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Direct pathogen and parasite transmission is fundamentally driven by a population’s contact network structure and its demographic
composition and is further modulated by pathogen life-history traits. Importantly, populations are most often concurrently exposed to
a suite of pathogens, which is rarely investigated, because contact networks are typically inferred from spatial proximity only. Here,
we use 5 years of detailed observations of Indo-Pacific bottlenose dolphins (Tursiops aduncus) that distinguish between four different
types of social contact. We investigate how demography (sex and age) affects these different social behaviors. Three of the four so-
cial behaviors can be used as a proxy for understanding key routes of direct pathogen transmission (sexual contact, skin contact, and
aerosol contact of respiratory vapor above the water surface). We quantify the demography-dependent network connectedness, rep-
resenting the risk of exposure associated with the three pathogen transmission routes, and quantify coexposure risks and relate them
to individual sociability. Our results suggest demography-driven disease risk in bottlenose dolphins, with males at greater risk than
females, and transmission route-dependent implications for different age classes. We hypothesize that male alliance formation and the
divergent reproductive strategies in males and females drive the demography-dependent connectedness and, hence, exposure risk to
pathogens. Our study provides evidence for the risk of coexposure to pathogens transmitted along different transmission routes and
that they relate to individual sociability. Hence, our results highlight the importance of a multibehavioral approach for a more complete
understanding of the overall pathogen transmission risk in animal populations, as well as the cumulative costs of sociality.
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INTRODUCTION

Social contact patterns among all individuals in a population fun-
damentally drive the propagation of directly transmitted pathogens
(Cote and Poulin 1995), which has been identified as a major cost
of sociality (Kappeler et al. 2015). These transmission processes, in
interaction with pathogen life-history traits, determine population
disease outcomes, such as outbreak size and duration, as well as
the probability of an epidemic (Keeling and Eames 2005; Bansal
et al. 2007). Importantly, populations are exposed to a suite of
pathogens, often at the same time (Susi et al. 2015). Some patho-
gens can be transmitted across host species boundaries and through
dormant or stable stages in the environment (Leu et al. 2010b; Silk
et al. 2018a), decoupling the transmission route from host social
contact networks. Here, we focus on directly transmitted parasites

and pathogens as they directly relate to social contacts among host
individuals. Directly transmitted pathogens are passed on along
different routes through distinct contact behaviors, such as sexual
(e.g., HIV; Attia et al. 2009) or droplet contact for the transmission
of aerosolized pathogens (e.g., influenza; Lakdawala and Subbarao
2012). Importantly, all social contact types contribute to the overall
disease risk of directly transmitted pathogens. Despite this, animal
studies typically focus on one particular disease and one contact
type only, which limits our insight into the overall risk of infection.
In this study, we use social network methods to investigate poten-
tial pathogen transmission risk along three different behavioral
routes and how these relate to demographic patterns of social as-
sociations. By examining multiple routes of transmission, we can
better understand individual and population disease risks, as well as
predict the cumulative costs of sociality during animal life histories.

Empirical animal studies, as well as mathematical models, have
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demonstrated a relationship between animal contact patterns
and pathogen and parasite transmission risk (Leu et al. 2010b;
Romano et al. 2016). For instance, in the brown spider monkey
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(Ateles hybrnidus), the amount of time spent in physical contact with
others correlates with the parasite species richness found in the host
individual (Rimbach et al. 2015). The link between social contact
patterns and infectious disease risk is best quantified using network
techniques (Croft et al. 2008). Contact networks allow for explicit
consideration of complex interaction patterns among all individ-
uals of a population and their integration into a disease context
(Bansal et al. 2007). A connection (edge) is placed between two in-
dividuals (nodes) if' they have an interaction capable of pathogen
or parasite transmission. Doing this for all possible dyads forms a
contact network of the population. Contact networks are used to
model population-level processes and, therefore, allow the investiga-
tion of demographic effects.

Some recent studies have shown that heterogeneity in contact pat-
terns, and hence individual transmission potential, can vary among
demographic groups (Godfrey 2013; Silk et al. 2019). For instance,
in bighorn sheep (Ouvis canadensis), lambs have the highest interaction
frequencies and interactions with infected mothers result in elevated
mortality risk (Manlove et al. 2017). Demographic classes also differ
in their trade-off among the basal organismal functions of mainte-
nance, growth, immune system function, and reproduction, which
may lead to differences in susceptibility among demographic classes
(Irench et al. 2009). Contact patterns, and, hence, exposure risk,
In interaction with susceptibility and acquired immunity can then
translate to demography-dependent infection patterns (Bansal et al.
2010; White et al. 2018). However, demographic effects are rarely
investigated across different contact networks. Insight into demo-
graphic effects on exposure risk will allow the identification of dem-
ographic groups most at risk in the event of pathogens entering a
population. Such knowledge can prove essential in conservation ef-
forts and disease management (Aiello et al. 2014).

Here, we investigated different types of social contact behavior
as proxies for pathogen transmission along multiple direct trans-
mission routes in a highly social marine mammal. The Indo-Pacific
bottlenose dolphin, Tursiops aduncus, forms complex fission—fusion
societies with pervasive sex segregation (Galezo et al. 2018), and
with associations and groups changing temporally, spatially, and in
composition (Connor et al. 2000). In addition, long-term preferen-
tial social bonds exist among mother and calf and male alliance
members. Mother—calf bonds are driven by extensive maternal
investment. Approximately, after 4 years, when calves become in-
creasingly independent and reach the juvenile state, interaction
frequencies between mother and offspring decrease substantially,
in particular, with male offspring (Smolker et al. 1992; Mann et al.
2000; Tsai and Mann 2013). Male alliances are strong, long-term
stable social bonds among several males (Connor and Kriitzen
2015). These alliances are driven by male reproductive success
as members of alliances are more successful at coercing females
(Kriitzen et al. 2004; Wiszniewski et al. 2012). Juveniles, of both
sexes, are variable in their interaction patterns and frequently in-
teract with changing conspecifics (Krzyszczyk et al. 2017). These
social complexities also reflect marked demographic differences in
dolphin association patterns. Such demographic differences likely
extend to other social contexts, including contacts that are relevant
for pathogen transmission. This suggests divergent disease exposure
risks among demographic groups and, ultimately, demographic dif-
ferences in disease consequences.

The variety of behaviors in cetaceans provides multiple trans-
mission pathways for a range of infectious diseases. For example,
sexual contacts allow the transmission of the papillomavirus,
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which causes sexually transmitted infections (Van Bressem et al.
1999; Rehtanz et al. 2010), physical contact permits transmis-
sion of the poxvirus, causing skin infections (Van Bressem et al.
1999), and synchronous breathing allows for respiratory par-
ticle exchange, creating transmission pathways for the spread
of respiratory pathogens, such as cetacean morbillivirus (Van
Bressem et al. 2014) and Brucella ceti (Guzman-Verri et al. 2012).
Our study site Shark Bay, Australia, is a UNESCO World
Heritage Site and a pristine environment; thus, its bottlenose
dolphin population provides a healthy baseline for the study of
disease-relevant behavior. However, two recent epizoological
studies characterize the prevalence and demographic biases of
a nonlethal skin infection known as tattoo-skin disease (likely
caused by poxvirus) in the Shark Bay dolphin population (Powell
et al. 2018, in press).

We used social networks to investigate how demography affected
three discrete behaviors, each representing a transmission route for
directly transmitted pathogens known to be present in cetacean
populations (Van Bressem e/ al. 2009): 1) sexual contact relevant
to transmission of sexually transmitted diseases; 2) physical skin
contact relevant to transmission of skin diseases; and 3) synchro-
nous breathing relevant to the transmission of respiratory infec-
tions. Importantly, we then determined the pairwise relationships
between contact networks in order to understand coexposure risks
and identify individuals and demographic groups that play an im-
portant role in the pathogen transmission across the population. In
order to put the pathogen transmission probabilities into context of
individual sociability, the propensity to interact with others, we also
quantified 4) social associations among all dolphins based on spatial
proximity. Our multibehavioral approach, which provides insight
into exposure risk across several transmission modes and quantifies
the risks of coexposure, further advances our understanding of the
cumulative cost of sociality.

MATERIAL AND METHODS
Behavioral observation

Dolphin behavior was recorded as part of a long-term study at
Shark Bay, Western Australia (25°47°S, 113°43” E). Each year,
from the start of the Austral winter to the end of spring (approx-
imately mid-May to mid-December), the study tracks all resident
members of a local population within a 300-km? study area.
Our surveys are based on opportunistic sightings of dolphins in
the study area. The presence of individuals and their behavior
were recorded within the first 5 min of the sighting (Karniski
et al. 2015). Dolphins were identified by photo ID based on dis-
tinctive body and dorsal fin markings (Bichell et al. 2018). The
resulting data set includes detailed records on individual life
histories, including sex, birth date, reproductive events, and in-
dividual behaviors, such as social interactions and their context.
Our study is based on observations over 5 years. In a given year,
we observed and included in our analysis a mean of 341 indi-
viduals (range: 306-382; Supplementary Table 1), consisting of
a mean of 172 males (range: 152-203), 169 females (range: 147—
186) and 279 adults (range: 240-314), 37 juveniles (range: 36-39),
and 25 calves (range: 12-36). The research was conducted
under the permit numbers IACUC 07-041, 10-023, and 13-069
and Department of Parks and Wildlife numbers SF-009876,
SF-010347, SF-008076, SF-009311, and SF-007457.
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Constructing contact networks

We used behavioral observations made during the period 2011-2015
and identified social contact between two individuals if they were
observed interacting in a particular social context. We focused on
four contact types
nous breathing, and 4) social association—and constructed separate
networks for each of those behaviors. Table 1 provides further detail
about the behaviors that were included in each social context and

1) sexual contact, 2) skin contact, 3) synchro-

examples of pathogens that spread along the represented transmis-
sion mode. In short, sexual contacts occur not only during mating
but also in a nonreproductive context to mediate social relationships.
All age and sex classes engage in sexual contacts, including between
same-sex individuals (Mann 2006), and allow the transmission of sex-
ually transmitted pathogens. Direct skin contact is typically affiliative
and involves mostly rubbing, petting, and social play, which would
allow the transmission of skin infections. Synchronous breathing is
also an affiliative social behavior and occurs when two or more in-
dividuals coordinate their breathing during directional movement
by surfacing together. In the process, respiratory vapor is exchanged
and suspended respiratory pathogens can be transmitted. Finally, so-
cial associations were based on spatial proximity of individuals using
a 10-m chain rule. All individuals within 10 m of another group
member were considered to be associated (Karniski et al. 2015). For
each behavioral context, we constructed five networks, one for each
year, which accounts for possible transitions to successive age classes
during the 5-year study. All yearly networks were unweighted net-
works with edges placed between two nodes if the pair interacted at
least once in the respective behavioral context. We used unweighted
networks in this analysis and did not distinguish between strong and
weak ties because weak ties (i.e., edges with low weights) have been
shown to be important in the context of pathogen or parasite trans-
mission (Sah et al. 2018). Consequently, we calculated and analyzed
each individual’s binary degree, which quantifies the number of unique
individuals each animal interacted with (Croft et al. 2008).

Table 1
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Relationship between behavior and demography

To understand the relationship between behavior and demography,
we developed regression models for each behavior with demo-
graphic covariates. We used a generalized linear mixed model
(GLMM) with a Poisson distribution, and binary degree as the re-
sponse variable, as described above. We controlled these models
for sampling effort and tested statistical significance with permuta-
tion null models to account for the nonindependence of network-
derived data (Farine and Whitehead 2015).

Demographic-specific transmission risks

For the demographic covariates, we included sex and age as cate-
gorical predictors with two (male or female) and three levels (calf]
juvenile, or adult), respectively. The composition of the study popu-
lation in each year is shown in Supplementary Table 1. Sexes were
determined by sightings of the genital area or by the repeated as-
sociation with a dependent calf (Mann and Smuts 1998). The birth
years of all individuals were known and used to determine the age
for each year of the study (calf: 0—4 years, juvenile: 5-10 years,
adult: >10 years). This approach controlled for any transition to
the next age category. Models that also included the interaction
term between sex and age did not have greater explanatory power

(AAICc < 2).

Incorporating sampling effort

Our surveys were based on opportunistic encounters of the dol-
phins, although we have full coverage of our core study area. This
did not allow us to standardize our sampling effort among individ-
uals. Instead, we included three sampling variables into our linear
mixed models that accounted for possible effects of the sampling
regime, which has been suggested to improve model coefficient
values and reduce type II errors (Farine 2017). We also included
year as a random effect to account for repeated measures. First,
sampling frequency or effort can influence the number of edges

Social contexts. Behaviors that were included in each context and the associated pathogen transmission mode

Social context Included behaviors

Transmission mode Pathogen example

Sexual contact
genital inspection

Skin contact

Synchronous breathing

Social association

Mounting, rostro-genital contact,

Rubbing, petting, social play

Coordinated breathing

Sexual transmission Papillomavirus

Contact transmission Poxvirus

Morbillivirus,
Brucella ceti

Acrosolized pathogen transmission
(droplet contact)

Spatial proximity (10 m, chain rule)
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and/or nodes that are observed in a given time period. Further,
the proportion of edges sampled has been shown to affect network
measures, including, for example, mean degree (Perreault 2010).
The relationship between sampling effort and the proportion of
edges and nodes recorded is nonlinear. That is, with increasing
sampling effort, the probability of recording new edges or nodes
decreases and can be modeled using a logarithmic relationship.
In networks constructed using empirical data, we do not know the
proportion of edges that were sampled. Nevertheless, we can ac-
count for this through the direct relationship with sampling effort.
In our model, we did this by including the number of days (0bs.
days.freq) each individual was observed in each year. Second, the
time interval between consecutive observation days can affect the
probability of whether individuals are observed interacting with
the same or different dyadic partners or have joined or left groups
(Haddadi et al. 2011). Therefore, we included the mean number
of days between consecutive observation days (obs.days.dur) for
each individual and year. Third, some individuals were sampled
multiple times per day. We further controlled for oversampling
of certain individuals by adding the mean number of times (0bs.
norm) each individual was observed per day in a given year into
our model. We used a 1-year time scale for the construction of our
networks so that demographic transitions and among-year changes
in social dynamics were accounted for. Based on the structure of
our linear mixed model, the time scale of our degree estimates is
per (sampled) day and could be aggregated across an average in-
fectious period for a disease of interest. We assumed a logarithmic
relationship between each of the three sampling variables and the
response. We also scaled the sampling variables by dividing by the
square root of the mean square a standard technique to stand-
ardize variables that are on different scales while not centering
them. Finally, if the model was overdispersed, we added an ob-
servation level random effect (1|obs; Harrison 2014) to the below
model. The model structure was:

degree = sex + age + log (obs.days.freq)

+ log (obs.days.dur + 1) + log (obs.norm) + (1]year)
(1)

Statistical significance testing using permutation tests
To determine whether our network data are differently structured
than expected at random (Farine and Whitehead 2015), we tested
our hypotheses based on null models constructed by multiple per-
mutations of the empirical data within each year. We analyzed all
behaviors separately. For each permutation, we randomly rewired
all edges in each yearly network and derived node degree values
for all individuals. We then reran the same GLMM as we did for
the observed data. We repeated the randomizations 1000 times
and calculated P-values (P,,,q) for each fixed effect by comparing
the coeflicient estimate of the model for the observed data to the
distribution of the coefficients for randomized data. We had three
age categories and used Tukey’s test followed by randomizations
as described above to determine significant differences among all
age categories. Because each iteration of the randomized data con-
tained the same number of individuals and interactions as the ob-
served data, our analysis accounted for potential significant effects
resulting from different study group sizes and their interactions in
a given year and behavior. We considered effects to be significant
if the coeflicients of the observed data fell outside the 95% range
of the random coeflicient distribution and calculated two-sided
P-values following Farine (2017).

Behavioral Ecology

Social interactions across behavioral contexts
and the risk of coexposure

In order to understand the risk of coexposure to multiple patho-
gens transmitted along different transmission routes, we investi-
gated whether dyadic interaction frequencies of adult individuals
were consistent across behavioral contexts. That is, whether pairs of
individuals that were strongly connected in one network were also
strongly connected in the other networks capturing different trans-
mission routes. In order to test these edge-based hypotheses, we
constructed a weighted summary network across the 5-year study
period for each behavioral context. We conducted pairwise com-
parisons to assess the relationship between two contact networks
while accounting for sex similarity effects, which is sex-assortative
behavior. The edge weights represented the simple ratio interac-
tion index (SRI) for each dyad, which is the total number of inter-
actions relative to the number of observations of the dyad. The
simple ratio index is a relative measure, which takes the number
of observations of the dyad into account, and, hence, allows di-
rect comparison of edge weights across individuals and behavioral
contexts with different observation frequencies. In contrast to our
degree analysis above, this avoids the need to include sampling vari-
ables to account for the sampling regime.

We then conducted a multiple regression quadratic assign-
ment procedure (MRQAP) with double semipartialling. One con-
tact network was the dependent matrix and the second contact
network and the sex similarity matrix were the two independent
matrices. The sex similarity matrix identified social contacts as
occurring between two males, male and female, or two females.
This allowed us to determine the association between the inter-
action patterns of the two contact networks while controlling for
a potential effect of sex assortativity. We then transformed the
weighted networks into binary networks and analyzed them with
the same MRQAP procedure. Together, this elucidates whether
individuals tended to interact with the same individuals (binary
networks) and at similar interaction frequencies across behavioral
contexts (weighted networks).

We used the same approach to determine the relationship be-
tween individual sociability and transmission risk. Fewer individuals
were concurrently part of all four networks than in our pairwise
comparison. Among the four behaviors, sexual contact data were
sparse, In large part, because such behaviors are infrequent (Mann
2006) and, thus, were excluded from our analysis to allow for a
larger sample size. A total of 94 individuals showed all three behav-
iors. Similar to the above, we conducted an MROAP with the social
associations as the dependent matrix and skin contact and synchro-
nous breathing as the two independent matrices.

We used the R packages igraph (Csardi and Nepusz 2006) for so-
cial network analysis, asnipe (IFarine 2013) for the MROQAP analysis,
and the package lme4 (Bates et al. 2015) for the majority of statis-
tical modeling. We considered alpha values of 0.05 as statistically
significant.

RESULTS
Demography-dependent transmission risks

We determined demographic effects in each of the four contact
networks. Each network described a different social context (sexual
contact, skin contact, synchronous breathing, and social associa-
tion). In the social association network, which represented the ge-
neral sociability, males were significantly more strongly connected
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Figure 1

Sexual contact network
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The network graphs show contact data in 2013 as an illustrative example. Node shape illustrates sex: square: male; triangle: female; circle: unknown. Node

colors illustrate age: orange: calf; pink: juvenile; green: adult; violet: unknown. (a),(b), and (c) are disease-relevant contacts, (d) shows general sociability. The
middle and right panels show the degree values (marginal mean, SE) for the demographic groups, as well as the results of the GLMM. The coeflicient
values of the GLMM analyzing the empirical network, separated by / and P, values of the permutation test, illustrate the statistical difference between

demographic groups. Residual degrees of freedom in our models were 54, 229, 512, and 1330 from sexual contact through to social associations.
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(i.e., had a higher degree) than females and connectivity signif-
icantly increased with age. All coefficient values of the GLMM
analyses and P, values of the integrated permutation tests are
presented in Figure 1. The other three social contexts represented
three pathogen transmission routes. Similar to the baseline socia-
bility, we found that, across all three transmission behaviors, males
were also more strongly connected than females (Iigure 1). Age
effects were not consistent and differed across social contexts. For
instance, juveniles were more strongly connected than adults in
the sexual contact network and, similarly, in the skin contact net-
work, although the latter finding was not significant (P4 = 0.094).
In contrast, in the synchronous breathing network, adults and, to
some extent, juveniles (P, 4 = 0.108) showed higher degree values
than calves.

Social interactions across behavioral contexts
and the risk of coexposure

For the MROAP analysis, which uses summary networks across the
5-year period, we considered only adults because younger individ-
uals could transition between age classes during the 5 years and
because we did not find a consistent age effect across behavioral
contexts in the demographic analysis described above. We also only
considered adults that had been observed showing both behaviors
included in the respective pairwise comparison.

Using pairwise comparisons of the summary networks, we de-
termined that dyadic connectivity was consistent across behavioral
contexts among adults. That is, dolphin dyads that engaged in one
type of social behavior also likely engaged in other types. It suggests
the existence of coexposure risks across several pathogen transmis-
sion routes in the bottlenose dolphin. This was the case both for
weighted as well as binary networks (Table 2). We controlled for
sex-assortative behavior in our analysis, which is whether edges
were between two males, male and female, or two females, and did
not find any significant effect of the sex similarity matrix.

Finally, we investigated the relationship between different trans-
mission contact networks and individual sociability. We found that
the skin contact network, as well as the synchronous breathing

Table 2

Social interactions across behavioral contexts and coexposure
risk in adults. We identified the relationships between networks
using MRQAPs with one type of social behavior as the
dependent matrix and the other social behavior type and sex
similarity as the independent matrices. Significance values were
calculated based on randomizations shown as P, 4

Dependent network Independent network Cooefficient Pona

Weighted networks

Sexual contact Skin contact 0.999 0.004
Sex similarity —0.011 0.879

Sexual contact Synchronous breathing 0.732 0.019
Sex similarity —0.050 0.470

Skin contact Synchronous breathing 0.550 <0.001
Sex similarity 0.001 0.393

Binary networks

Sexual contact Skin contact 0.428 0.028
Sex similarity 0.017 0.868

Sexual contact Synchronous breathing 0.419 0.024
Sex similarity —0.049 0.626

Skin contact Synchronous breathing 0.246 <0.001

Sex similarity 0.002 0.437

Behavioral Ecology

network, was significantly correlated with the association network.
As before, this was the case for both weighted and binary networks.
This expands the above analyses to individual sociability and illus-
trates that individuals that were well connected in the background
sociality network (social associations) were also well connected in
the pathogen transmission contact networks (Table 3). The rela-
tionship was particularly strong between the weighted synchronous
breathing and social association networks, which, to some extent,
may be due to both behaviors being observed more frequently than
the skin contact behavior.

DISCUSSION
Demography-dependent transmission risks

Our study provides empirical evidence of divergent demographic
effects on social network centrality (node degree) across four be-
havioral contexts. Importantly, three of the four behavioral con-
texts each represent a direct pathogen transmission route and the
fourth reflects individual sociability. The routes include sexual
transmission and contact transmission, as well as droplet trans-
mission of aerosolized pathogens. We found differences between
male and female centrality across all four contexts, with males
consistently more strongly connected and, hence, more exposed.
Furthermore, individual network connectivity among adults
was consistent across all three distinct pathogen transmission
routes, as well as the sociability network. Differences among age
classes depended on the transmission route. Our results suggest
demography-driven disease implications in bottlenose dolphins,
with diverging effects for males and females, and transmission
route-dependent effects for different age classes.

Focusing on the social association network first, males inter-
acted with more conspecifics than females. One explanation for
sex-dependent network connectivity can be derived from the so-
cial organization and sex-specific mating strategies in bottlenose
dolphins (Mann et al. 2000; Connor and Kriitzen 2015). At Shark
Bay, males form two-level social alliances with other males, usually
pairs and trios on the first level and super-alliances (alliances be-
tween first-level alliances) on the second level (Connor and Kriitzen
2015). Male alliances compete for females and individual reproduc-
tive success is linked to alliance membership (Kriitzen et al. 2004;
Wiszniewski et al. 2012). In contrast, female reproductive success
is driven by access to ecological resources and protection of the
offspring (Emlen and Oring 1977; Mann et al. 2000; Frere et al.
2010a). Consequently, females do not form comparable alliances,
are more variable in their sociability, and tend to spend more time

Table 3

Relationship between sociability and exposure risks in adults.
We identified the relationship using MRQAPs with the social
association network as the dependent matrix and the skin
contact and synchronous breathing network as the independent
matrices

Dependent network Independent network Coefficient Pna

Weighted networks

Social association Skin contact 0.138 <0.001
Synchronous breathing 0.975 <0.001

Binary networks

Social association Skin contact 0.512 <0.001
Synchronous breathing 0.585 <0.001
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alone, as foraging is a solitary activity (Galezo et al. 2018), or alone
with their calf. Most females predominantly interact with their calf]
while some females also interact with other females, including their
juvenile or adult offspring (Mann et al. 2000; Frere et al. 2010b).
Beyond our annual networks, that is, for periods that comprise mul-
tiple interbirth intervals, it is conceivable that female centrality may
increase over time because offspring enter the population and in-
teract with their mother and other females. In contrast, male cen-
trality may remain stable as calves and juveniles usually avoid adult
males (Stanton et al. 2011; Krzyszczyk et al. 2017). These processes
could obscure the clear sex-dependent connectivity we showed in
annual social association networks and highlights the importance of
the study period.

Beyond the social association network, males were also more
widely connected than females in the three disease-relevant con-
tact networks. This suggests that, within dolphin groups, individ-
uals not only associate with each other (spatial proximity) but also
engage in other affiliative social behaviors. This notion is shown by
our MROAP analyses, which demonstrated that adult relationships
and the relative interaction frequencies were consistent across be-
havioral contexts. Dolphins, like many highly gregarious mammals,
establish and maintain their social bonds through tactile, as well as
sexual interactions, including among same-sex individuals (Mann
2006; Kaplan and Connor 2007). Synchronous breathing is most
often observed when dolphins move in the same direction (Sakai
et al. 2010) and occurs mostly within groups that travel together.
We suggest that it facilitates group cohesion, and may be indicative
of close social bonds, similar to skin and sexual contacts. Taken to-
gether, we hypothesize that the formation of alliances in males but
not females, and the formation of female—calf bonds, could explain
the observed sex differences in connectivity. In particular, we sug-
gest that the larger group size of male alliances and super-alliances
compared to female—calf pairs could drive the consistently greater
male network connectivity across behavioral contexts. However, we
acknowledge that our hypothesis is based on group size and indi-
vidual connectivity and not assortativity.

We also found an age effect in some of our networks. Juveniles
and adults were connected to more individuals than calves both in
the synchronous breathing and social association network. Again,
we suggest that this age effect is driven by the social organization.
Calves spend the majority of their time in association with their
mother (Mann and Smuts 1999; Mann et al. 2000; Gibson and
Mann 2008) and both adjust their dive behavior to each other’s
presence (Miketa et al. 2018), resulting in synchronous breathing
(Mann and Smuts 1999; Sakai et al. 2010). Hence, we argue that,
during both behaviors, calves of both sexes closely follow their
mother’s behavior, resulting in comparable and relatively low net-
work connectivity. Then, with increasing age, and decreasing de-
pendency on their mother, individuals, especially males (Krzyszczyk
et al. 2017), expand their social network connections. Therefore, the
observed age effect could be driven by the strong mother—calf bond
and could indirectly reflect the sex differences discussed above.

Conversely, in the sexual and skin contact networks, juveniles
were more strongly connected than adults. Bottlenose dolphins
develop social relationships from an early age through tactile and
sexual interactions, which could explain our findings. This is similar
to many other species with a complex social organization, where
offspring learn and establish social relationships early in their life
(Holekamp and Smale 1991). In particular, during the juvenile pe-
riod, young dolphins practice their social skills and further develop
short and long-term social affiliations (Krzyszczyk et al. 2017).
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Practicing social skills may also result in conflict and juveniles have
been shown to have the highest prevalence of new tooth-rake scar-
ring (Lee et al. 2019). Hence, the practice period may drive the
peak connectivity of juveniles in the sexual and skin contact net-
work, followed by reduced connectivity as adults, again.

Disease implications of demographic differences

The network structure is an important driver of pathogen trans-
mission (Sah et al. 2017, 2018), and individual infection has been
shown to scale with node connectedness (Leu et al. 2010b; Rimbach
et al. 2015). Furthermore, the relationship between social contact
patterns and infection by directly transmitted pathogens can be
modulated through variable susceptibility among individuals. For
instance, demographic classes can differ in their susceptibility due
to their divergent trade-off among basal organismal functions of
maintenance, growth, reproduction, and immune system function
(French et al. 2009), as well as due to passive maternal immunity
(Kallio et al. 2006) or acquired immunity through previous expo-
sure (Sadd and Schmid-Hempel 2006). Regarding the risk of ex-
posure, we suggest that the contact network structures in our study
population could translate to demographic effects on outbreaks of
wildlife diseases. Recently reported age effects on skin disease preva-
lence in bottlenose dolphins (Powell et al. 2018) support this notion.
In particular, due to their greater connectedness, as shown above,
male bottlenose dolphins would be more exposed to becoming in-
fected by pathogens. Importantly, the consistency of our results
across all contact networks means that males would be generally at
a greater risk to be exposed to pathogens that are transmitted along
these different transmission routes. Concurrently, males would also
play a greater role in spreading pathogens through the population.
This is similar to findings in yellow-necked mice (4podemus flavicollis)
where males influence helminth transmission more strongly than fe-
males (Ferrari et al. 2004) and in European badgers where male
connectivity across space i3 thought to explain the male bias in in-
fection rates (Silk et al. 2018b). Male-biased parasite burden is a
common phenomenon and has been linked to transmission relevant
behavioral differences between males and females (Godfrey 2013).
Beyond contact patterns, other intrinsic factors can also affect di-
sease spread, including sex-biased transmission risk per contact,
immune response, and infection period (Zuk and McKean 1996;
Perkins et al. 2008). Hence, the greater exposure risk in males is
particularly remarkable since susceptibility is generally heightened
in males through the immune suppressive effects of testosterone
(Zuk and McKean 1996; Grear et al. 2009). Nevertheless, the com-
bined risk of exposure, which we showed here, and, by extension,
the combined costs of pathogen transmission along multiple trans-
mission routes, appears to be offset by the benefits of higher re-
productive success among alliance members compared to males
that are not in alliances (Kriitzen et al. 2004). Thus, males may
compromise health to maximize reproductive success. Females and
their calves, in contrast, have reduced pathogen transmission risk
by interacting with fewer conspecifics.

Social interactions across behavioral contexts
and the risk of coexposure

We showed that network connectivity was consistent across be-
havioral contexts representing pathogen transmission modes.
Using binary networks, we showed that individuals tended to in-
teract with the same conspecifics in multiple contexts. Then, the
weighted networks showed that pairwise connectivity (edge weight)
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was comparable across behaviors. That is, pairs of individuals with
strong social bonds had high interaction frequencies in all behav-
ioral contexts. Together, this suggests the likelihood of coexposure
to multiple pathogens in bottlenose dolphins. Well-connected indi-
viduals are particularly at risk to be coexposed, but they also pose a
manifold transmission risk to the population.

In particular, we showed notably high MROAP coefficients
between the sexual contact and skin contact network (0.999;
Table 2), as well as between the social association and synchronized
breathing network (0.975; Table 3). We argue that this is driven by
the functional parallels between these pairs of behaviors. Sexual
and tactile contacts establish and maintain social bonds (Mann
2006; Kaplan and Connor 2007) and, indeed, tactile interactions
and skin contact can be common during sexual contact. However,
these behaviors are different because skin contact excludes the gen-
ital area. Nevertheless, sexual contact could represent a coexposure
risk. Similarly, social associations and synchronous breathing also
share functional parallels as both facilitate group movement (Sakai
et al. 2010). The two parallels suggest that the paired behaviors are
more likely to co-occur and, hence, to be observed together, which
could contribute toward the high MROAP coeflicients. Similarly,
synchrony is also important during other social interactions, such
as skin and sexual contact. This could explain the large coefficient
values between the contact networks of these behaviors and syn-
chronous breathing.

In a disease context, the co-occurrence and functional par-
allels between pairs of behaviors suggest a high likelihood of
coexposure to pathogens transmitted along those contact routes.
Coexposure, in interaction with individual susceptibility, could
then lead to coinfection. However, research is lacking on how in-
dividuals trade-off immunological responses to multiple patho-
gens and how that affects susceptibility and, ultimately, coinfection
with different pathogens (Hawley and Altizer 2011). In addition
to cross-immunity, infected individuals may also change their be-
havior and, for instance, reduce activity and interindividual con-
tact behavior, thereby reducing exposure and, hence, transmission
potential (Poulin 2018). Nevertheless, coinfections with multiple
viruses have been reported in dolphins, for instance, coinfection
with the herpes virus (sexual transmission) and morbillivirus (likely
droplet transmission during synchronized breathing; Soto et al.
2012). Our results allow predictions of pathogen coexposure risk
depending on their transmission route. For instance, they suggest
a high probability of coexposure to papillomavirus (sexually trans-
mitted; Rehtanz e/ al. 2010) and to poxvirus (transmitted through
skin contact; Van Bressem et al. 1999; MROAP coefficient 0.999)
and, to a lesser extent, to morbillivirus (droplet transmission during
synchronized breathing; Van Bressem et al. 20145 MRQAP coeffi-
cient 0.732). Similarly, our results suggest that individuals with high
social association frequencies are more likely to become infected
with respiratory diseases because they are likely to also show high
frequencies of synchronized breathing with their social associates.

We did not find any effect of sex similarity in any of our network
correlations. This indicates that neither males nor females showed
sex-assortative interaction frequencies that were scaled to observa-
tion frequencies. This is somewhat surprising given the social alli-
ance structure in males but not females. This could be due to the
aggregation of all contacts into one 5-year summary network for
cach behavior. Social contact structures, including sex-assortative
behavior, can vary in a seasonally dependent manner. For in-
stance, seasonal ecological and social factors, such as the availa-
bility of resources (Spiegel et al. 2015) and mating opportunities
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(Leu et al. 2011), have been shown to influence social interaction
frequencies and social network structure in lizards. This explana-
tion is particularly intuitive in relation to our analysis of sexual con-
tact behavior. Reproduction in our study population is moderately
seasonal (September—January; Mann et al. 2000), suggesting that
sexual interactions between males and females are also more fre-
quent during these months as gestation is approximately 12 months
(Mann et al. 2000). However, sexual contact also maintains long-
term social relationships within the sexes, in particular, among
males (Mann 2006; Kaplan and Connor 2007) and is possibly more
frequent during the remaining part of the year. Together, the mul-
tiple functions of sexual contact behavior, beyond reproduction,
could explain why we did not find any evidence for sex assortativity
in sexual contact behavior. Furthermore, this explanation could
also expand to all four behaviors that we observed given the strong
positive relationship among them. Future work on sex-assortative
behavior and, in particular, its dynamic over time would provide
further insight into the complexities of bottlenose dolphin sociality.

CONCLUSION

We showed that demography influenced the social network struc-
ture in the bottlenose dolphin population at Shark Bay across four
different behavioral contexts. Three of these networks were based
on behaviors that represented distinct routes for directly trans-
mitted pathogens. Basic principles of epidemiology and pathogen
transmission apply both in aquatic and terrestrial environments
(McCallum et al. 2004). In particular, direct transmission pro-
cesses through social contacts, which we investigated in the pre-
sent study, are comparable and have been successfully modeled for
both environments (Murray 2009). It suggests that our findings are
informative for scholars of disease dynamics beyond the aquatic en-
vironment. While we do not consider indirect transmission routes
in this study, this can be studied in the future.

In our study, individuals that were well connected in the network
of one behavioral context were also well connected in the other
two contexts. We hypothesize that the consistently higher pathogen
transmission risk among males across all transmission pathways,
and among adults and, to some extent, juveniles for droplet infec-
tions through synchronous breathing behavior, is driven by the male
alliance structure and the mother—calf bond. This has two impor-
tant implications. First, it suggests that the divergent reproductive
strategies in males and females, and, hence, sexual selection, drive
the demography-dependent transmission risk for pathogens using
a multitude of transmission routes. Second, when networks are
structured into highly cohesive groups with fewer interactions be-
tween groups, this can result in more localized infections affecting
a smaller proportion of social groups and decreasing the likelihood
of a population-wide major outbreak (Sah et al. 2017). Whether
the population-level social structure in bottlenose dolphins reduces
disease implications on the population level remains to be investi-
gated. Here, we focused on the individual level and also showed
that highly sociable individuals are likely to be coexposed to patho-
gens that are transmitted along different transmission routes. Our
study lacked empirical data on pathogen infections and did not
allow us to investigate actual coinfection patterns. Collecting such
data is rarely possible in large marine mammals, although there
is promising progress in the development of new biological sam-
pling techniques (Mann and Karniski 2017), which may provide
important insights in the future. Nevertheless, our study highlights
the importance of characterizing the baseline contact structure of
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multiple contact types in order to make predictions of potential in-
fection spread. Furthermore, it also allows the comparison against
changes in contact structure following infection and reduced health.

In the present study, we provide insights into demographic effects
on disease risks across multiple pathogen transmission routes. The
cost of sociality has been clearly linked to pathogen transmission
(Kappeler et al. 2015). Here, we suggest that investigating pathogen
transmission in a multibehavioral context could offer a more com-
prehensive understanding of the evolution of sociality. We argue
that this is due to the probability of coinfections and the possibility
of transmission route-dependent disease implications.

Finally, our study also provides important insights into the
conservation of populations that experience disease outbreaks.
Intervention efforts on the individual level, for example, through
vaccination or removal of individuals, have been suggested to be
more effective if they target highly connected individuals or indi-
viduals that connect communities (Sah et al. 2017). Our results sug-
gest that focusing intervention efforts on adult males in our study
population would yield the greatest benefit. Furthermore, we have
also shown that the contact patterns in two pathogen transmission
networks (skin contact and synchronous breathing) strongly corre-
late with the social association patterns. In wildlife species, social
association patterns can be identified more readily than contact be-
haviors that occur less frequently. Our results highlight that social
associations could be used as a proxy to deduce contact patterns
that are relevant for the transmission of diseases, allowing conser-
vationists to identify highly connected individuals more readily to
assist in informed intervention efforts.

SUPPLEMENTARY MATERIAL

Supplementary data are available at Behavioral Ecology online.

FUNDING

This work was supported by the National Science Foundation (1216054 and
1414296 to S.B.; 1559380, 0918308, 0941487, and 0316800 to J.M.); by
an Office of Naval Research BAA grant (10230702 to J.M.); and grants to
S.B. and J.M. from Georgetown University. S. T.L. was supported by a post-
doctoral Endeavour Research Fellowship from the Australian Government,
Department of Education and Training and an Australian Research

Council DECRA Fellowship (DE170101132).

We thank all members of the Shark Bay Dolphin Research Project and the
Mann Lab for their support of the project and all members of the Bansal
Lab for constructive discussions of the work.

Authors’ contributions: S.T.L., S.B., and J.M. conceived the study;
S.T.L. performed all analysis; PS., S.B., and J.M. assisted with analysis;
JM., E.K., and others collected the data; E.K. and A.M_J. assisted in data
curation; S.T.L. wrote the manuscript; all authors contributed critically to
the drafts and gave final approval for publication.

Data accessibility: Analyses reported in this article can be reproduced using
the data provided by Leu et al. (2020).

Handling editor: Louise Barrett

REFERENCES

Aiello CM, Nussear KE, Walde AD, Esque TC, Emblidge PG, Sah P,
Bansal S, Hudson PJ. (2014). Disease dynamics during wildlife transloca-
tions: disruptions to the host population and potential consequences for
transmission in desert tortoise contact networks. Anim Conserv. 17:27-39.

Page 9 of 10

Attia S, Egger M, Miiller M, Zwahlen M, Low N. 2009. Sexual transmis-
sion of HIV according to viral load and antiretroviral therapy: systematic
review and meta-analysis. AIDS. 23:1397-1404.

Bansal S, Grenfell BT, Meyers LA. 2007. When individual behaviour
matters: homogeneous and network models in epidemiology. J R Soc
Interface. 4:879-891.

Bansal S, Pourbohloul B, Hupert N, Grenfell B, Meyers LA. 2010. The
shifting demographic landscape of pandemic influenza. PLoS One.
5:¢9360.

Bates D, Miachler M, Bolker B, Walker S. (2015). Fitting linear mixed-effects
models using Ime4. J Stat Softw. 67:1-48.

Bichell LMV, Krzyszczyk E, Patterson EM, Mann J. (2018). The reliability
of pigment pattern based identification of wild bottlenose dolphins. Mar
Mamm Sci. 34:113-124.

Connor RC, Kriitzen M. (2015). Male dolphin alliances in shark bay: chan-
ging perspectives in a 30-year study. Anim Behav. 103:223-235.

Connor RC, Wells RS, Mann J, Read AJ. (2000). The bottlenose dolphin.
social relationships in a fission-fusion society. In: Mann J, Connor RC,
Tyack PL, Whitehead H, editors. Cetacean societies: field studies of dol-
phins and whales. Chicago and London: The University of Chicago
Press. p. 91-125.

Cote IM, Poulin R. (1995). Parasitism and group size in social animals: a
meta-analysis. Behav Ecol. 6:159-165.

Croft DP, James R, Krause J. (2008). Exploring animal social networks. 1st
ed. Princeton: Princeton University Press.

Csardi G, Nepusz T. (2006). The igraph software package for complex net-
work research. Inter] Complex Syst. 1695:1-9.

Emlen ST, Oring LW. 1977. Ecology, sexual selection, and the evolution of
mating systems. Science. 197:215-223.

Farine DR. 2013. Animal social network inference and permutations for
ecologists in r using asnipe. Methods Ecol Evol. 4:1187-1194.

Farine DR. 2017. A guide to null models for animal social network analysis.
Methods Ecol Evol. 8:1309-1320.

Farine DR, Whitechead H. (2015). Constructing, conducting, and
interpreting animal social network analysis. ] Anim Ecol. 84:1144-1163.

Ferrari N, Cattadori MI, Nespereira J, Rizzoli A, Hudson JP. (2004). The
role of host sex in parasite dynamics: field experiments on the yellow-
necked mouse Apodemus flavicollis. Ecology Lett. 7:88-94.

Irench SS, Moore MC, Demas GE. 2009. Ecological immunology: the or-
ganism in context. Integr Comp Biol. 49:246-253.

Irere CH, Kriitzen M, Mann J, Connor RC, Bejder L, Sherwin WB. 2010a.
Social and genetic interactions drive fitness variation in a free-living dol-
phin population. Proc Natl Acad Sci USA. 107:19949-19954.

Frere CH, Kriitzen M, Mann J, Watson-Capps JJ, Tsai Y], Patterson EM,
Connor R, Bejder L, Sherwin WB. (2010b). Home range overlap, matri-
lineal and biparental kinship drive female associations in bottlenose dol-
phins. Anim Behav. 80:481-486.

Galezo AA, Krzyszczyk E, Mann J. (2018). Sexual segregation in indo-pa-
cific bottlenose dolphins is driven by female avoidance of males. Behav
Ecol. 29:377-386.

Gibson QA, Mann J. (2008). Early social development in wild bottlenose
dolphins: sex differences, individual variation and maternal influence.
Anim Behav. 76:375-387.

Godlfrey SS. 2013. Networks and the ecology of parasite transmission: a frame-
work for wildlife parasitology. Int J Parasitol Parasites Wildl. 2:235-245.

Grear DA, Perkins SE, Hudson PJ. 2009. Does elevated testosterone result in
increased exposure and transmission of parasites? Ecol Lett. 12:528-537.

Guzman-Verri C, Gonzalez-Barrientos R, Hernandez-Mora G, Morales JA,
Baquero-Calvo E, Chaves-Olarte E, Moreno E. 2012. Brucella ceti and
brucellosis in cetaceans. Front Cell Infect Microbiol. 2:3.

Haddadi H, King AJ, Wills AP, Fay D, Lowe ], Morton A]J, Hailes S,
Wilson AM. (2011). Determining association networks in social ani-
mals: choosing spatial-temporal criteria and sampling rates. Behav Ecol
Sociobiol. 65:1659-1668.

Harrison XA. 2014. Using observation-level random effects to model
overdispersion in count data in ecology and evolution. Peer]. 2:¢616.

Hawley DM, Altizer SM. (2011). Disease ecology meets ecological immu-
nology: understanding the links between organismal immunity and infec-
tion dynamics in natural populations. Funct Ecol. 25:48-60.

Holekamp KE, Smale L. (1991). Dominance acquisition during mamma-
lian social development: the “inheritance” of maternal rank. Am Zool.
31:306-317.

Kallio ER, Poikonen A, Vaheri A, Vapalahti O, Henttonen H,
Koskela E, Mappes T. 2006. Maternal antibodies postpone hantavirus

020z Arenige 0z uo 1sanb AQ 6GE L ¥7/G/200BRIR/008US0/S60 L 0 L /IOP/1oBISqe-0|o1LB-80UBAPE/028Ya( /W00 dno olWapeoe//:sdny wol) papeojumoq



Page 10 of 10

infection and enhance individual breeding success. Proc Biol Sci.
273:2771-2776.

Kaplan DJ, Connor RC. (2007). A preliminary examination of sex dif-
ferences in tactile interaction among juvenile Atantic spotted dolphins
(Stenella frontalis). Mar Mamm Sci. 23:943-953.

Kappeler PM, Cremer S, Nunn CL. (2015). Sociality and health: impacts of
sociality on disease susceptibility and transmission in animal and human
societies. Philos Trans R Soc Lond B Biol Sci. 370:20140116.

Karniski C, Patterson EM, Krzyszczyk E, Foroughirad V, Stanton MA,
Mann J. (2015). A comparison of survey and focal follow methods for
estimating individual activity budgets of cetaceans. Mar Mamm Sci.
31:839-852.

Keeling MJ, Eames K'T. 2005. Networks and epidemic models. J R Soc
Interface. 2:295-307.

Kriitzen M, Barré LM, Connor RC, Mann J, Sherwin WB. 2004. “O fa-
ther: where art thou?”—paternity assessment in an open fission-fusion
society of wild bottlenose dolphins (Zursiops sp.) in Shark Bay, Western
Australia. Mol Ecol. 13:1975-1990.

Krzyszezyk E, Stanton MA, Patterson EM, Mann J. (2017). The transition
to independence: sex differences in social and behavioral development of
wild bottlenose dolphins. Anim Behav. 129:43-59.

Lakdawala SS, Subbarao K. 2012. The ongoing battle against influenza:
the challenge of flu transmission. Nat Med. 18:1468-1470.

Lee HH, Wallen MM, Krzyszczyk I, Mann J. (2019). Every scar has a
story: age and sex-specific conflict rates in wild bottlenose dolphins.
Behav Ecol Sociobiol. 73:63.

Leu ST, Kappeler PM, Bull CM. 2010b. Refuge sharing network predicts
ectoparasite load in a lizard. Behav Ecol Sociobiol. 64:1495-1503.

Leu ST, Kappeler PM, Bull CM. 2011. The influence of refuge sharing on so-
cial behaviour in the lizard 7iligua rugosa. Behav Ecol Sociobiol. 65:837-847.

Leu ST, Sah P, Krzyszczyk E, Jacoby A, Mann J, Bansal S. (2020). Data from:
sex, synchrony and skin contact: integrating multiple behaviors to assess
pathogen transmission risk. Behav Ecol. doi:10.5061/dryad.bnzs7h46r.

Manlove KR, Cassirer EF, Plowright RK, Cross PC, Hudson PJ. (2017).
Contact and contagion: bighorn sheep demographic states vary in proba-
bility of transmission given contact. J Anim Ecol. 86:908-920.

Mann J. (2006). Establishing trust: socio-sexual behaviour and the devel-
opment of male-male bonds among Indian Ocean bottlenose dolphins.
In: Sommer V, Vasey PL, editors. Homosexual behaviour in animals.
New York: Cambridge University Press. p. 107-130.

Mann J, Connor RC, Barre LM, Heithaus MR. (2000). Female reproduc-
tive success in bottlenose dolphins (Zursiops sp.): life history, habitat, provi-
sioning, and group-size effects. Behav Ecol. 11:210-219.

Mann J, Karniski C. (2017). Diving beneath the surface: long-term studies
of dolphins and whales. ] Mammal. 98:621-630.

Mann J, Smuts BB. 1998. Natal attraction: allomaternal care and mother-
infant separations in wild bottlenose dolphins. Anim Behav. 55:1097-1113.

Mann J, Smuts B. 1999. Behavioral development in wild bottlenose dolphin
newborns (Zursiops sp.). Behaviour. 136:529-566.

McCallum HI, Kuris A, Harvell CD, Lafferty KD, Smith GW, Porter J.
(2004). Does terrestrial epidemiology apply to marine systems? Trends
Ecol Evol. 19:585-591.

Miketa ML, Patterson EM, Krzyszczyk E, Foroughirad V, Mann J. (2018).
Calf age and sex affect maternal diving behaviour in shark bay bottlenose
dolphins. Anim Behav. 137:107-117.

Murray AG. 2009. Using simple models to review the application and im-
plications of different approaches used to simulate transmission of patho-
gens among aquatic animals. Prev Vet Med. 88:167-177.

Perkins SE, Ferrari MF, Hudson PJ. 2008. The effects of social structure
and sex-biased transmission on macroparasite infection. Parasitology.
135:1561-1569.

Perreault C. (2010). A note on reconstructing animal social networks from
independent smallgroup observations. Anim Behav. 80:551-562.

Poulin R. (2018). Modification of host social networks by manipulative
parasites. Behaviour. 155:671-688.

Powell SN, Bansal S, Foroughirad V, Wallen MM, Miketa M, Krzyszczyk E,
Mann J. Sociality and tattoo-skin disease among bottlenose dolphins in
Shark Bay, Australia. Behav Ecol. 1-8.

Powell SN, Wallen MM, Bansal S, Mann J. 2018. Epidemiological investi-
gation of tattoo-like skin lesions among bottlenose dolphins in Shark Bay,
Australia. Sci Total Environ. 630:774-780.

Behavioral Ecology

Rehtanz M, Ghim Sj, McFee W, Doescher B, Lacave G, Fair PA, Reif JS,
Bossart GD, Jenson AB. (2010). Papillomavirus antibody prevalence in
free-ranging and captive bottlenose dolphins (tursiops truncatus). J Wildl
Dis. 46:136-145.

Rimbach R, Bisanzio D, Galvis N, Link A, Di Fiore A, Gillespie TR. (2015).
Brown spider monkeys (Ateles hybridus): a model for differentiating the
role of social networks and physical contact on parasite transmission dy-
namics. Philos Trans R Soc Lond B Biol Sci. 370:20140110.

Romano V, Duboscq J, Sarabian C, Thomas E, Sueur C, Maclntosh AJJ.
(2016). Modeling infection transmission in primate networks to predict
centrality-based risk. Am J Primatol. 78:767-779.

Sadd BM, Schmid-Hempel P. 2006. Insect immunity shows specificity in
protection upon secondary pathogen exposure. Curr Biol. 16:1206-1210.

Sah P, Leu ST, Cross PC, Hudson PJ, Bansal S. 2017. Unraveling the di-
sease consequences and mechanisms of modular structure in animal so-
cial networks. Proc Natl Acad Sci USA. 114:4165-4170.

Sah P, Mann J, Bansal S. 2018. Disease implications of animal social network
structure: a synthesis across social systems. ] Anim Ecol. 87:546-558.

Sakai M, Morisaka T, Kogi K, Hishii T, Kohshima S. 2010. Fine-scale anal-
ysis of synchronous breathing in wild Indo-Pacific bottlenose dolphins
(Tursiops aduncus). Behav Processes. 83:48-53.

Silk MJ, Drewe JA, Delahay RJ, Weber N, Steward LC, Wilson-Aggarwal J,
Boots M, Hodgson DJ, Croft DP, McDonald RA. (2018a). Quantifying
direct and indirect contacts for the potential transmission of infec-
tion between species using a multilayer contact network. Behaviour.
155:731-757.

Silk MJ, Hodgson DJ, Rozins C, Croft DP, Delahay R], Boots M,
McDonald RA. 2019. Integrating social behaviour, demography and di-
sease dynamics in network models: applications to disease management
in declining wildlife populations. Philos Trans R Soc Lond B Biol Sci.
374:20180211.

Silk MJ, Weber NL, Steward LC, Hodgson DJ, Boots M, Croft DP,
Delahay RJ, McDonald RA. 2018b. Contact networks structured
by sex underpin sex-specific epidemiology of infection. Ecol Lett.
21:309-318.

Smolker RA, Richards AF, Connor RC, Pepper JW. (1992). Sex differ-
ences in patterns of association among indian ocean bottlenose dolphins.
Behaviour. 123:38-69.

Soto S, Gonzalez B, Willoughby K, Maley M, Olvera A, Kennedy S, Marco A,
Domingo M. 2012. Systemic herpesvirus and morbillivirus co-infection in a
striped dolphin (Stenella coeruleoalba). J Comp Pathol. 146:269-273.

Spiegel O, Leu ST, Sih A, Godfrey SS, Bull CM. (2015). When the going
gets tough: behavioural type-dependent space use in the sleepy lizard
changes as the season dries. Proc Biol Sci. 282:20151768.

Stanton MA, Gibson QA, Mann J. (2011). When mum’s away: a study of
mother and calf ego networks during separations in wild bottlenose dol-
phins (Zursiops sp.). Anim Behav. 82:405-412.

Susi H, Barres B, Vale PE, Laine AL. (2015). Co-infection alters population
dynamics of infectious disease. Nat Commun. 5975:1-8.

Tsai Y]J, Mann J. (2013). Dispersal, philopatry, and the role of fission-fusion
dynamics in bottlenose dolphins. Mar Mamm Sci. 29:261-279.

Van Bressem ME, Duignan PJ, Banyard A, Barbieri M, Colegrove KM,
De Guise S, Di Guardo G, Dobson A, Domingo M, Fauquier D, et al.
(2014). Cetacean morbillivirus: current knowledge and future directions.
Viruses 6:5145-5181.

Van Bressem ME Raga JA, Di Guardo G, Jepson PD, Duignan PJ,
Siebert U, Barrett T, Santos MC, Moreno IB, Siciliano S, et al. 2009.
Emerging infectious diseases in cetaceans worldwide and the possible role
of environmental stressors. Dis Aquat Organ. 86:143-157.

Van Bressem ME, Van Waerebeek K, Raga JA. 1999. A review of virus in-
fections of cataceans and the potential impact of morbilliviruses, pox-
viruses and papillomaviruses on host population dynamics. Dis Aquat
Organ. 38:53-65.

White LA, Forester JD, Craft ME. (2018). Covariation between the physio-
logical and behavioral components of pathogen transmission: host heter-
ogencity determines epidemic outcomes. Oikos. 127:538-552.

Wiszniewski J, Corrigan S, Beheregaray LB, Moller LM. 2012. Male re-
productive success increases with alliance size in Indo-Pacific bottlenose
dolphins (Zursiops aduncus). ] Anim Ecol. 81:423-431.

Zuk M, McKean KA. 1996. Sex differences in parasite infections: patterns
and processes. Int J Parasitol. 26:1009-1023.

020z Arenige 0z uo 1sanb AQ 6GE L ¥7/G/200BRIR/008US0/S60 L 0 L /IOP/1oBISqe-0|o1LB-80UBAPE/028Ya( /W00 dno olWapeoe//:sdny wol) papeojumoq


https://doi.org/10.5061/dryad.bnzs7h46r

