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Abstract: Characterizing host traits that influence viral richness and diversification is important for under-

standing wildlife pathogens affecting conservation and/or human health. Behaviors that affect contact rates

among hosts could be important for viral diversification because more frequent intra- and inter-specific

contacts among hosts should increase the potential for viral diversification within host populations. We used

published data on bats to test the contact-rate hypothesis. We predicted that species forming large conspecific

groups, that share their range with more heterospecifics (i.e., sympatry), and with mating systems characterized

by high contact rates (polygynandry: multi-male/multi-female), would host higher viral richness than species

with small group sizes, lower sympatry, or low contact-rate mating systems (polygyny: single male/multi-

female). Consistent with our hypothesis and previous research, viral richness was positively correlated with

conspecific group size although the relationship plateaued at group sizes of approximately several hundred

thousand bats. This pattern supports epidemiological theory that, up to a point, larger groups have higher

contact rates, greater likelihood of acquiring and transmitting viruses, and ultimately greater potential for viral

diversification. However, contrary to our hypothesis, there was no effect of sympatry on viral richness and no

difference in viral richness between mating systems. We also found no residual effect of host phylogeny on viral

richness, suggesting that closely related species do not necessarily host similar numbers of viruses. Our results

support the contact-rate hypothesis that intra-specific viral transmission can enhance viral diversification

within species and highlight the influence of host group size on the potential of viruses to propagate within

host populations.
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INTRODUCTION

Identifying host traits that influence pathogen diversity is

important for understanding wildlife pathogen dynamics.

Predicting viral diversity within hosts has gained recent

attention because species with high viral richness may be
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more likely to initiate spillover events to humans or live-

stock (Nunn et al. 2005; Lindenfors et al. 2007; Turmelle

and Olival 2009; Luis et al. 2013; Olival et al. 2017). Char-

acterizing host traits that favor viral richness could help

inform predictive models to forecast potential for zoonotic

outbreak where pathogens are transmitted from animals to

humans (Morse et al. 2012; Gortazar et al. 2014).

Viral establishment within a new host population in-

volves two main steps (Antia et al. 2003). First, the virus

needs to encounter the new host. Viruses can be introduced

from other species (inter-specific transmission or spil-

lover). Successful inter-specific transmission relies on

physical opportunities for transmission such as occupying

the same environment at the same time (Pedersen and

Davies 2010). Novel viruses can also emerge within a host

species via mutation owing, in part, to the rapid mutation

rates of many viruses (Pulliam 2008; Plowright et al. 2015,

Holmes and Drummond 2007). Second, once a virus has

encountered a new host species, it needs to persist. Suc-

cessful propagation and persistence can depend on viral

characteristics, such as mutation rates (again rapid rates of

mutation can enable rapid evolution of adaptations to

novel environments in new host species), but host char-

acteristics, including life-history traits or population den-

sity, are also important (Brierley et al. 2016). Persistence

should be related to host population density because large

populations may have many susceptible hosts with high

contact rates compared to highly dispersed populations.

Once a virus has infected a new host species, epi-

demiological dynamics can be complex (Brierley et al.

2016), but similar principles that apply to inter-specific

transmission also affect intra-specific transmission. The

potential of a virus to persist within a species has primarily

been attributed to host–pathogen characteristics (e.g.,

duration of the infectious period) that affect the number of

secondary infections arising from an initial infection (i.e.,

the basic reproductive number, R0). Epidemics occur when

values of R0 are greater than one (Dietz 1993; Antia et al.

2003). In addition to R0, however, host traits that favor

viral transmission should also favor viral establishment and

an increase in viral diversification and richness within that

host population. For most viruses, hosts of the same species

must typically occupy the same physical environment at the

same time for viruses to be propagated within a species.

Host geographic distribution is one characteristic of

host ecology known to predict viral richness because dis-

tribution can facilitate, or limit, inter-specific transmission

(Nunn et al. 2005). Host behavior is also important because

it can mediate viral transmission (Antia et al. 2003), which

could subsequently facilitate viral propagation and increase

viral richness within a new host species. For example, in a

recent meta-analysis, species with larger social networks

had higher rates of pathogen transmission, but when the

large social networks were subdivided into multiple small

networks, transmission was reduced (Nunn et al. 2015).

Group size, which often, but not always, correlates with

contact and transmission rate (VanderWaal and Ezenwa

2016), is the most commonly examined behavioral pre-

dictor of viral richness. Species-specific group size is cor-

related with endo- (Lindenfors et al. 2007) and ecto-

parasite richness (Bordes et al. 2007), but the relationship

between group size and viral richness is equivocal with

variation in the direction of the relationship among host

taxa (Ezenwa et al. 2006; Gay et al. 2014; Luis et al. 2015).

Mating system dynamics are another aspect of host

behavior that could mediate contact rates and viral rich-

ness. Vertebrates generally display one of three types of

mating systems: (1) monogamy (single male/single female);

(2) polygyny (single male/multi-female); and (3) polygy-

nandry (multi-male/multi-female) (Clutton-Brock 1989).

These mating systems will differ in terms of contact rates

among group members. For polygynous species that live in

stable harem groups, transmission via bodily fluids or fo-

mites should primarily occur among members of the same

harem (Nunn et al. 2008). In contrast, social groups of

polygynandrous species exhibit reduced stability and higher

intra-specific contact rates, increasing potential transmis-

sion (Nunn et al. 2008).

Bats (Chiroptera) provide a good model taxon to

examine the relationship between mating system and viral

richness. Bats display all mating systems described above,

and social groups range in size across several orders of

magnitude. Bats are also reservoir hosts for viruses of

public health significance (Luis et al. 2013), such as Mar-

burg, Hendra, and Nipah viruses (Daszak et al. 2006). This

has led to recent prospecting to catalog novel viruses in

bats, providing a database of adequate size for comparative

analyses (Chen et al. 2014). Our objective was to use this

published database to test what we term the intra-specific

contact-rate hypothesis, that behavioral and ecological

characteristics affecting intra- and inter-specific contact

rates influence viral richness within bats. We predicted that:

(1) species living in larger roosting groups exhibit greater

viral richness than species in smaller groups; (2) polygy-

nandrous bats host greater viral richness than polygynous

bats because of a greater potential for viral transmission
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during promiscuous mating; and (3) focal species with

higher bat sympatry exhibit greater viral richness than

species with lower bat sympatry.

METHODS

Data Collection

We obtained values of viral richness for bats from ‘the

database of bat-associated viruses’ (Chen et al. 2014). We

omitted multiple instances of infection by different strains

of the same viral species. For example, our search yielded

18 unique strains of rabies virus for species in our database,

but we considered rabies as a single virus in our analyses.

We included host–virus associations based on all detection

methods used for studies in the database, including poly-

merase chain reaction and high-throughput sequencing

methods. We also included zoonotic and non-zoonotic

viruses as well as retroviruses. Our search of the database

was conducted on January 8, 2017.

Previous research indicates that parasite richness is

positively correlated with the amount of research con-

ducted on a given host species (Nunn et al. 2005; Linden-

fors et al. 2007), and research effort (i.e., number of

citations) was shown to be highly correlated with viral

species richness (Turmelle and Olival 2009; Luis et al. 2013;

Luis et al. 2015). Therefore, we searched Web of Science for

the Linnaean classification names of the bats examined in

our analysis (and their synonyms; searches conducted on

January 22, 2017), and we extracted the number of publi-

cations for each species in our database.

We quantified host-specific behavioral and ecological

traits using literature searches. First, we categorized each

bat species as either polygynous or polygynandrous fol-

lowing McCracken and Wilkinson (2000). Second, we

quantified maximum group size for each species from

mammalian species accounts and other peer-reviewed

sources describing a given species’ roosting behavior (see

supplementary material for references). Third, we quanti-

fied the number of other bat species with overlapping

geographic distributions (i.e., sympatry) (Luis et al. 2013).

We also quantified the average latitude of the geographic

range because latitude was correlated with viral richness in

past analyses (Lindenfors et al. 2007). We calculated lati-

tude and sympatry using data obtained through the

International Union for the Conservation of Nature Red

List of Threatened Species (IUCN 2012) as two-dimen-

sional shapefiles. Sympatry for each species was determined

by summing the total number of other bat species with

overlapping distributions. We determined the centroid

coordinate for all species-specific shapefiles, calculated the

mean latitude, weighted based on the size (km2) of all

shapefiles associated with that species, and then used the

species-specific absolute latitude value (i.e., regardless of

longitude or hemisphere) as a covariate in the analyses. We

also included body mass (g), extracted from the Pan-

THERIA database (Jones et al. 2009) and diet, extracted

from the database of bat-associated viruses (Chen et al.

2014) in our models.

Statistical Analyses

All analyses were conducted in R (R Development Core

Team 2016). We followed previous comparative studies of

parasite richness by correcting for host, but not viral,

phylogeny using the mammalian super-tree (Jones et al.

2002; Bininda-Emonds et al. 2007) trimmed to match the

bat species in our dataset (available as supplementary

material). In cases where current bat taxonomy is under

debate, we deferred to the Bininda-Emonds et al. (2007)

super-tree and did not change branch lengths or split

species into sub-species or very recently discovered ‘sister’

species, including the Miniopterus species complex (Tian

et al. 2004). Including or excluding Miniopterus schreibersii

had no effect on our results or conclusions so we retained

M. schreibersii as a single species for our analyses.

We used phylogenetic generalized least squares (PGLS,

R Package ‘ape’: Paradis et al. 2017) models based on

maximum likelihood to account for phylogenetic signal (k)

(Blomberg and Garland 2002). Phylogenetic signal is a

measure of trait divergence among species. Values of k

range from zero to one, where k = 1 means patterns are

fully explained by phylogeny and a given trait is similar

among closely related species, while values of k = 0 mean

no phylogenetic signal and closely related species do not

share similar values of a given trait (Blomberg and Garland

2002). We also calculated Blomberg’s K, a metric which

estimates the phylogenetic signal of a given trait. Higher

values of K mean stronger phylogenetic signal for that trait

(for details, see Blomberg et al. 2003). We estimated

Blomberg’s K for viral richness as well as all explanatory

variables (see below) using the ‘phytools’ package in R

(Revell 2012) and present p values alongside values of

Blomberg’s K (see below).

The dependent variable for our analyses was log10-

transformed total viral richness, which was obtained by

654 Q. M. R. Webber et al.
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summing the unique number of viral species infecting a

given bat species, as determined from our search of Chen

et al.’s (2014) database. We log10-transformed the number

of publications and group size to satisfy assumptions of our

models. We then used PGLS models to test for effects of the

number of publications (log10-transformed), group size

(log10-transformed), mating system, sympatry, latitude,

body mass (log10-transformed), and diet on log10-trans-

formed viral richness. We used variance inflation factors

(VIFs) to test for violations of multi-collinearity in our

initial model. Our initial model suggested a violation of

multi-collinearity, where latitude (VIF = 7.5) was corre-

lated with all other variables so we removed latitude from

subsequent analyses. We used the Akaike information cri-

terion with small sample bias adjustment (AICC) to assess

relative support for fixed effect variables in 26 PGLS

models, including an intercept-only model. The model with

the lowest AICC was considered the most parsimonious.

We inferred support for the best model by examining AICC

differences (DAICC), AICC weights (wi), and cumulative

AICC weights (accwi). We considered models with D AICC

values � 2 to have similar support (Burnham and Ander-

son 2002). Therefore, we assumed that the best model was

the simplest model (i.e., with the smallest number of

parameters) whose AICC was less than 2 units greater than

that of the model associated with the smallest AICC

(Burnham and Anderson 2002). A given predictor variable

may falsely appear to have support because of the presence

of other important variables in that model (Burnham and

Anderson 2002, p. 131). AICC weights sum to one across all

models and reflect the probability a given model is the most

parsimonious among the candidate models.

RESULTS

We identified 168 unique viruses that infected 51 bat spe-

cies (n = 27 polygynandrous and 24 polygynous) for which

we also assigned a mating system (N = 339 unique host–

virus associations: Table 1). Mean total viral richness prior

to log10-transformation was 6.5 ± 6.6 (SD, range = 1–33)

viruses per bat species (Fig. 1). Prior to log-transformation,

mean group size was 4.3 9 105 ± 2.7 9 106 (range = 1–

2.0 9 107, see supplementary materials). However, the

distribution of group sizes in our dataset was significantly

right-skewed with most species exhibiting group sizes

< 10,000 individuals (median group size = 234; Fig. S1).

After log10-transformation, mean group size was 2.7 ± 1.5

(SD, range for log10-transformed = 0–7.3). Prior to log10-

transformation, the mean number of publications on a

given bat species was 186 ± 264, but, again, ranged widely

(range = 4–1425) with relatively few studies for most spe-

cies (Fig. S2). After log10-transformation, the number of

publications about a given species was 1.94 ± 0.57 (range

for log10-transformed = 0.6–3.15; Fig. S2).

Based on the best-fit PGLS model, there was a positive

logarithmic relationship between group size and viral

richness, with species roosting in larger colonies hosting

more viruses than species roosting in smaller colonies

(Fig. 2a; ß = 0.1 ± 0.04, t = 2.6, p = 0.01). This effect was

especially pronounced at relatively small colony sizes of

< 10,000 bats such that, for each order of magnitude in-

crease in group size, viral richness increases by approxi-

mately 25% (Fig. 2b, Table 2). We also found a positive

relationship between number of publications and viral

richness (Fig. 2c; ß = 0.36 ± 0.10, t = 3.4, p = 0.001).

Mating system, body mass, and sympatry were present in

several models with low AICC values (Table 2) but

including these variables did not improve model fit, sug-

gesting that the data did not support these statistical

associations. Diet did not appear in any top models (Ta-

ble 2). For the best-fit PGLS model, k = 0, indicating that

phylogeny explained no residual variation in the relation-

ship between viral richness and our predictor variables.

Similarly, Blomberg’s K varied for our predictor variables.

Phylogenetic signal was relatively weak for mating system

(K = 0.23) and number of publications (K = 0.38), mod-

erate for sympatry (K = 0.52) and group size (K = 0.64),

and high for diet (K = 1.03) and body mass (K = 1.1).

DISCUSSION

We found support for the contact-rate hypothesis and our

prediction that social group size would be positively cor-

related with viral richness (Fig. 2a). These results are con-

sistent with the epidemiological assumption that, up to a

point, larger group sizes result in higher contact rates and

that high contact rates among hosts facilitate viral trans-

mission (Nunn et al. 2015). Increased rates of viral trans-

mission among group members presumably increase the

likelihood of new viruses establishing within a population

or species, thus increasing overall viral diversity.

The use of a continuous measure of group size enabled

us to quantify a positive, logarithmic relationship between

group size and viral richness that plateaued above group
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sizes of about 10,000 bats. Past studies that have used

categorical metrics of group size seem to have been unable

detect this relationship (e.g., Gay et al. 2014; Luis et al.

2015). Our results suggest there is a threshold group size

above which the increase in viral richness associated with

group size begins to plateau (Ryder et al. 2007). This makes

sense intuitively when considered in the context of density-

dependent pathogen transmission in humans. The differ-

ence in potential for pathogen introduction and establish-

ment is likely to be large when population density is

relatively high, for example, in a human context, in large

cities versus small towns or villages. However, the differ-

ence in pathogen transmission within large cities of, for

example, 1 million people compared to even larger cities of

5 or 10 million people will be less pronounced. Our results

suggest that similar dynamics are at play across bat species

which, like different communities of humans, also display

an enormous range in terms of aggregation sizes.

Our results also have potential implications for our

ability to predict and manage risk of zoonotic outbreaks.

Most simplistically, species roosting in larger colonies,

which tend to host more viruses, could have greater

potential to initiate zoonotic outbreaks. For instance,

Hendra virus is a zoonotic virus hosted by flying foxes

(Pteropus sp.), which often roost in group sizes ranging

from hundreds of thousands to million individuals (Daszak

et al. 2006). Anthropogenic destruction of natural roosting

habitat has increased the probability of flying fox aggre-

gation in urban areas which could increase the chance of

Hendra spillover (Plowright et al. 2015). Webber et al.

(2016) used epidemiological models to show that colonies

of Eptesicus fuscus that exhibit fission–fusion dynamics and

are divided among multiple roost trees each day, differ

from E. fuscus colonies roosting in buildings, where co-

lonies are often larger (Lausen and Barclay 2006) and the

entire colony is typically not subdivided into multiple

roosts each day. Based on network epidemiological models,

Webber et al. (2016) showed that social structure and

organization of bat colonies in buildings without fission–

fusion dynamics led to faster proliferation of a novel pa-

Table 1. Summary of Virus Data Used for Analyses, Including the Number of Virus Species per Virus Family Detected in Bats as Well as

the Number of Unique Host Bat Species Infected by a Given Virus Family.

Virus family Number of unique virus species detected in bats Number of unique host bat species

Adenoviridae 23 16

Anelloviridae 1 1

Astroviridae 15 12

Bornaviridae 2 2

Bunyaviridae 9 7

Caliciviridae 5 5

Circoviridae 7 6

Coronaviridae 62 30

Filoviridae 3 3

Flaviviridae 18 11

Hepadnaviridae 1 1

Hepeviridae 3 3

Herpesviridae 34 19

Papillomaviridae 7 7

Paramyxoviridae 41 27

Parvoviridae 14 9

Picornaviridae 15 8

Polyomaviridae 11 11

Poxviridae 1 1

Reoviridae 16 13

Retroviridae 7 6

Rhabdoviridae 44 30
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thogen than would occur in tree-roosting bats of the same

species.

This difference in social structure and pathogen risk

between trees and buildings reflects realistic scenarios that

could occur with urbanization or agricultural development

in forests. Bats provide critical ecosystem services in tem-

perate and tropical regions (e.g., Kalka et al. 2008; Boyles

et al. 2011; Maine and Boyles 2015), and their conservation

should be an important priority. Thus, we suggest that

management actions maintain the abundance of high-

quality, natural roosting habitat for bats. For example,

minimizing urban or agricultural development in natural-

ized bat habitats or, if development cannot be avoided,

employing bat-proof construction in combination with

replacement habitat that mimics natural roosting oppor-

tunities as in the original forest, could be beneficial (e.g., a

large number of small bat houses, as opposed to a small

number of very large bat houses, Webber et al. 2016). One

implication of our detection of a plateau in the relationship

between colony size and viral richness is that management

efforts which avoid favoring unnaturally large aggregations

of bats will be especially important and useful for species

with small- to medium-sized colonies (Fig. 2b). For species

with very large colonies of hundreds of thousands to mil-

Figure 1. Phylogenetic tree of 51 bat species (Bininda-Emonds et al. 2007) and horizontal barplot of viral richness for each species. Gray bars

indicate polygynous species, and black bars indicate polygynandrous species.
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lions of bats, our results suggest that a further increase in

colony size will have a relatively small impact on overall

viral richness within that host species.

In contrast to our prediction, we found no relationship

between viral richness and sympatry in bats. While sym-

patry has been found to predict zoonotic viral richness in

bats and rodents (Luis et al. 2013) and viral sharing in

primates (Pedersen and Davies 2010), the relationship be-

tween sympatry and overall viral richness may be more

complicated for bats than previously predicted. While

sympatric species are more likely to share the same space

due to their geographic overlap, many sympatric bats may

not encounter one another due to extreme inter-specific

variation in roosting behavior. For instance, some bats

roost in ephemeral structures, such as foliage and leaf-tents,

while others roost in large, permanent structures, such as

Table 2. Summary of Top 10 PGLS Models Based on Akaike Information Criteria (AICC) to Test the Effects of log10-Transformed

Group Size, log10-Transformed Publications (i.e., Pub), Sympatry, and Mating System (i.e., Mating), Body Mass and Diet on log10-

Transformed Viral Richness.

PGLS model AICC D AICC wi accwi Model k Model r2

* pub + group size 47.45 0 0.306 0.306 0 0.32

* pub + group size + mating 48.09 0.64 0.222 0.528 0 0.35

* pub + group size + body mass 49.06 1.61 0.137 0.665 0 0.33

* pub + group size + mating + body mass 50.20 2.75 0.077 0.742 0 0.35

* pub + group size + mating + sympatry 50.55 3.10 0.065 0.807 0 0.35

* pub + mating 50.84 3.39 0.056 0.863 0.71 0.32

* pub + group size + sympatry + body mass 51.41 3.96 0.042 0.905 0 0.34

* pub 51.52 4.07 0.04 0.945 0.60 0.27

* pub + group size + mating + sympatry + body mass 52.77 5.34 0.021 0.966 0 0.35

* pub + mating + body mass 52.80 5.36 0.021 0.987 0.79 0.33

For top models, lambda (k) was 0, indicating little effect of residual phylogeny on the relationship between viral richness and the predictor variables. We

included D AICC, model weight (wi), and accumulated model weight (accwi) to illustrate the importance of number of publications and group size

Figure 2. a Positive relationship between log10-transformed viral richness and log10-transformed group size for 51 bat species; b plateau

relationship between untransformed viral richness and group size from Fig. 2a estimated based on coefficients extracted from our best-fit model

(Table 2). Gray shading represents standard error around predicted values; c positive relationship between log10-transformed viral richness and

log10-transformed number of publications on a given species. Trend lines for panels a and c generated from phylogenetic least-square model

(see results for parameter estimates).
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caves (Lewis 1995). This distinction could be important for

two reasons. First, species roosting in ephemeral roosts may

not encounter heterospecifics very frequently, thus limiting

the potential for viral transmission and subsequent diver-

sification among species. Second, large caves may house

dozens of bat species, thus increasing the likelihood of

heterospecific contact and the potential for viral transmis-

sion and diversification among sympatric hosts. The

implications of this type of habitat partitioning among

sympatric hosts could have implications not only for viral

transmission among bat heterospecifics, but also for viral

transmission among non-bat heterospecifics, such as ro-

dents (Luis et al. 2013). We suggest that future studies

attempt to delineate sympatry in the context of roosting

niche and dietary niche overlap among species and deter-

mine potential influence of niche sharing on inter-specific

viral transmission.

Although we predicted that polygynandrous species

would have higher viral richness than polygynous species,

we found no difference. One explanation could be that

mating system may only predict richness for sexually

transmitted viruses (Nunn et al. 2014). For instance, the

prevalence of sexually transmitted diseases was higher for

females from promiscuous primate species compared to

females from species with polygynous or monogamous

mating systems (Nunn et al. 2014). The same could be the

case for bats. However, identifying which viruses are sex-

ually transmitted in bats is difficult because most bats are

highly cryptic and direct observation of copulation fol-

lowed by viral testing is likely impossible for most bat

species. Alternatively, this result could reflect a flaw in our

assumptions about contact rates associated with different

mating systems. For instance, harems can vary in the degree

of stability among females, where some species have

stable female group composition, and others are associated

with ephemeral female group composition and females that

frequently move among harems (McCracken and Wilkin-

son 2000). Classifying species as either polygynous or

polygynandrous could therefore underestimate variation in

contact rates associated with different mating systems

(McCracken and Wilkinson 2000). We suggest that future

studies attempt to quantify variation in sexual and non-

sexual contact rates for bat species with different mating

systems to help better explain variation in viral richness.

While we found no effect of mating system on viral richness

in bats, the influence of mating system on population social

and genetic structure (Wilkinson 1985) could still be an

important predictor of population-wide connectivity and

contact rates, processes which can regulate pathogen

dynamics and outbreaks (Altizer et al. 2003).

We found no influence of host phylogeny on viral

richness. Although closely related species tend to share

many of the same viruses (Luis et al. 2015), somewhat

counterintuitively, our results, and those from previous

studies (e.g., Turmelle and Olival 2009; Luis et al. 2013)

suggest that phylogeny explains little variance in the rela-

tionship between viral richness and our predictor variables.

One hypothesis is that although closely related species may

host the same viruses, these shared viruses account for only

a small proportion of total viral richness (Anthony et al.

2013). Alternatively, host species within a given clade may

be likely to share a similar combination of viruses, but if

some species within the clade are particularly suitable hosts,

they may host greater viral richness than the rest of the

clade, thereby obscuring possible phylogenetic signal in

viral richness.

Previous studies assessing the influence of host

behavior on viral richness have used population genetic

structure (Turmelle and Olival 2009) and group size (Luis

et al. 2015) as surrogates for contact rate. Our results, in

combination with these studies, suggest the relationship

between viral richness and host social behavior may be

more complex than previously predicted and that direct

estimates of contact rates, both within and across species,

may be needed to better predict viral richness. To further

disentangle effects of group size, and possibly mating sys-

tem, on viral transmission, we suggest that future studies

quantify contact rates for both polygynandrous and

polygynous species. The most promising technology for

quantifying contact rates involves proximity devices, which,

if used to provide data for social network analyses, could be

particularly useful (e.g., Hamede et al. 2009). Individual

social network metrics may reflect the likelihood of viral

acquisition or transmission among group members, while

group-level social network structure may predict variation

in contact rates between host species with different types of

mating systems (Craft and Caillaud 2011). In addition,

interactions among species within day roosts or during

foraging could be particularly useful to elucidate potential

transmission mechanisms among species (Serra-Cobo et al.

2013; Webber et al. 2016). A better understanding of bat

community dynamics could therefore be valuable for

understanding the influence of host social behavior on viral

richness.

Our results suggest a link between group size and viral

richness for bats but should be interpreted with caution
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given the relatively small proportion of all bat species in-

cluded in our analysis. Little is known about the roosting

and social behavior for a large proportion of the approxi-

mately 1300 species of bats (Simmons 2005; Kerth 2008)

and even less is known about host–virus dynamics for these

species. Additional data on group sizes, roosting behavior,

and viral richness of additional species would strengthen

the analysis we conducted and improve the chance of

detecting biologically important effects.

Our results provide support for the contact-rate

hypothesis that rates of intra-specific transmission among

hosts can influence rates of viral diversification and viral

richness. The relationship between host behavior and pa-

thogen risk is predicated on the assumption that individ-

uals, population, and species that aggregate in groups have

greater risk of acquiring, transmitting, and potentially

retaining novel pathogens (Altizer et al. 2003; Tompkins

et al. 2011), and our results support this assumption.

However, our results also suggest the effect of colony size

on viral richness is greatest for species that roost in small-

to medium-sized colonies because the effect of group size

on viral richness plateaus at extremely large group sizes.

Our study highlights the importance of integrating behav-

ioral traits in studies on viral richness with an emphasis on

the behavioral mechanisms which could drive viral trans-

mission and ultimately predict viral diversification and

richness.
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