary lives while others form

colonies of more than a million individuals. Some tropical species form groups during the day that persist throughout the year

while many temperate species only gather into groups during hibernation or parturition. How groups form and then persist has

now been described for a number of species, but the degree to which kinship explains patterns of association has never been

quantified across species. Here, we use social network analysis and genetic data to determine the extent to which relatedness

contributes to associations among individuals estimated from free-ranging animals across nine species from four families of bats.

Network analysis reveals that all species show evidence of emergent social structure. Variation in the strength of the relationship

between genetic relatedness and social association appears to be related to the degree of roost switching, i.e., species in which

individuals change roosts frequently tend to exhibit higher levels of association among relatives. Sex-biased dispersal determines

whether associations were between male or female relatives. The strength of associations among kin does not predict known

occurrence of complex behaviors, such as dominance or various types of cooperation, indicating that kinship is not a prerequisite

for social complexity in bats.

Significance statement

The number of differentiated relationships has been proposed as a way to measure social complexity. Among primates, relation-

ships can be differentiated on the basis of rank, age, kinship, or association. Application of this approach to other groups of

mammals that vary in sociality could help reveal ecological, behavioral, or cognitive similarities and differences between species.
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As a first step toward this approach, we used social network analysis on long-term individual records and estimated relatedness

using genetic markers for nine species of bats. We confirmed nonrandom emergent social structure in all species. Kinship was

predictive of social association among individuals of the same sex in a few species, but largely independent of the occurrence of

complex behaviors, such as dominance among males or cooperation among females. Complex social behavior in bats appears to

require frequent interactions among a small number of individuals that roost together for multiple years.

Keywords Social networks . Kinship .Modularity . Fission-fusion . Cooperation

Introduction

Social complexity is often associated with cooperative breed-

ing, especially among insects and birds (Avilés and Harwood

2012; Kappeler 2019, topical collection on Social

complexity). Cooperative breeding also occurs in a few mam-

mal species, e.g., some mole rats (Jarvis 1981; Bennett et al.

1996), mongooses (Creel and Creel 1991; Bell et al. 2012,

2014), and canids (Creel et al. 1997; Moehlman and Hofer

1997). In each of these cases, some individuals forego repro-

duction and provide assistance to closely related reproductives

in a group (Clutton-Brock et al. 2001, 2010). Multiple close

kin are present because they are born together in a litter from a

single-mated female and then remain in an extended family

group (Lukas and Clutton-Brock 2012). Cooperative breeding

has not been reported in monotocous species, such as most

cetaceans, elephants, and primates, despite their frequent in-

clusion in discussions of social complexity (e.g., Connor et al.

1998; Payne 2003; MacKinnon and Fuentes 2011). In con-

trast, these species are more likely to exhibit less costly social

behaviors, such as alloparental care (Lee 1987; Packer et al.

1992; Roulin 2002; MacLeod and Lukas 2014), information

exchange (McComb et al. 2001; Brent et al. 2015), or more

complex interactions, such as alliance forming (Seyfarth and

Cheney 1984; Connor et al. 1992; Chapais 1995; Silk et al.

2004;Wiszniewski et al. 2012). These interactions sometimes,

but not always, involve related individuals (Moller et al. 2001;

Parsons et al. 2003; Schino and Aureli 2010) and can have

fitness benefits (Silk 2007). Thus, the extent to which social

complexity requires cooperative breeding depends on how

social complexity is defined. When the definition focuses on

the number of differentiated relationships (sensu Freeberg

et al. 2012; Bergman and Beehner 2015), the degree to which

interactions involve close relatives is an open question.

A first step in assessing the complexity of a social system

(sensu Kappeler 2019, topical collection on Social

complexity) is to test if patterns of association between indi-

viduals occur at random. The extent to which individuals pref-

erentially associate with others over extended periods of time,

especially when moving between many different sites (see He

et al. 2019, topical collection on Social complexity), provides

an indication of the opportunity for repeated and possibly

complex interactions. If nonrandom associations exist, then a

second step is to test for a correlation between association and

relatedness, which could arise simply as a byproduct of sex-

biased natal philopatry or as a result of individuals preferen-

tially associating with kin. Where it is possible to observe

individuals interacting repeatedly in multiple contexts, the

number and type of differentiated social relationships can pro-

vide information on additional dimensions of social complex-

ity (Bergman and Beehner 2015; Kappeler 2019, topical

collection on Social complexity).

Bats provide an interesting group in which to examine kin-

ship, association, and social complexity because they exhibit

diverse social systems, from species that roost solitarily to

those that form small groups or large colonies (Bradbury

1977; McCracken and Wilkinson 2000; Kerth 2008). Many

bats also live a long time, with longevities of multiple species

known to exceed 30 years (Wilkinson and South 2002). Long

lifespan enables individuals to interact repeatedly in ways that

facilitate cooperation. Examples of cooperative behaviors

among bats include information exchange in Spix’s disk-

winged bats, Thyroptera tricolor (Chaverri et al. 2010,

2013), Watson’s fruit-eating bat, Dermanura watsoni

(Gillam et al. 2013), Honduran white bats, Ectophylla alba

(Gillam et al. 2013), Bechstein’s bats, Myotis bechsteinii

(Kerth and Reckardt 2003), evening bats, Nycticeius

humeralis (Wilkinson 1992b), and greater spear-nosed bats,

Phyllostomus hastatus (Wilkinson and Boughman 1998);

huddling for warmth in pallid bats, Antrozous pallidus

(Trune and Slobodchikoff 1976) and M. bechsteinii

(Pretzlaff et al. 2010); social grooming in vampire bats,

Desmodus rotundus (Wilkinson 1986; Carter and Leffer

2015); communal nursing in N. humeralis (Wilkinson

1992a), pup guarding in P. hastatus (Bohn et al. 2009); and

food sharing in D. rotundus (Wilkinson 1984; Carter and

Wilkinson 2013b).While kinship has been implicated in some

of these behaviors, it appears to be unimportant in others

(Wilkinson et al. 2016). This should not be surprising given

that bat social structures and life histories more closely resem-

ble those of primates and cetaceans than mole rats or

mongooses.

Opportunities for adults to interact with relatives depend on

patterns of reproduction and dispersal. Female bats typically

give birth to one or occasionally two pups each year (Racey

and Entwhistle 2000) and survival to age of first reproduction

tends to be low (e.g., Tuttle and Stevenson 1982; Storz 2000),

which should serve to lower the likelihood of interacting with
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relatives as adults. Offspring of one or both sexes typically

disperse in the first year, presumably to avoid inbreeding

(Clutton-Brock and Lukas 2012). All possible sex-biased pat-

terns of dispersal occur in bats. As in most mammals

(Greenwood 1980; Clutton-Brock and Lukas 2012), female

philopatry with male dispersal away from the birth site is

common in bats (Castella et al. 2001; Chen et al. 2008;

Moussy et al. 2013). As a consequence, one or more

matrilines, each with some close female relatives, can be pres-

ent in a mixed-sex colony in some tropical species, such as

D. rotundus (Wilkinson 1985b), as well as in female maternity

colonies of many temperate species, e.g., pallid bats,

A. pallidus (Arnold and Wilkinson 2015), northern long-

eared bats, M. septentrionalis (Patriquin et al. 2013), and

N. humeralis (Wilkinson 1992a). However, average related-

ness among females in a colony is often very low, e.g., big

brown bats, Eptesicus fuscus (Metheny et al. 2007), greater

horseshoe bats, Rhinolophus ferrumequinum (Rossiter et al.

2002), and M. bechsteinii (Kerth et al. 2002), and so interac-

tions among relatives require kin-biased associations. Male

philopatry with female dispersal also occurs in some species,

e.g., greater sac-winged bats, Saccopteryx bilineata (Bradbury

and Vehrencamp 1976) and proboscis bats, Rhynchonycteris

naso (Nagy et al. 2013), resulting in associations among re-

lated adult males. In at least one species, T. tricolor, neither

sex disperses from their natal groups, and mating occurs be-

tween groups, resulting in closely related males and females

roosting together (Chaverri and Kunz 2011; Buchalski et al.

2014). Finally, dispersal of both sexes has been reported in

several species, e.g., P. hastatus (McCracken and Bradbury

1981), Lophostoma silvicola (Dechmann et al. 2007),

Cynopterus sphinx (Storz 2000; Storz et al. 2001b), and

Molossus molossus (Gager et al. 2016), where a single male

defends a group of unrelated females for periods that exceed

the time to sexual maturity. In these species, adult relatedness

is near zero (McCracken 1987; Storz et al. 2001a).

While some bat species form large colonies every year at

the same traditional sites, such as particular caves, buildings or

trees, in many cavity or crevice roosting species, individuals

gather together during the day in small groups, but frequently

change roosting sites and partners (Lewis 1995). Careful mon-

itoring of marked individuals over time has, nevertheless, re-

vealed the presence of social units defined by repeated

roosting associations in, for example, Chalinolobus gouldii

(Godinho et al. 2015), D. rotundus (Wilkinson 1985a),

E. fuscus (Metheny et al. 2007), Myotis bechsteinii (Kerth

and König 1999; Kerth et al. 2011), M. daubentonii (August

et al. 2014), M. septentrionalis (Patriquin et al. 2010), and

Nyctalus lasiopterus (Fortuna et al. 2009). Interestingly,

M. nattereri forms social units in England (August et al.

2014) but not in Germany (Zeus et al. 2018). Thus, the social

structure of many cavity roosting bats is complex and resem-

bles other fission-fusion animal societies (Aureli et al. 2008).

As in African elephant, Loxodonta africana (Archie et al.

2006), giraffe, Giraffa camelopardalis (Carter et al. 2013),

and wild boar, Sus scrofa (Podgorski et al. 2014), some, but

not all, members of bat social units are related (Wilkinson

1985b; Kerth et al. 2002, 2011; Metheny et al. 2007;

Patriquin et al. 2013; Zeus et al. 2018). These observations

suggest that individuals identify members of their social unit

using some type of cue or signal that is not strictly associated

with kinship. For example, some species produce particular

social calls with distinctive features that permit discrimination

among individuals, such as T. tricolor (Gillam and Chaverri

2012), D. watsoni, E. alba (Gillam et al. 2013), A. pallidus

(Arnold and Wilkinson 2011), and D. rotundus (Carter et al.

2012; Carter and Wilkinson 2016), or among groups in

P. hastatus (Boughman 1997; Boughman and Wilkinson

1998) and S. bilineata (Knörnschild et al. 2012). In other

species, olfactory cues likely serve similar functions, such as

in the common pipistrelle, Pipistrellus pipistrellus (Defanis

and Jones 1995), the fishing bat, Noctilio leporinus (Brooke

and Decker 1996), M. bechsteinii (Safi and Kerth 2003) and

several molossid species including Mops condylurus,

Chaerophon pumilus, and Tadarida brasiliensis (Bouchard

2001; Englert and Greene 2009). Intriguingly, recent evidence

suggests that bats possess place cells in their hippocampus that

allow them to track social relationships and proximity to

group members (Omer et al. 2018).

Determining if a particular species exhibits nonrandom or

kin-biased associations requires quantitative analyses of asso-

ciation and relatedness. Social network analysis (Whitehead

2008; Farine and Whitehead 2015) provides a method for

comparing social systems and has been previously applied to

bats (Chaverri 2010; Patriquin et al. 2010; Kerth et al. 2011),

but no prior study has attempted to compare social networks

and relatedness across species. For this reason, we decided to

analyze observational and genetic data from long-term studies

on nine species from four different families of bats. All nine

species roost during the day in distinct sites, such as on or

inside furled leaves, trees, caves, or man-made structures,

where interactions, such as allogrooming, allofeeding, infor-

mation transfer and mutual warming, would be restricted to

individuals sharing the same roosting site. Consequently, ob-

servations of uniquely marked individuals within a roosting

site on a given day provide consistency in how data are col-

lected, making them ideal for comparative network analysis

(Farine and Whitehead 2015). Similarly, standard nondestruc-

tive tissue sampling (Worthington-Wilmer and Barratt 1996)

provides comparable genetic data for estimating relatedness

across datasets (Wang 2011, 2017).

In this study, we used estimates of association and related-

ness to answer three questions. First, domales or females form

same-sex associations that are more frequent than expected by

chance? We focus on same-sex associations in part because

only females are present at maternity sites and can therefore be
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compared across all species. To answer this question, we used

randomization methods to determine if the observed coeffi-

cient of variation for the simple ratio index, i.e., the proportion

of observations in which both individuals were seen roosting

together, was greater than would be expected if associations

occurred at random (Whitehead 2008; Farine 2017). Second,

do individuals preferentially associate with same-sex rela-

tives? We addressed this question both by determining if re-

latedness predicts association among dyads, and by testing if

relatedness predicts membership in a social unit or communi-

ty, as defined by maximum modularity in the social network

(Girvan and Newman 2002; Newman 2004, 2006). Finally,

given that the species differ in the degree to which individuals

use more than one roosting site, we consider if roost switching

influences the patterns of relatedness and association among

species.

Methods

Species

We used original observation and genotype data for the fol-

lowing nine species of bats, Rhynchonycteris naso,

Saccopteryx bilineata (family Emballonuridae), Artibeus

jamaicensis, Phyllostomus hastatus, Desmodus rotundus

(family Phyllostomidae), Thyroptera tricolor (family

Thyropteridae), Nycticeius humeralis, Myotis bechsteinii,

and M. septentrionalis (family Vespertilionidae). In Online

Resource 1, we provide additional information on study site

number, location, capture, marking, observations, and

methods for obtaining tissue samples for each species, and

briefly describe methods for scoring genotypes at polymor-

phic loci. Table S1 in Online Resource 1 also summarizes

the amount of observational and genetic data used for each

species. In several species, data were only available for fe-

males, either because observations were conducted at summer

maternity sites where adult males rarely occur (N. humeralis,

M. bechsteinii, andM. septentrionalis) or because comparable

data for adult males were not available (P. hastatus). It was

also not possible to record data blind because our study in-

volved censuses of marked animals in the field. Below, we

summarize how we analyzed these data.

General approach

For each species, we used observations of uniquely marked

adult individuals in a roosting site on a day to calculate the

simple ratio index (SRI) for each dyad (following Hoppitt and

Farine 2018). If individuals were banded as juveniles, we

assumed adult age is not attained until the individual is at least

9 months old. To improve the accuracy of dyadic association

estimates, only individuals observed three or more times as

adults were included. We tested for evidence of nonrandom

preferred associations using permutation tests (Farine 2017)

applied to the SRI coefficient of variation for either male-male

dyads, female-female dyads, or all dyads. For species with

more than 1000 observations across multiple years, we esti-

mated standardized lagged association rates across days to

assess temporal effects on associations of each sex

(Whitehead 1995). To reduce confounding spatial associations

with temporal associations, we estimated associations among

dyads over periods of one or more years for species with

sufficient data. For those species, we present average values

from nonoverlapping 2-year periods for each of the network

metrics described below.

We used the SRI to create a weighted nondirectional

network for same-sex dyads for each species and sex

within each species using Socprog 2.8 (Whitehead

2009). For each sex, we assigned individuals to commu-

nities using the Girvan-Newman maximum modularity

method (Girvan and Newman 2002; Newman 2004,

2006). For each potential grouping, modularity measures

the difference between the ratio of the sum of SRI within

a community over the total SRI to the corresponding ratio

when individuals are assigned to communities at random.

Modularity values above 0.3 are often used as evidence

for the presence of communities in the network

(Whitehead 2009), but note that simulations suggest this

threshold should be 0.5 (Shizuka and Farine 2016).

We next computed several descriptive metrics. First, we

calculated the network density, which is the proportion of

possible edges observed given the number of individuals in

the network. Second, we estimated two individual-based

statistics—strength and eigenvector centrality—then comput-

ed the average of these statistics for each sex within each

species. Strength is the sum of edge weights connected to a

node, i.e., the sum of all SRI involving an individual. If indi-

viduals in a group are always observed together, then strength

would equal group size minus one. Consequently, we used

strength/(group size − 1) to estimate group stability.

Eigenvector centrality is obtained from the eigenvector of

the association matrix, and is a commonly used metric to

capture the degree to which individuals associate with others

who have high versus low associations (Whitehead 2009).

To estimate dyadic relatedness, we used five different

methods in Coancestry 1.0.1.8 (Wang 2011) to analyze

genotypes from multiple polymorphic loci. We report the

Wang (2017) estimator because it is unbiased for small

samples, but other estimates gave similar results. We es-

timated confidence intervals for these estimates using a

bootstrap resampling method (Wang 2011). As expected,

the error associated with each dyadic estimate of related-

ness was inversely related to the amount of genetic infor-

mation available, i.e., the number of loci and segregating

alleles (see Table in Online Resource 1). For species with
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relatively few segregating alleles, the estimate for any

given dyad was poor. However, even for species with

fewer than 20 segregating alleles, confidence intervals

around estimates for the average relatedness in a commu-

nity were sufficiently small to be informative with regard

to predicting community membership.

We then determined if relatedness predicts association

using two methods: (1) a linear regression quadratic as-

signment procedure (QAP) via the asnipe R package

(Farine 2013) to test whether pairwise relatedness predicts

dyadic association, and (2) a logistic regression QAP

using the netlogit function via the sna R package to test

whether pairwise relatedness predicts the probability that

both bats in a given dyad are classfied as members of the

same versus different communities. To enable comparison

across all nine species and reduce potential differences

caused by seasonality or mating systems, we report results

for same-sex dyads. To ensure that relatedness estimates

were not strongly influenced by sampling effort, we first

extracted the residuals from regressing the relatedness-

association beta coefficient on the sample size of bats

for all datasets, and then predicted these residuals using

number of observations per bat as a proxy for sampling

effort. In both cases, the slope estimate was negative and

did not significantly differ from zero; thus, relatedness

effects were not driven by sampling effort.

To assess the potential effect of roost switching behav-

ior on kinship structure across species, we tested if the

relatedness effect estimates (i.e., regression coefficients)

were predicted by the relative number of roosting sites

used per bat. We calculated the relative number of roosts

used for each sex of each species as the number of roosts

visited by each bat divided by the number of total roost

observations.

Results

Nonrandom, modular associations by sex

Analysis of the association patterns reveals strong evidence

for nonrandom associations inmost sex-species combinations,

i.e., the coefficient of variation (CV) for the simple ratio index

(SRI) for same-sex pairs is greater than expected from random

associations (Table 1). The only exceptions to this pattern are

femaleN. humeralis, which were observed at a single site, and

female A. jamaicensis, which were observed in 20 sites in two

caves. In addition, modularity was greater than 0.3 for all sex-

species categories except for female A. jamaicensis, female

M. septentrionalis, and female M. bechsteinii. Network dia-

grams for those species (Online Resource 2) provide evidence

for some consistent clusters of individuals, but also consider-

able associations among females across the broader

Table 1 Sex-specific association and network metrics by species. SRI, simple ratio index; CV, coefficient of variation

Species Sex Adults SRI CV (SRI) Density (%) Strength Modularity Communities Cm size Stability Roosts/

bat

R. naso F 45 0.167 1.85*** 30.7 4.92 0.49 3.0 10.2 0.54 1.0

M 45 0.126 2.03*** 29.0 3.34 0.57 4.0 6.9 0.57 1.1

S. bilineata F 65 0.112 2.31*** 24.2 2.89 0.67 4.0 7.3 0.46 1.1

M 41 0.107 2.39*** 20.4 1.55 0.43 6.0 2.8 0.89 1.0

T. tricolor F 18 0.099 2.33*** 23.5 1.68 0.52 6.0 3.0 0.84 11.6

M 15 0.136 2.23*** 24.8 1.90 0.66 4.0 3.8 0.69 13.0

A. jamaicensis F 63 0.028 1.69 31.8 1.39 0.25 5.0 10.1 0.15 4.9

M 16 0.023 2.78* 21.0 0.30 0.45 5.0 3.0 0.15 2.0

P. hastatus F 97 0.059 2.69* 21.1 5.64 0.67 7.0 13.9 0.44 1.8

D. rotundus F 64 0.061 1.87*** 45.0 3.82 0.43 3.0 21.3 0.19 3.1

M 62 0.021 3.50** 22.7 1.25 0.55 6.0 10.3 0.13 2.8

N. humeralis F 97 0.145 1.07 73.0 13.94 0.32 2.0 48.5 0.29 1.0

M. septentrionalis F 63 0.057 1.86*** 38.7 3.54 0.20 8.0 7.9 0.52 6.7

M. bechsteini F 61 0.262 0.77* 90.9 11.59 0.23 2.5 19.2 0.64 31.6

*p < 0.05, **p < 0.01, ***p < 0.001, randomization
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population. Together, these data provide strong evidence for

nonrandom social structure created by the presence of detect-

able communities in most species.

Interestingly, even though the number of roosting sites var-

ied from 1 to 184 (see Online Resource 1), the number of

communities ranged only from 2 to 8. Community size esti-

mates varied from sevenmale and female T. tricolor to over 45

female N. humeralis (Table 1). Even though observations of

N. humeralis were limited to a single roost, two communities

were detected (see Online Resource 2) because sets of indi-

viduals were occasionally absent simultaneously from the pri-

mary roost, presumably because they spent time in one or

more secondary roosts. Remarkably, the network for

N. humeralis most closely resembles the network for

M. bechsteinii (see Online Resource 2) even though females

in the latter species moved among 78 different roost boxes. In

contrast, the number of communities for males and females of

the two emballonurid species, R. naso and S. bilineata, were

the same as the number of roosting sites observed in a given

year, because the bats rarely moved between roosting sites

during the study (Table 1). Examination of the network for

R. naso clearly shows that the communities are defined by the

roosting sites (Fig. 1a).

For those species where both males and females were ob-

served, comparison of network densities showed that female-

female associations were more common than male-male asso-

ciations in the two phyllostomid bats, D. rotundus and

A. jamaicensis. In contrast, network densities for males and

females of the two emballonurids and T. tricolor (Table 1)

were nearly identical. Female-female communities were larger

than male-male communities for most species except

T. tricolor. In this species, communities typically contained

nearly equal numbers of individuals of both sexes (Table 1).

T. tricolor also had the most unique network structure in that

individuals of both sexes rarely associated with same-sex in-

dividuals from other communities (Fig. 1b). By contrast, de-

spite having well-defined communities, female vampire bats

frequently roosted with females from other communities

(Fig. 1c). Male vampire bats were observed in a fewer number

of roosts, so they had a lower network density and formed a

greater number of communities (Fig. 1d).

Group stability, as measured by the degree to which aver-

age node strength equals group size minus one, varied from

0.13 inmaleD. rotundus to 0.89 inmale S. bilineata (Table 2).

Group stability was also typically greater in female-female

networks than male-male networks, except in the two

emballonurid species where it was higher in males and

A. jamaicensis where it was similar in males and females.

Sex differences in temporal associations

In the four species where sufficient data were available, we

estimated standardized time-lagged same-sex associations for

each sex. This metric estimates the probability that if two

individuals are associated at any time, then, after the specified

lag, the second individual is a chosen associate of the first. In

A.  R. naso B. T. tricolor 

D. D. rotundus males C. D. rotundus females 

Fig. 1 Network diagrams

displaying community identity for

a Rhynchoyncteris naso from

2013 to 2014 at three sites, b

Thyroptera tricolor from 78 sites,

c Desmodus rotundus females,

and dmales from 15 hollow trees.

Line width indicates strength of

association. In a and b, node color

denotes sex (pink, female; blue,

male) while in c and d, node color

denotes community identity. See

Online Resource 2 for network

diagrams of the other species
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all cases where data were available for both sexes, standard-

ized lagged association rates among females remained above

null expectations for longer periods of time than standardized

lagged association rates among males (Fig. 2). For R. naso

males, time lags greater than 3 years had standardized lagged

association rates comparable to random expectation, while

female standardized lagged association rates remained above

random levels after 1200 days. In S. bilineata, time lags of

600 days resulted in standardized lagged association rates

equal to random expectation levels for males but not for fe-

males. Similarly, in D. rotundus, male standardized lagged

association rates reached random expectation by 600 days, at

which point female standardized lagged association rates were

still well above null expectations. For comparison, standard-

ized lagged association rates for femaleM. bechsteinii reached

null expectation after 3 years. Thus, in all four species, inter-

actions among females appear to be maintained for much lon-

ger periods of time than among males.

Relatedness and association

For same-sex dyads, relatedness predicted association in

female-female dyads in D. rotundus and M. bechsteinii,

among male-male dyads in A. jamaicensis, and both

female-female and male-male dyads in T. tricolor (Fig. 3).

In addition, examination of the T. tricolor data reveals that

some males that exhibit high levels of association were un-

related while unrelated females rarely exhibited high levels

of assocation (Fig. 4).

Given that the relationships illustrated in Fig. 3 used all

possible same-sex dyads, we wanted to determine if related-

ness could be used to assign individuals to the communities

defined by maximizing modularity. This analysis produced

results similar to the matrix regression approach (Fig. 5a),

except that this method detected an effect of relatedness on

the probability of male-male R. naso dyads being in the same

community. In addition, because this analysis provides

estimates for both the mean of and variation in within-

community relatedness, it is possible to compare average

within-community relatedness across species. Most notably,

the within-community relatedness in T. tricolor is more than

twice as high as any other species (Fig. 5b).

To determine if patterns of kin-based association could

be influenced by movement among roosts, we first calculat-

ed the relative rate of roost switching as the number of roosts

used by each bat (Table 1) divided by the number of ob-

served roost sites visited by any bat to control for sampling

effort. We then tested if the relative rate of roost switching

predicted the relationship between relatedness and associa-

tion. We found that the strength of the relationship between

relatedness and association, as measured by either the QAP

regression coefficient (t = 8.94, p < 0.0001) or the logistic

regression coefficient (t = 7.22, p < 0.0001), was greater

when bats visited more roosts (Fig. 6).

Discussion

Social network analysis has been widely used to quantify re-

lationships among individuals within a species (Whitehead

2008). Rarely, however, has it been used to compare social

relationships among species (but see Kudo and Dunbar 2001;

Pasquaretta et al. 2014) because methods often differ among

investigators and by species. Because many echolocating bats

spend the day in roosting sites, observations of bats roosting

together on a day provide a common metric for measuring

associations. In this study, we used such data, in conjunction

with genetic data, to determine if relatedness influences pat-

terns of association in nine species of bats.

Patterns of association and roosting behavior

Many species of bats change roosts often, sometimes on a

daily basis (Lewis 1995). In other species, individuals

Table 2 Sex bias in dispersal pattern (F, female; M, male), relatedness (r) vs. association relationship (SRI), and types of behavioral interactions for

each species

Species Dispersing

sex

r vs.

SRI

Dominance

hierarchy

Information

exchange

Alloparental

care

Social

grooming

Food

sharing

R. naso F M M

S. bilineata F ns M

T. tricolor Neither* M, F ? M, F

A. jamaicensis ? M M F>M

P. hastatus M, F ns M F F

D. rotundus M F M F F F >M F

N. humeralis M ns F F

M. septentrionalis M ns F

M. bechsteinii M F F F

*Dispersal of either sex occurs infrequently
?Undescribed
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consistently return to traditional roosting sites over many days

or even years. In this study, we have examples of both types of

movement patterns. In the two emballonurid species, R. naso

and S. bilineata, the number of communities (Table 2) is close

to the number of roosting sites (Table 1) and individual bats

rarely moved between sites. However, in both species, more

communities are predicted for males than for females. Males

of these species also exhibit faster decay in lagged associa-

tions than females (Fig. 2). Examination of the composition of

the predicted male communities reveals that the presence of

more communities than sites is a consequence of low associ-

ations across years among males at some sites. When data for

a single year are analyzed (data not shown), the number of

communities matches the number of sites for males of both

emballonurid bat species. The two emballonurid species can

occupy roost sites for many years. Consequently, it is possible

that their social associations could result from passive attrac-

tion to a favorite or familiar roosting site rather than to pre-

ferred individuals. For species that do not switch roosts often,

it is difficult to disentangle preferred sites and preferred con-

specifics because individuals might prefer roosting sites be-

cause of the particular conspecifics located there.

In N. humeralis, modularity analysis revealed two com-

munities, but both were detected in a single common roost

site. In this case, some bats used at least one other unob-

served roost during the observation period. Additional ob-

servations of radio-tagged N. humeralis indicate that some

individuals do switch roosts together and occupy hollow

R. naso females R. naso males

S. bilineata females S. bilineata males
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Fig. 2 Standardized lagged

association rates plotted against

time in days for female and male

R. naso, S. bilineata, and

D. rotundus. Standard errors are

estimated by jackknifing. Red

lines in each plot indicate

standardized null association rates
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trees as well as attics (Wilkinson 1992b), providing addi-

tional evidence that associations in this species are not due

solely to occupancy of a single roost site.

Even though two of the phyllostomid species are sim-

ilar in that females form groups year round in cave ceiling

depressions, they differ with respect to group stability. In

A. jamaicensis, females show little fidelity to a site and

frequently switch groups, i.e., they had low modularity

and low stability (Table 1). In contrast, P. hastatus fe-

males show much higher modularity and fairly high sta-

bility. Previous studies reported that female P. hastatus

remain together for multiple years independent of the

identity of the harem male or the group’s physical loca-

tion within the cave (McCracken and Bradbury 1981).
Our data are largely consistent with this description with

the exception of occasional movement between groups

A. Males B. Females Fig. 4 Relationship between

simple ratio index association and

relatedness, using the Wang

(2017) estimator, for a male and

b female Thyroptera tricolor.

Quadratic assignment procedure

regression lines shown with 95%

confidence limits

Fig. 5 a Logistic regression coefficients for assignment of individuals to

community as predicted by maximizing modularity. For species names,

see Table S1. Significance is indicated as *p < 0.05, **p < 0.01,

***p < 0.001. b Average within-community relatedness for each sex

and species. Standard errors obtained by bootstrapping

Fig. 3 Regression slopes (beta) obtained from a quadratic assignment

procedure (QAP) for the relationship between association, as measured

by the simple ratio index (SRI), plotted against relatedess (r), using the

Wang (2017) estimator, for males and females of each species. For spe-

cies names, see Table S1. Significance is indicated as *p < 0.05,

**p < 0.01, ***p < 0.001
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perhaps as a consequence of the greater number of groups

(20 vs. 3) in the cave than in the earlier study at the same

site (McCracken and Bradbury 1981).

In all species that roost in hollow tree cavities, community

members use multiple roosts, so nonrandom associations are

evidence of social preferences rather than attraction to a mutu-

ally preferred site. In D. rotundus, females formed larger same-

sex communities and moved between more roosting sites than

males. In the two tree-roosting Myotis species, females always

roosted with others, but the composition of the roosting aggre-

gation often changed. These fission-fusion dynamics, also ob-

served in primates and other species (Aureli et al. 2008), appear

to be common in cavity-dwelling bat species (Metheny et al.

2007; August et al. 2014; Garg et al. 2018; Zeus et al. 2018).

Table 1 shows that nearly every species forms nonran-

dom associations in which communities can be identified

even though roost sites could typically accomodate a larg-

er number of individuals than are found (although it might

be difficult for many more T. tricolor individuals to roost

in a single rolled leaf). Communities are not fully segre-

gated. In D. rotundus , M. septen tr ional is , and

M. bechsteinii, for example, members of two communities

also roosted together. These observations are consistent

with a hierarchical social organization, such as has been

described for some primates (e.g., Dunbar 1983) and

African elephants (Wittemyer et al. 2009), that is indepen-

dent of spatial drivers (see Farine and Sheldon 2016; He

et al. 2019, topical collection on Social complexity).

Larger groups can facilitate exchange of information,

such as the location of difficult-to-discover prey patches

(Aplin et al. 2012), but also transmission of pathogens

among more individuals (Craft 2015; Sah et al. 2017).

These conflicting pressures might be acute for vampire

bats, which sometimes take turns feeding from the same

difficult-to-locate prey animal (Wilkinson 1985a), but are

also at risk of rabies transmission (Blackwood et al. 2013;

Johnson et al. 2014). The potential costs associated with a

larger and more highly connected network could explain

why network densities were below 50% for every species

except N. humeralis and M. bechsteinii. As a conse-

quence, the mean association index was also low due to

many dyads rarely being found together. Whether larger

aggregations represent passive occupancy of a convenient

roost site or whether they enable social interactions with

fitness consequences is worthy of further study.

Formation of a community independent of a roosting

site requires that group members find and recognize each

other at night. Playback studies have shown that social

calls emitted by M. bechsteinii and M. nattereri attract

conspecifics to roost sites (Schöner et al. 2010). Simple

attraction to conspecifics could lead to group formation,

but not necessarily stable associations, which require in-

dividual or group-level discrimination. Several species of

bats give or exchange vocalizations prior to joining a

roosting group and these vocalizations often are individ-

ually distinctive (Arnold and Wilkinson 2011; Carter et al.

2012; Gillam and Chaverri 2012; Gillam et al. 2013). This

type of recognition system is likely to be a prerequisite for

more complex behaviors.

Patterns of association and relatedness

We found that relatedness predicts same-sex association large-

ly in accordance with patterns expected from interspecific

variation in dispersal (Table 2). In R. naso, S. bilineata, and

A. jamaicensis, where females are more likely to disperse

(Ortega et al. 2003; Nagy et al. 2012, 2013), relatedness is

more likely to predict group assignment in males than females.
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In contrast, in the species where males disperse, which in-

cludes the three temperate vespertilionid species and the vam-

pire bat, D. rotundus, females are more likely to form com-

munities with female relatives. In species where both sexes

disperse, such as P. hastatus, relatedness does not influence

association. Finally, in the disk-winged bats, T. tricolor, relat-

edness is a strong predictor of association in both males and in

females. These bats are perhaps most similar to killer whales,

Orcinus orca (Parsons et al. 2009) in that females and males

remain with their mother, but mating occurs between groups

(Chaverri and Kunz 2011). Both sexes also show high levels

of group stability (cf. Table 1) and have higher average levels

of relatedness than any other species (Fig. 5b). Group stability

is maintained by individual-specific vocalizations that are

used to reunite individuals in a new roost every day

(Chaverri et al. 2010, 2013; Gillam and Chaverri 2012;

Chaverri and Gillam 2015).

We did not detect any pattern between the strength of the

relationship between association and relatedness and any fea-

ture of the social network. Instead, this relationship appears to

be positively related to the degree of roost switching (cf.

Fig. 6). This result suggests that same-sex communities are

more likely to contain relatives in species where individuals

frequently switch roosts. This pattern might be due to young

of the year following matrilineal relatives after they become

volant, and then females continuing to move together in sub-

sequent years. We suspect this pattern will hold for species in

which individuals change roost sites frequently and form sta-

ble groups. At least one other species, the pallid bat

(Antrozous pallidus), is consistent with this prediction. In

many parts of its range, female pallid bats roost in rock crev-

ices during the day and often switch roosts daily (Lewis

1996). Colonies contain matrilineal relatives as a consequence

of natal philopatry (Arnold and Wilkinson 2015) and esti-

mates of relatedness among adult females in those groups

are significantly higher than expected if groups formed at

random (Arnold 2011). Similar to T. tricolor, pallid bats give

contact calls prior to entering a day roost (Arnold and

Wilkinson 2011) and acoustic similarity between calls corre-

lates with relatedness (Arnold 2011), suggesting that relatives

may find each other using vocalizations. In our study, associ-

ation predicted relatedness most strongly for female

M. bechsteinii, female D. rotundus, and both sexes of

T. tricolor. In contrast,D. rotundusmales use fewer roost sites

than females, form smaller groups, and are not related.

Similarly, in M. bechsteinii, solitary males move much less

among roosts than colony-living females (Kerth and Morf

2004). Conversely, we anticipate that stable groups of unre-

lated individuals, such as occurs in female P. hastatus

(McCracken and Bradbury 1981), require a traditional site to

form a community. To our knowledge, data are not available

to determine if association predicts relatedness for bat spe-

cies that roost together in large groups and often use

multiple sites, such as some flying foxes (Parsons et al.

2011; Roberts et al. 2012). Comparable data for these spe-

cies would provide a useful comparison.

Social complexity

Many types of behavioral interactions can impact the fitness

of group members and contribute to social complexity

(Freeberg et al. 2012; Bergman and Beehner 2015). While

detailed observational studies on individually marked animals

in multiple contexts are not available for all species included

in this study, categorical information exists on the occurrence

of behaviors that mediate conflict, i.e., dominance and coop-

erative behaviors (Table 2). These behaviors vary in the de-

gree to which social cognition is required. For example, in the

absence of any morphological correlates, a stable linear dom-

inance hierarchy requires individual recognition and memory

of at least recent interactions. Thus, categorizing species by

types of behavioral interactions can provide information on an

additional dimension of social complexity. Whether related-

ness helps to explain any of this variation is an open question.

In several species, dominance relationships have been de-

scribed among males. For example, in P. hastatus,D. rotundus,

S. bilineata, andA. jamaicensis, subordinatemales are excluded

from roosts with females that are defended by a single dominant

male (Bradbury and Vehrencamp 1976; Morrison 1979;

McCracken and Bradbury 1981; Wilkinson 1985b; Park

1991; Ortega and Arita 2000; Heckel and von Helversen

2002). Subordinate males in A. jamaicensis are sometimes

close relatives of the dominant male (Ortega et al. 2003).

Similarly, in R. naso, diurnal roosting groups contain multiple

males and females, but one or two males in a group exhibit

dominance with regard to their nocturnal roosting location

and mating (Günther et al. 2016). As in A. jamaicensis, male

R. naso are often related within a community due to natal

philopatry (Nagy et al. 2013). However, the extent to which

any of these dominance relationships extend beyond categori-

zation of one dominant vs. multiple subordinates and instead

result in a linear hierarchy or an even more complex triadic

relationship, such as an alliance, is unclear. Harem males are

typically older in P. hastatus, S. bilineata, and D. rotundus, but

otherwise morphologically indistinguishable, which suggests

that age may be important for attaining dominant status

(McCracken and Bradbury 1981; Wilkinson 1985b; Heckel

and von Helversen 2002). Subordinate males in these species

also often roost in particular locations, which could provide

spatial cues for recognition.

In contrast to reported cases of dominance, most of which

involve males, several different types of potential cooperative

behaviors have been described for female bats (Wilkinson

1987; Kerth 2008; Carter and Wilkinson 2013a). Among the

species included in this study, these behaviors occur predomi-

nantly among females that are sometimes, but not always,
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related (Table 2). Thus, while natal philopatry can result in

related individuals developing associations in bat species that

switch roosts frequently, relatedness does not appear to be nec-

essary for cooperation to arise among individuals within

communities.

Evidence from at least two species suggests that persistent

relationships can be important inmore than one social context.

Female greater spear-nosed bats, P. hastatus, do not roost with

relatives (McCracken and Bradbury 1981), but they do use

group-specific vocalizations to forage together (Boughman

and Wilkinson 1998; Wilkinson and Boughman 1998). They

also protect nonoffspring pups in their group from infanticidal

females from different groups if pups fall to the cave floor and

the mother is absent (Bohn et al. 2009). Thus, females exhibit

group-specific interactions in multiple contexts, but it is un-

clear if their responses depend directly on prior interactions. In

common vampire bats, D. rotundus, females preferentially

regurgitate blood to past roostmates that fail to obtain a blood

meal (Wilkinson 1984). When housed together, food sharing

is predicted by social grooming and reciprocal food sharing

more than by relatedness (Carter and Wilkinson 2013b).

Vampire bats also approach playbacks of vocalizations from

unrelated food-sharing partners but not nonsharing relatives

(Carter and Wilkinson 2016). Such a response minimally re-

quires individual recognition and memory of the prior behav-

ior of others. We suspect that more examples of complex

social interactions in bats will be discovered as more detailed

social information is collected across multiple contexts. The

degree to which these interactions involve related versus un-

related individuals will be interesting to discover.
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