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Social behaviour is a key component of animal behaviour that facilitates the spread of parasites. Tradi-
tionally, group size has been used as a primary metric for quantifying the impact of social behaviour on
parasite transmission; however, with the emergence of social network analysis an increasing number of
studies are using this more nuanced tool to study links between social behaviour and parasite infection.
In this study, we synthesized insights derived from empirical studies on social networks and parasites
using a meta-analytical approach. We analysed 210 associations between parasite burden and individual
level network metrics extracted from 18 published articles. Overall, we found a positive effect of social
behaviour, measured by social network metrics, on parasite infection at the individual level, with no
evidence of publication bias. The magnitude of the mean effect size for associations between social
network metrics and measures of parasitism was nearly twice as large as that observed for group size in
previous meta-analyses. However, there was significant heterogeneity in effect sizes across studies, and
this pattern could not be explained by either host traits, parasite traits or the social network metric
examined. We discuss potential reasons for this unexplained heterogeneity, such as possible mismatches
between focal host social behaviour and focal parasite biology as well as methodological considerations.
We also suggest future research directions that can help fill gaps that remain in our understanding of the
drivers of variation in interactions between social hosts and parasites.
© 2020 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Social behaviour is a key component of animal behaviour that
facilitates the spread of parasites. Consequently, questions about
the impact of host social behaviour on infectious disease trans-
mission are of considerable importance to epidemiologists and
disease ecologists (Altizer et al., 2003). Moreover, given the potent
selection pressure that increased parasite transmission imposes on
social hosts, behavioural ecologists also have an abiding interest in
the role parasites play in the evolution of social behaviour
(Alexander, 1974; Loehle, 1995). This convergence of interests has
given rise to decades of research on the links between social
behaviour and parasite transmission in animal populations
(reviewed in Altizer et al., 2003); yet many unanswered questions
remain. These questions include when and how social behaviour is
most likely to influence parasite transmission and what forms of
social behaviour are most strongly shaped by parasitism.
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Group size is by far the most widely used metric for capturing
the effects of social behaviour on parasite transmission. This
measure provides an intuitive proxy for the number of social
contacts an ‘average’ group member experiences, and a sizeable
body of work on group sizeeparasitism relationships shows that
group size is an important predictor of parasite transmission un-
der a range of circumstances (Cote & Poulin, 1995; Patterson &
Ruckstuhl, 2013; Rifkin, Nunn, & Garamszegi, 2012), although
the strength of this association often varies depending on the
measure of parasitism used (e.g. abundance, prevalence versus
richness; Rifkin et al., 2012) and the transmission mode of the
parasite (e.g. mobile versus nonmobile; Cote & Poulin, 1995). This
body of work also reveals that group size does not adequately
capture many important nuances of animal social organization
relevant to parasite transmission (Ezenwa, 2004; Griffin & Nunn,
2012). For example, individuals within a group can vary in the
degree to which they engage in social interactions, and some in-
dividuals may change groups frequently, shuffling and reshuffling
the number and/or identity of group mates. In both cases, group
size may fail to capture the real quantity of interest, i.e. the
evier Ltd. All rights reserved.
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number or frequency of distinct social contacts. Recently, the
limitations of group size as a metric of social contact, along with
advances in computing systems, have helped spur the rise of social
network analysis (SNA) as a tool for probing the links between
social behaviour and parasite transmission in wild animal systems
(Craft, 2015; Wey, Blumstein, Shen, & Jord�an, 2008). Social net-
works, and the metrics derived from them, provide a nuanced
view of animal social behaviour (Farine & Whitehead, 2015; Wey
et al., 2008), and in the past decade SNA has been applied to
understanding patterns of parasitism in a growing number of
animals (for a review see Godfrey, 2013; White, Forester, & Craft,
2017; Fig. 1). Thus, an opportunity now exists to synthesize the
current literature on SNA and parasitism to identify general pat-
terns that are emerging from this new approach.

A social network connects individuals (nodes) to one another
based on social interactions (edges). Interactions used to construct
social networks can range from associations such asmembership in
the same group to direct interactions such as grooming or aggres-
sion. Ultimately, SNA provides quantitative measurements that
The number of individuals a
focal node is connected to
(Whitehead, 2008)
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Figure 1. Examples of common social network metrics used to quantify social interactions i
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Commons under a CC BY-SA 2.5 licence. Chipmunk image by Gilles Gonthier available on Fli
under a CC BY-NC-ND 2.0 licence. Sphenodon punctatus image available from Wikimedia C
available from Flickr under a CC BY-NC 2.0 licence. Badger image by Tony C.C. Gray available
available from Flickr under a CC BY-ND 2.0 licence. Grooming meerkat image by Beth Wilson
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BY-NC 2.0 licence. Cryptosporidium image by the Centers for Disease Control and Prevention
Scott William McGraw, Patrick Kouassi Yao, Ahmed Abou-Bacar, Julie Brunet, Bernard Pes
Wikimedia Commons under a CC BY 4.0 licence. Macaca fuscata image courtesy of Christof
capture fine-scale heterogeneities in individual social relationships,
and for researchers interested in the links between social behaviour
and parasitism these measures can be used to explore both the
health implications of social behaviour and its consequences for
parasite transmission. The ability of SNA to capture key complex-
ities in animal social behaviour, often hypothesized to have distinct
consequences for parasite infection, is another advantage of this
approach. For example, recent SNA studies show that different
types of social connectivity can have different implications for
infection in the same hosteparasite system (e.g. strength [intensity
of connections] versus closeness [a node's ‘distance’ from other
nodes] for Strongyloides worms in spider monkeys, Ateles hybridus
[Rimbach et al., 2015]). Likewise, more subtle differences in social
behaviour can affect risk of infection in distinct ways. For instance,
in tuataras, Sphenodon punctatus, the strength of connections
directed towards an individual by females was associated with
parasitic mite,Neotrombicula spp., burdens, whereas the strength of
male connections was not (Fig. 1), while in meerkats, Suricata sur-
icatta, the number of connections passing through an individual
Williams et al. (2017)
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[betweenness] was linked to tuberculosis, Mycobacterium bovis,
infection only when these connections were based on aggression
and not grooming (Fig. 1). Understanding these types of nuances is
crucial for identifying specific aspects of social behaviour that
differentially incur parasite-associated costs or that are most
influential in fuelling transmission.

In light of the rapid rise in empirical SNA studies focused on
parasitism, here we used a systematic meta-analysis approach to
examine general insights about social behaviour and parasitism
derived so far from SNA. Our first goal was to quantify the overall
magnitude and direction of the effect of individual social behaviour
on parasitism in animals as measured by SNA for comparison with
the effect of group size, which has been explored in previous meta-
analyses (Cote & Poulin, 1995; Patterson & Ruckstuhl, 2013; Rifkin
et al., 2012). In addition, we were interested in identifying any
emergent patterns related to the types of social connectivity or
social behaviour most strongly associated with effects on para-
sitism. Finally, wewere interested in attributes of the host (e.g. type
of social organization) and parasite (e.g. measure of infection [e.g.
abundance versus richness], transmission mode) that might help
explain variation in social behavioureparasitism relationships. We
investigated these latter questions by asking whether overall as-
sociations between SNA-derivedmeasurements of social behaviour
and parasite infection depended on the following moderator vari-
ables: (1) SNA metric, (2) host behaviour used to build social net-
works, (3) host social organization, (4) the measure used to
quantify parasite infection and (5) parasite transmission mode.
While other studies have recently reviewed the status of SNA in
infectious disease research (Craft, 2015; Godfrey, 2013; White et al.,
2017) our meta-analytical approach provides a first quantitative
analysis of observed patterns revealing key priorities for future
work.

METHODS

Literature Search and Inclusion Criteria

Our search protocol was designed to identify as many articles as
possible on SNA and parasite infection while minimizing sampling
biases. We used four different databases (JSTOR, PubMed, CAB ab-
stract and Web of Science) to obtain an initial pool of articles
published as of December 2018 (see PRISMA diagram in Fig. A1).
We searched for articles using the following search string: TOPIC:
(social* network*) NOT TOPIC: (human) AND TOPIC: (disease* OR
parasite* OR helminth* OR virus OR arthropod* OR prion OR pro-
tozo* OR bacte* OR infect* OR pathoge*) Refined by: CATEGORIES:
(veterinary sciences OR multidisciplinary sciences OR zoology OR
ecology OR evolutionary biology). Next, we inspected the abstracts
and titles of each article (N ¼ 1304) to exclude those that were
likely to be unsuitable for the meta-analysis, for example because
they were purely theoretical studies or review papers (N ¼ 1223).
We read all the remaining articles (N ¼ 81) more closely to assess
their suitability for analysis based on our inclusion criteria.

For an article to be included in our analysis, the study had to use
social networkmetrics to investigate empirical links between social
behaviour and some aspect of parasite infection. Since our goal was
to uncover effects of social behaviour on the transmission of in-
fectious agents, we excluded studies performed on commensal
microorganisms or induced immune responses. We also excluded
theoretical articles that simulated transmission of parasites on a
social network and studies on livestock. Importantly, because our
focus was on the link between individual level social behaviour and
infection, we focused on studies where the level of analysis was the
individual (versus group or population). Ultimately, a total of 18
articles met our inclusion criteria (Fig. A1; Adelman, Moyers, Farine,
& Hawley, 2015; Balasubramaniam, Beisner, Vandeleest, Atwill, &
McCowan, 2016; Corner, Pfeiffer, & Morris, 2003; Drewe, 2009;
Duboscq, Romano, Sueur, & Macintosh, 2016; Fenner, Godfrey, &
Bull, 2011; Friant, Ziegler, & Goldberg, 2016; Godfrey, Moore,
Nelson, & Bull, 2010; Grear, Luong, & Hudson, 2013; Leu,
Kappeler, & Bull, 2010; MacIntosh et al., 2012; Otterstatter &
Thomson, 2007; Rimbach et al., 2015; VanderWaal, Atwill,
Hooper, Buckle, & McCowan, 2013; VanderWaal et al., 2016;
Weber et al., 2013; Williams, Worsley-Tonks, & Ezenwa, 2017;
Wohlfiel, Leu, Godfrey, & Bull, 2013).

Effect Size Calculation

From each of these 18 articles, we extracted measures of the
relationship between a social network predictor and parasite
response (i.e. effect sizes) for use in ourmeta-analysis. As ameasure
of effect size, we used correlation-based r values between social
networkmetrics and parasite responses. If a study did not report an
r value, we extracted test statistics (e.g. c2, F or t) and P values from
the text and then converted these to effect size r values following
methods described in Rosenthal and DiMatteo (2001). For four
studies, we contacted authors for more detailed information (e.g.
when ‘nonsignificant’was provided in the text in place of a specific
P value). For statistical models with multiple predictor variables or
random effects, we converted the reported P value to a standard
normal deviate Z score and used the sample size to obtain r
following Bentz, Becker, and Navara (2016). We assigned a negative
value to effect sizes for which the social network metric was
negatively correlated with parasite infection. Directional effect
sizes were then converted to Fisher's Z to normalize the distribu-
tion (Rosenthal & DiMatteo, 2001). We used the R package metafor
(Viechtbauer, 2010) for r-to-Z effect size conversions (escalc func-
tion). For three articles that compared the same social network
metric (based on the same behaviour) with the same parasite
response for the same individuals across multiple seasons or years
without reporting a global analysis, we averaged the effect sizes
over all seasons/years. For five articles that performed analyses on
distinct groups or populations, we considered each group or pop-
ulation to be an independent study unit. Overall, we extracted 210
effect sizes from 18 articles encompassing 23 study units.

Selection of Random Factors and Moderators

The first goal of our meta-analysis was to estimate the general
effect of social behaviour on parasite infection at the individual
level. To do this, we needed to account for the random effect of focal
hosts and parasites in our analysis, so we extracted taxonomic in-
formation for both hosts and parasites for each effect size recorded.
For hosts, all studies reported species level taxonomic information
allowing us to include host species identity as a random factor in
the analysis. For parasites, a majority of studies lacked species level
taxonomic information, so we aggregated the parasite data into the
following higher-level classifications, designated as ‘parasite type’:
arthropod, bacteria, helminth, protozoa and multiple (i.e. more
than two different categories of parasites pooled together). We
used parasite type as the parasite random effect in our models to
account for parasite taxonomy.

A second goal of our meta-analysis was to investigate attributes
of the host and parasite that might influence the relationship be-
tween social behaviour and parasite transmission. To do this, we
identified a number of host- and parasite-related variables as po-
tential moderators of the social behavioureparasite relationship
and extracted information on each for every effect size recorded.
The moderators included: (1) the social network metric used to
quantify social behaviour (e.g. degree, strength; see Fig. 1 for
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definitions), (2) the host behaviour used to build the social network
(e.g. grooming versus number of neighbours), hereafter called so-
cial behaviour measure, (3) the host social organization, (4) the
measure used to quantify parasitism (e.g. parasite richness versus
abundance), hereafter called infection measure, and (5) the trans-
mission mode of the parasite.

Given the wide variety of social network metrics used across
studies, we classified all metrics into five broad categories: degree,
strength, betweenness, closeness and eigenvector centrality (Fig.1).
Similarly, given the variety of behaviours used to build social net-
works, we classified these into three broad categories: contact,
distance and space use. Contact refers to any interaction involving
physical contact between two individuals (e.g. aggression, groom-
ing or any other form of contact). Distance refers to social re-
lationships measured by metric or topological distances (e.g.
metres or nearest neighbours). Space use refers to social in-
teractions measured by overlapping habitat use (e.g. territory
overlap, sequential trap use). We classified host social organization
as solitary-but-social, fissionefusion or stable. Solitary-but-social
characterizes species that are predominantly solitary but exhibit
some aspect of sociality (shared refuge use, brief associations).
Fissionefusion characterizes species that live in groups, but for
whom group composition is fluid in terms of size or membership.
Stable refers to species living in groups that experience little or no
change in group composition or size.

The different infection measures reported across studies were
abundance, presence/absence, richness and risk of infection.
Abundance was defined as the number of parasites per individual
with an abundance of zero indicating the absence of infection;
presence/absence was a binary variable referring to the presence
(parasite abundance � 1) or absence (parasite abundance ¼ 0) of
infection; richness was defined as the number of parasite taxa
recorded per individual and was zero if no parasites were detected;
and risk of infection was defined as the probability that an indi-
vidual became infected during a specified study period. Finally,
parasite transmission mode was classified as close, nonclose, in-
termediate host, vector or multiple following (Lindenfors et al.,
2007; Pedersen, Altizer, Poss, Cunningham, & Nunn, 2005). Close
transmission refers to highly contagious parasites spread by close
proximity (e.g. via respiratory droplets) or direct physical contact
(e.g. biting, scratching, mating) such as the bacterium Mycobacte-
rium bovis [causative agent of bovine tuberculosis] in badgers,Meles
meles (Weber et al., 2013). Nonclose transmission refers to parasites
spread by soil, water, faeces, fomites or other forms of environ-
mental contamination, such as the protozoan coccidia in Grant's
gazelles, Nanger granti (Williams et al., 2017). Intermediate host
refers to parasites with a transmission cycle involving an inter-
mediate host (e.g. insect or gastropod) and trophic transmission,
such as the helminth Rictularia halli in chipmunks, Tamias striatus
(Grear et al., 2013). Vector refers to parasites whose transmission
relies on a biting arthropod (e.g. mosquito or tick), such as the
protozoan Hepatozoon tuatarae in tuataras (Godfrey et al., 2010).
Finally, the multiple category was assigned to parasites with mul-
tiple transmission modes or to effect sizes that were derived from
analyses in which parasites with different transmission modes
were aggregated.

Statistical Analysis

All statistical analyses were performed in R version 3.6.1 (R Core
Team 2019). We used random-effects models (REMs) to test the
overall relationship between social behaviour measured by social
network metrics and parasitism. Before estimating the average
effect size and heterogeneity among effect sizes, we identified the
best random effects structure for our REM by fitting different
models using restricted maximum likelihood estimation (function
rma.mv, R package metafor, Viechtbauer, 2010), and then
comparing these models using likelihood ratio tests (Zuur 2009;
Pinheiro & Bates 2000). To do this, first, we ran an intercept-only
model without random effects with the following structure:
rma.mv (yi ~ 1, vi) with yi the observed effect sizes and vi the cor-
responding sampling variance. Next, we included as random effects
either observation nested within study, host species or parasite
type in separate REMs to account for study pseudoreplication, host
phylogeny and parasite taxonomy, respectively. These three
random effects significantly improved the intercept-only model
(likelihood ratio test, study/observation: c2

1 ¼ 220.05, P < 0.0001;
host species: c2

1 ¼ 202.24, P < 0.0001; parasite type: c2
1 ¼ 5.70,

P ¼ 0.017). Therefore, we ran REMs with combinations of study/
observation and host species or study/observation and parasite
type, and both of these bivariate models performed significantly
better than the single REMs (bivariate versus single; host species:
c2
1 ¼ 26.26, P < 0.0001; parasite type: c2

1 ¼ 222.41, P � 0.001).
Finally, we ran a REM with all three random factors and this
multivariate model performed significantly better than the bivar-
iate REMs including host species and study/observation (c2

1 ¼ 5.46,
P ¼ 0.02) or parasite type and study/observation (c2

1 ¼ 6.85,
P ¼ 0.009). We therefore retained the REM model with all three
random factors for our meta-analysis. To test for the presence of
significant effect size heterogeneity in the final REM, we used
Cochran's Q, a nonparametric test of interobservation variability
(Cochran 1954). We estimated the percentage of true heterogeneity
using the I2 statistic (Borenstein, Hedges, Higgins, & Rothstein,
2009), and then partitioned the total I2 into the relative contribu-
tion of each random factor (I2species, I2study, I2observation) following
Nakagawa and Santos (2012). I2 ¼ 25, 50 and 75% are considered as
low, moderate and high contributions, respectively (Higgins,
Thompson, Deeks, & Altman, 2003).

We tested how host- and parasite-related moderators (social
network metric, social behaviour measure, host social organiza-
tion, infection measure and transmission mode) affected the
relationship between host social behaviour and parasite infection
using univariate mixed-effects models (MEMs). As recommended
by Zuur (2009), because these MEMs had similar random-effect
structures but differed in their fixed-effect specification, we
fitted these models using maximum likelihood and compared
them using the Akaike information criterion (AIC) corrected for
small sample size (AICc, Burnham & Anderson, 2002). Next, we
refitted the models using restricted maximum likelihood to
obtain unbiased estimates of variance components and then
tested whether each moderator explained significant effect size
heterogeneity using Cochran's Q. To quantify the variation in ef-
fect size explained per moderator, we calculated the proportional
reduction in the summed variance components from each MEM
compared with the summed variance components of the REM,
equivalent to a pseudo-R2 value (Bentz et al., 2016). We also reran
each MEM without the intercept to calculate whether each
moderator level differed from zero, enabling us to discern how
the distribution of effect sizes differed by host social organization,
infection measure, parasite transmission mode, etc. When the
mean effect size for a given level of a moderator does not differ
significantly from zero, this indicates a relatively weak influence
of social behaviour on parasitism for effects characterized by this
level of the moderator.

We assumed correlations of zero among effect sizes (function
impute_covariance_matrix, R package ClubSandwich, Pustejovsky,
2019) and dealt with possible nonindependence among effect
sizes derived from the same groups of individuals by calculating
robust standard errors (R package metafor, Vietchbauer, 2010). For
all models, mean effect sizes are presented with 95% confidence
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intervals; P values and test statistics are based on robust tests and
confidence intervals of the model coefficients. Results were back-
transformed from Fisher's Z to r for easier interpretation (function
fisherz2r, R package psych, Revelle, 2019).

Controlling for Phylogenetic Signal

Closely related host species may have similar relationships
between social behaviour and parasite infection, and therefore
might show similar effect sizes, so we performed phylogenetic
versions of the REM and univariate MEMs to deal with the po-
tential phylogenetic dependence of host effect sizes. To do this, we
calculated a mean effect size for each species by weighting each
observation by the corresponding sample size. We then estimated
the phylogenetic signal in the distribution of effect sizes by esti-
mating Pagel's l (Molina-Venegas & Rodríguez, 2017; Pagel, 1999).
We compared Pagel's model against two alternatives, a model
with no phylogenetic signal (l ¼ 0) and a Brownian motion model
with complete phylogenetic signal (l ¼ 1) using likelihood ratio
tests (R package geiger, function fitContinuous, Harmon, Weir,
Brock, Glor, & Challenger, 2008). The maximum-likelihood esti-
mate of l was very close to 0 (l < 0.00007) and likelihood ratio
tests suggested this estimate did not differ from the no phyloge-
netic signal model (c2

1 ¼ 0, P ¼ 0.99), but we could also not reject
the Brownian motion model (c2

1 ¼ 3.65, P ¼ 0.057). As such, we
accounted for phylogenetic nonindependence in our analyses by
specifying the covariance structure of the host species random
effect using the correlation matrix of our phylogeny (function
vcv.phylo, R package geiger), which is equivalent to a phylogenetic
meta-analysis. While it would have been interesting to also
investigate the effect of parasite phylogeny, parasites were not
always identified to species level. Moreover, our understanding of
evolutionary relationships among parasites is less complete than
for hosts.

Model Sensitivity

The sensitivity of meta-analytical studies is vulnerable to out-
liers and influential data points. As such, we evaluated the sensi-
tivity of our analyses by comparing fitted models with and without
effect sizes that we defined as influential outliers. Influential out-
liers are often defined as effect sizes with leverage greater than two
times the average value and standardized residual values exceeding
3.0 (Aguinis, Gottfredson,& Joo, 2013; Stevens,1984; Viechtbauer&
Cheung, 2010). However, none of our observations met both criteria
(top-right corner of Fig. A2a), although some effect sizes deviated
greatly from the mean. For this reason, we explored an alternative
measure of outliers, Cook's distance (Di), which indicates the rela-
tive influence of each effect size on the summary estimate. A
standard rule of thumb is thatDi values greater than three times the
mean Di may be potential outliers. Fifteen effect sizes exceeded this
threshold (see Fig. A2b), so we ran exploratory analyses after their
exclusion as a sensitivity check. We saw no substantial changes in
the summary estimate of the REM or the results of the moderators,
except for the smaller, but still significant mean effect sizes, and the
ranking order of the univariate MEMs. These secondary analyses
are available in the Appendix.

Publication Bias

We also tested for publication bias, the preferential publication
of significant over nonsignificant results or large over small effect
sizes. We used an extension of the Egger's regression test (Egger,
Smith, Schneider, & Minder, 1997) for multivariate/multilevel
models by adding a measure of precision (i.e. the square-root of the
sampling variance) as a moderator in our REM with study/obser-
vation, host species and parasite type included as random effects.
When the intercept of the Egger's regression test deviates signifi-
cantly from zero, the overall relationship between precision and
effect size is considered asymmetrical, and therefore, biased
(Sterne & Egger, 2005). We considered analyses to be biased if the
intercept differed from zero at P ¼ 0.10 (as in Egger et al., 1997).
RESULTS

General Patterns

From 23 study units (representing 18 articles) included in our
meta-analysis, we extracted 210 effect sizes on 16 host species
(Table 1). We found no evidence of publication bias among studies
reporting associations between social network metrics and mea-
sures of parasite infection (extended Egger's regression: mean
(r) ± SE ¼ -0.42 ± 0.52, t ¼ 0.81, P ¼ 0.433). However, a majority of
studies focused on vertebrates, especially mammals, with very few
birds and invertebrates represented (N species ¼ 16; mammals,
N ¼ 11; reptiles, N ¼ 3; birds, N ¼ 1; insects, N ¼ 1). In terms of
parasite type, fewer studies used arthropods (N studies ¼ 6, N
observations ¼ 17), protozoa (N studies ¼ 7, N observations ¼ 28)
or pathogenic bacteria (N studies ¼ 7, N observations ¼ 49) as
parasite models; while half of the observations focused on hel-
minths (N studies ¼ 9, N observations ¼ 108). Characteristics of the
focal hosts and parasites and study design elements were also
unbalanced across studies. In terms of social network metric used,
more than half of the studies focused on strength (N studies ¼ 19)
and degree (N studies ¼ 13). The behaviours used to build networks
were fairly evenly distributed, as was the type of social organization
of the focal hosts. In contrast, infection measures were highly un-
balanced, with over half of studies quantifying parasite presence or
absence (N studies ¼ 16), and relatively few reporting richness (N
studies ¼ 2) or risk of infection (N studies ¼ 3). Furthermore, most
studies reported on parasites with multiple transmission modes (N
studies ¼ 10) or parasites transmitted via nonclose contact (e.g.
transmission via faecal contamination; N studies ¼ 14), while fewer
studies included parasites transmitted via close contact, vectors or
intermediate hosts (N studies � 2).
Overall Effect of Social Behaviour on Parasitism

Our REMwith study/observation, host species and parasite type
as random effects showed a significant and positive effect of social
behaviour measured by social network metrics on parasite infec-
tion at the individual level (t ¼ 2.98, P ¼ 0.009; Table 1, Fig. 2).
Because we could not distinguish between models with (l ¼ 1) and
without (l ¼ 0) a phylogenetic signal, we report results from both
nonphylogenetically and phylogenetically controlled REMs. Con-
trolling for host phylogeny improved the fit of the REM (non-
phylogenetic REM: AICc ¼ 58.34; phylogenetic REM: AICc¼ 52.84),
and increased the point estimate of r (t ¼ 3.33, P ¼ 0.029; Table 1,
Fig. 2).

The variance components for the study level, the parasite level
and the observation level random effects made a small contribution
to the total variance in effect size (Table 1). The host species random
effect, on the other hand, made a much larger contribution to the
variance in effect size (Table 1). Finally, although there was a sig-
nificant relationship between social behaviour and parasitism
across studies, there was a high degree of heterogeneity among
effect sizes (Q209 ¼ 616.66; Table 1, Fig. 2), suggesting that differ-
ences between studies might contribute to this variation.



Table 1
Results from nonphylogenetic and phylogenetic multilevel random-effects models (no moderator variables included)

Type N obs N studies N host
species

Mean (r) Lower
CI (2.5%)

Upper
CI (97.5%)

I2species(%) I2study(%) I2obs(%) I2parasite(%) I2total(%) Pagel's l

Nonphylogenetic REM 210 23 16 0.221 0.064 0.367 56.14 13.85 6.87 8.14 84.99 e

Phylogenetic REM 210 23 16 0.317 0.055 0.539 74.83 6.77 4.68 3.96 90.25 0.00007

Mean (r) and 95% confidence interval (CI) are presented along with the number (N) of observations, studies and host species, the ratio of true heterogeneity among effect sizes
(I2total) and the contribution from each random factor (I2species, I

2
study, I

2
obs, I

2
parasite) and the phylogenetic signal index (Pagel's l).
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Sources of Heterogeneity: Effect of Moderators

To understand the potential drivers of heterogeneity in effect
sizes, we included five host- and parasite-relatedmoderators in our
models: social network metric, host social behaviour measure and
social organization, infection measure and parasite transmission
mode. Using a model comparison approach, we found that almost
none of the moderators contributed substantially to explaining the
observed heterogeneity in effect sizes across studies, in both non-
phylogenetic and phylogenetic MEMs (Table 2). The only case in
which a moderator emerged as potentially influential was in the
nonphylogenetic MEM including host social organization. This
model explained 27% of the variance in effect size and was the top-
ranked MEM in the nonphylogenetic model comparison. Solitary-
but-social species had relatively larger positive effect sizes (non-
phylogenetic MEM without intercept: mean [95%CI], r ¼ 0.44
[0.05e0.84], P ¼ 0.032; Fig. 3) compared to species with stable or
fissionefusion social organization. Thus, for solitary-but-social
species, the effect of social behaviour on parasitism seemed to be
larger than for any other type of social organization. However, the
Cochran's Q test was not significant (QM ¼ 1.983, P ¼ 0.177).
Furthermore, the intercept-only models could not be excluded
from the top-ranked REMs, for both the phylogenetic and the
nonphylogenetic comparisons (DAICc < 2; Table 2).

Although no moderator explained significant variation in effect
sizes, there were clear trends for some moderators where effect
sizes appeared to depend on specific host or parasite traits. For
example, parasite infection measured by presence/absence tended
to be more strongly associated with social behaviour (i.e. larger
−2 −1 0 1 2 3 4
Fisher's Z

0.22 [0.06, 0.39]RE model
0.33 [0.05, 0.60]Phylogenetic RE model

Figure 2. Forest plot of effect sizes (dots) and confidence intervals (bars) for each
observation and the mean effect size (Fisher's Z) and 95 % confidence intervals for the
nonphylogenetically controlled and phylogenetically controlled random-effects
models (REMs; diamonds). The red dashed line is a zero-effect line (Fisher's Z ¼ 0).
effect sizes with a 95% CI not overlapping zero) than infection
measured using richness, abundance or risk of infection (Fig. 3).
Similarly, eigenvector centrality and strength were two social
network metrics that did not overlap with zero suggesting a
stronger association with parasitism than for betweenness, close-
ness or degree (Fig. 3). Likewise, for host social behaviour measure,
contact and distance did not overlap with zero for the phylogenetic
MEM, suggesting a stronger association with parasitism than for
space use (Fig. 3).

DISCUSSION

Animals are exposed to a variety of parasites that can impact
their survival and reproduction. Social behaviour plays a critical
role in parasite transmission and SNA can help reveal important
and nuanced ways in which social behaviour shapes infection risk
(Drewe, 2009; VanderWaal et al., 2016). Given the growing number
of studies on the relationship between social network position and
parasite infection in wild animal systems, our goal was to identify
general patterns emerging from this body of work. In particular, we
used a meta-analytical approach to quantify consistencies and in-
consistencies among study findings (Nakagawa & Poulin, 2012).
Overall, we found that across all studies, social behaviour, quanti-
fied using common social network metrics, was significantly and
positively associated with parasite infection. However, current
studies are biased towards certain groups of hosts (e.g. mammals)
and parasites (e.g. helminths), and there is a large degree of het-
erogeneity in effect sizes among studies. Interestingly, none of the
moderator variables associated with host or parasite traits that we
examined significantly explained this heterogeneity, indicating that
there are important gaps in our current understanding of the fac-
tors that influence the strength of relationships between social
network position and parasitism. Based on these patterns, we
suggest three strategies that might help advance our understand-
ing of social networks and parasite transmission, including ac-
counting for the alignment between host social behaviour and
parasite transmissionmode, diversifying the hosteparasite systems
studied and approaching social networkeparasite studies in a more
systematic manner. Addressing all three of these issues may be
crucial for understanding heterogeneity in reported patterns and
for designing future studies.

Our primary observation that, across studies, social behaviour
quantified by SNA is positively associated with parasite infection
suggests that individuals engaging in more social interactions,
encountering a higher diversity of contacts, or sharing space with
more conspecifics, experience greater rates of parasite infection.
Although there was significant heterogeneity in effect sizes, this
result held in both nonphylogenetic and phylogenetic models that
included parasite and host identity as random effects, suggesting a
general and robust pattern across host and parasite taxa. These
findings are consistent with the results frommeta-analyses focused
on group size as a proxy of social behaviour (Cote & Poulin, 1995;
Patterson & Ruckstuhl, 2013; Rifkin et al., 2012). However, the
magnitude of the mean effect size estimated across studies in our
analysis (nonphylogenetic and phylogenetic: r ¼ 0.22 and 0.33) was



Models N study Mean Fisher’s Z [95% CI]

0.33 [0.05, 0.60]

0.29 [0.00, 0.57]
0.39 [–0.01, 0.88]
0.31 [–0.02, 0.63]
0.36 [0.03, 0.69]
0.31 [0.01, 0.61]

0.33 [0.01, 0.56]
0.24 [0.02, 0.46]

0.35 [–0.06, 0.77]

0.17 [–0.09, 0.42]
0.49 [–0.02, 0.99]
0.25 [–0.03, 0.53]

0.26 [–0.01, 0.62]
0.36 [0.00, 0.72]
0.39 [0.00, 0.77]

0.27 [–0.15, 0.70]

0.15 [–0.20, 0.49]
0.25 [–0.24, 0.74]
0.31 [–0.04, 0.67]
0.32 [–0.01, 0.65]
0.53 [0.19, 0.86]

0.22 [0.06, 0.39]

0.16 [0.00, 0.32]
0.27 [–0.09, 0.64]
0.18 [–0.01, 0.37]
0.24 [0.04, 0.44]
0.19 [0.02, 0.35]

0.15 [–0.02, 0.32]
0.08 [–0.04, 0.19]
0.34 [–0.06, 0.74]

0.08 [–0.06, 0.21]
0.44 [0.05, 0.84]

0.09 [–0.03, 0.20]

0.12 [–0.11, 0.35]
0.24 [0.02, 0.47]
0.25 [0.00, 0.50]

0.12 [–0.05, 0.29]

0.00 [–0.14, 0.15]
0.07 [–0.06, 0.20]
0.21 [–0.06, 0.47]
0.19 [0.03, 0.35]
0.39 [0.28, 0.51]
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N
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Figure 3. Mean ± 95% confidence interval effect size (Fisher's Z) for each level of five moderators. Results for the nonphylogenetic models (black) and phylogenetic models (red) are
presented. Each moderator was analysed using a separate meta-regression. Nonphylogenetic and phylogenetic meta-analytic means (N ¼ 210) were calculated without including
any moderator.
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nearly twice as large as the mean effect size estimated across
studies focused on group size (nonphylogenetic and phylogenetic:
r ¼ 0.1 and 0.19; Rifkin et al., 2012). The larger mean effect size in
our study could reflect the higher degree of subtlety in social
behaviour captured by social network metrics compared to group
size. This finding supports the prevailing opinion that SNA provides
a more sensitive tool for understanding links between social
behaviour and parasite infection.

We looked at five different host- and parasite-relatedmoderator
variables that we predicted would explain the observed heteroge-
neity in effect sizes and were surprised to find little to no support
for a general effect of these variables on the relationship between
host social behaviour and parasite infection. Host social organiza-
tionwas the onlymoderator that emerged as potentially influential.
The effect of social behaviour on parasite infection tended to be
stronger in solitary-but-social species compared to species living in
stable social groups. A recent study by Sah, Leu, Cross, Hudson, and
Bansal (2017) found that across 666 social networks analysed,
solitary species showed the most variation in numbers of social
partners, which could explain the slightly stronger relationship
between social behaviour and infection that we observed in solitary
animals. However, this result should be interpreted with caution
since the level of heterogeneity among host social organization
types was not significant and an intercept-only model fitted the
data equally well. Interestingly, we found no specific patterns
related to host social behaviours used to construct networks (e.g.
contact versus space use) or network metrics (e.g. degree versus
closeness). Although within each category, some levels of behav-
iour (e.g. contact, distance) or social network metric (e.g. eigen-
vector centrality, strength) had larger mean effect sizes than other
levels (Fig. 3), these differences were not significant (Table 2).
Similarly, there was no impact of infection measure or parasite
transmission mode on the observed heterogeneity in effect sizes.
This is in contrast to three meta-analyses using group size as a
proxy of social behaviour which found that parasite richness had a
weaker association with group size than other measures of para-
sitism (prevalence, intensity, abundance, Patterson & Ruckstuhl,
2013; Rifkin et al., 2012), and that parasite transmission mode
affected the direction and magnitude of the relationship between
parasitism and group size (Cote & Poulin, 1995; Patterson &
Ruckstuhl, 2013; Rifkin et al., 2012). One of these studies also
found that certain classes of hosts (birds) had larger mean effect
sizes (Rifkin et al., 2012).

The absence of strong patterns related to host and parasite
moderators in our analysis could be due to the high specificity of
the hosteparasiteesocial connectivity interaction (Godfrey, 2013;
White et al., 2017). Social behaviour can both facilitate and impede
parasite transmission depending on the parasite's mode of trans-
mission. For instance, in primates, allogrooming plays an important
hygienic function against ectoparasites, in addition to its
acknowledged social function, but this behaviour can also increase
the transmission of other pathogens (Nunn & Altizer, 2006;



Table 2
Univariate rankings of nonphylogenetic and phylogenetic mixed-effects models (MEMs) predicting effect size for the relationship between social behaviour (measured by
social network metrics) and parasite infection for the full data set (N ¼ 23 studies, 210 effect sizes)

Moderators k I2species I2study I2obs I2parasite I2total QM df P value AICc DAICc wi R2

Nonphylogenetic models
Host social organization 3 39.56 18.11 8.65 14.16 80.49 1.983 2 0.177 56.53 0 0.65 0.27
Intercept (REM) 1 56.14 13.85 6.87 8.13 84.99 8.879 1 0.009 58.34 1.81 0.26 0.00
Social behaviour measure 3 54.47 14.66 7.3 8.04 84.47 0.914 2 0.425 61.61 5.08 0.05 0.03
Social network metric 5 56.93 13.16 6.59 8.1 84.79 0.815 4 0.541 63.56 7.03 0.02 0.00
Infection measure 4 60.59 10.98 7.99 4.85 84.41 0.565 3 0.649 64.57 8.04 0.01 0.03
Parasite transmission mode 5 57.53 10.40 7.44 9.04 84.41 4.740 4 0.018 65.16 8.63 0.01 0.03
Phylogenetic models
Intercept (REM) 1 74.83 6.77 4.69 3.96 90.25 7.103 1 0.018 52.84 0 0.64 0.00
Host social organization 3 62.12 11.03 6.07 7.28 86.50 1.145 2 0.348 54.38 1.54 0.30 0.14
Social behaviour measure 3 76.4 6 4.58 3.75 90.73 0.545 2 0.593 59.13 6.29 0.03 0.01
Infection measure 4 77.94 4.75 5.16 2.37 90.22 0.264 3 0.850 60.19 7.35 0.02 0.01
Social network metric 5 74.83 7.18 4.43 3.90 90.33 0.747 4 0.580 60.42 7.58 0.02 0.01
Parasite transmission mode 5 76.00 4.74 4.84 4.79 90.37 2.323 4 0.121 61.88 90.37 0.01 0.02

Each model contained only one moderator (host social organization, social behaviour measure, social network metric, infection measure or parasite transmission mode) and
the intercept. Competing models are ranked by AICc. Also listed are the number of model coefficients (k), the ratio of true heterogeneity among effect sizes (I2total) and the
contribution from each random factor (I2species, I

2
study, I

2
obs, I

2
parasite), tests of moderator significance (Cochran's QM), Akaike weights (wi) and the pseudo-R2 statistic for each

MEM.
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Poirotte et al., 2017). Two studies included in our meta-analysis
illustrate this nuance. In Japanese macaques, Macaca fuscata, the
same social network measure, number of grooming partners or in-
degree, was negatively correlated with lice load (Duboscq et al.,
2016), but was not correlated with gastrointestinal helminth
burden (MacIntosh et al., 2012). These types of patterns suggest
that the degree to which the social network metric matches focal
parasite biology can contribute to variation in effect size direction
and magnitude.

Indeed, the level of congruence between a particular social
behaviour or social network metric and the transmission mode of a
focal parasite is among the most important determinants of the
efficacy with which SNA can be used to understand parasite trans-
mission (Craft, 2015). For example, a social network based on spatial
proximity might be less likely to represent the dynamics of a highly
contagious parasite transmitted by direct contact, compared to one
transmitted by indirect contact (i.e. parasites that require an inter-
mediate host or vector for transmission). The reciprocal is also true
for contact-based networks and indirectly transmitted parasites. In
support of this idea, when add N rule between behaviour and
transmission mode. matching to reclassify each observation in our
meta-analysis as either a hosteparasite match (e.g. contact-based
network associated with a parasite transmitted by direct contact;
Fig. A3) or mismatch (e.g. proximity-based network and a parasite
transmitted by direct contact; Fig. A3), we found that observations
classified as ‘matches’ had higher effect sizes (median ¼ 0.20,
N ¼ 70) than those classified as ‘mismatches’ (median¼ 0.11,
N ¼ 61). Moreover, the distribution of effect sizes from these two
populations were significantly different (one-tailed
ManneWhitney U test: U ¼ 2541.5, P ¼ 0.03), implying that studies
are more likely to find a strong relationship between host social
networks and parasite burden when the social network metric
matches parasite biology. We also looked at the relative proportion
of ‘match’ observations present for different moderator variables
and found that the highest proportion of matches (0.8) was asso-
ciated with the solitary-but-social category of the host social orga-
nization variable, the only moderator for which there was some
support for its involvement in explaining effect size variation across
studies. Thus, mismatched hosteparasite pairings probably
contributed to the poor performance of our moderators in
explaining heterogeneity across studies. More generally, our find-
ings reinforce the idea that social networks should be carefully
constructed based on the biology of both the host and the parasite
under consideration. Importantly, as the body of literature on social
networks and parasitism grows, future meta-analyses can help
generate new hypotheses about the drivers of variation in
socialityeparasitism relationships by evaluating the explanatory
power of meaningfully paired host and parasite traits.

Our analysis also revealed the need to diversify both the host
and parasite taxa studied in the context of social networks and
infection. While there was no evidence of publication bias with
respect to effect size magnitude, the majority of observations were
onmammalian hosts and helminth parasites. However, because the
parasite costs of social behaviour can vary greatly depending on
host social organization, host social network structure and parasite
transmissibility (Sah, Leu, et al., 2017; Sah, Mann, & Bansal, 2017),
the observed magnitude of the positive relationship between
network position and infection status might depend on the di-
versity of hosteparasite systems examined. In fact, we saw that
host species made a significant and large contribution to the
observed heterogeneity in effect sizes across studies (Table 1),
which suggests that characteristics of the focal host species play a
key role in determining the relationship between social behaviour
and infection status. Although we saw very little effect of parasite
taxa on observed patterns (Table 1), this could be because parasites
were often not identified to species level (ca. 50% of observations)
and we had to group them into broad taxonomic categories (i.e.
bacteria, arthropods, etc.). Thus, a more refined understanding of
the biology and taxonomy of parasites is likely also to contribute to
a better understanding of the complex relationship between soci-
ality and parasitism. Finally, inclusion of a greater diversity of
hosteparasite systems might confirm some of the trends that we
observed in our analysis. For example, for our parasite transmission
mode moderator, nonclose contact appeared to have a weak in-
fluence on the relationship between host social behaviour and
parasite infection; however, nearly 60% of observations focused on
parasites transmitted by nonclose contact, while another 38%
focused on parasites with multiple transmission modes (see Fig. 3).
This extreme bias, where only 2% of observations involved all three
of the other key modes of transmission combined (close, inter-
mediate host, vector), probably limited our ability to uncover any
potential influential role of parasite transmission mode. Focusing
future empirical research on the understudied parasite and host
groups we identify in this study will help advance our under-
standing of the sources of heterogeneity in host social
behavioureparasite transmission interactions.
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Methodological differences represent another potential source
of heterogeneity in effect sizes observed across SNAeparasite
studies. First, compared to group size, SNA offers a far greater di-
versity of ways in which social behaviour can be measured, making
generalizations across hosteparasite systems challenging. Thus, a
feature that represents the strength of SNA, as it offers a greater
level of precision and realism (White et al., 2017), can also be its
weakness. For instance, within our data set, the metric ‘degree’was
used in eight different forms (e.g. degree, in-degree, out-degree,
weighted degree, etc.) and calculated based on at least nine
different types of behaviours (e.g. physical contact, nearest neigh-
bour, refuge sharing, etc.). The field of SNA therefore has the po-
tential to suffer fromwhat Simmons, Nelson, and Simonsohn (2011)
described as the researcher's degree of freedom, a phenomenon
that arises when researchers must rely on arbitrary methodological
decisions, which in this context can happen at multiple stages,
including what behaviour to record, at what frequency, what type
of social network to use (e.g. weighted, directed, etc.) and what
metric (e.g. degree, in-degree, degree with infected individuals,
etc.).

A second methodological source of heterogeneity may be dif-
ferences in how SNA studies test hypotheses. Social network data
are nonindependent (for an individual to have n edges in a network
requires n other individuals to have at least one edge) and thus
violate the assumptions of data independence in parametric sta-
tistics (Croft, Madden, Franks, & James, 2011; James, Croft, &
Krause, 2009). Consequently, statistical procedures, such as
randomization or simulations, are useful for robust effect size
estimation (Croft et al., 2011; Farine, 2017; Farine & Aplin, 2019;
James et al., 2009). However, these tools have not yet gained
widespread usage in the SNAeparasitism literature. For example, of
the 18 publications used in our meta-analysis, only 44% (N ¼ 8)
accounted for statistical nonindependence. Thus, differing statisti-
cal approaches may have increased the noise in our effect size data
set, limiting our ability to detect sources of heterogeneity. Inter-
estingly, we found no particular temporal trend in our data set
indicating that the use of randomization or simulation-based
methods is increasing over time in SNAeparasite studies.

Conclusion

Our meta-analysis of relationships between host social behav-
iour, quantified by SNA, and parasite infection supports the hy-
pothesis that social behaviour increases parasite infection risk at
the individual level. Furthermore, the magnitude of the mean effect
size suggests that SNA is better able to capture this relationship
than is group size. However, the large degree of heterogeneity in
effect sizes observed across studies and the absence of host and
parasite traits that explained this variation highlights that impor-
tant gaps remain in our understanding of the drivers of variation in
interactions between social hosts and parasites. Appropriately
pairing host behaviours and parasite characteristics, diversifying
the hosteparasite systems studied and the use of more systematic
methods across studies are three strategies that might help the
field build a more refined understanding of how host social
behaviour and parasitism interact. Indeed, identifying the sources
of the variability in social networkeparasite studies is pivotal for
generating new hypothesis to further our understanding of parasite
transmission dynamics and the costs and benefits of social living.
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Appendix: Model Sensitivity

None of our observations met the criteria to be deemed influ-
ential outliers (Fig. A2a). However, based on Cook's distances, we
removed 15 values whose Di values were greater than three times
the mean Di (Fig. A2b). We report below the results obtained from
this reduced data set and highlight in bold the results that differ
from the analysis with the full data set.

Random factor selection

We were left with 21 studies (15 host species) for a total of 195
effect sizes. We ran an intercept-only model without random
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Table A1
Univariate rankings of nonphylogenetic and phylogenetic mixed-effects models (MEMs) predicting effect size for the relationship between sociality (measured by social
network metrics) and parasite infection for the reduced data set (N ¼ 21 studies, 195 effect sizes)

Moderators k I2total QM df P AICc DAICc wi R2

Nonphylogenetic models
Host social organization 3 57.92 2.621 2 0.114 �63.22 0 0.58 0.3
Intercept (REM) 1 66.48 7.698 1 0.015 �60.96 2.26 0.19 0
Parasite transmission mode 5 67.47 3.89e15 4 0 �60.37 2.85 0.14 0
Social behaviour measure 3 66.38 0.836 2 0.457 �58.02 5.20 0.04 0
Social network metric 5 67.00 0.992 4 0.455 �57.65 5.57 0.04 0
Infection measure 4 67.67 2.810 3 0.089 �54.75 8.47 0.01 0
Phylogenetic models
Intercept (REM) 1 88.54 4.506 1 0.015 �61.28 0 0.70 0
Parasite transmission mode 4 89.19 693.36 4 <0.0001 �57.94 3.35 0.13 0
Host social organization 2 86.93 1.666 2 0.230 �57.57 3.71 0.11 0.13
Social behaviour measure 2 88.78 0.508 2 0.614 �54.63 6.66 0.03 0
Social network metric 4 89.13 1.023 4 0.441 �54.46 6.83 0.02 0
Infection measure 3 88.91 1.098 3 0.391 �52.21 9.07 0.01 0

Each model contained only one moderator (host social organization, social behaviour measure, social network metric, infection measure or parasite transmission mode) and
the intercept. Competing models are ranked by AICc along with the number of model coefficients (k), the ratio of true heterogeneity among effect sizes (I2total); tests of
moderator significance (Cochran's QM), Akaike weights (wi) and the pseudo-R2 statistic for each MEM. All values are those obtained after using the robust function with the
host species as a cluster variable.
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effects and comparedwith single random-effect models with either
observation nested within study, host species identity or parasite
taxonomy using likelihood ratio tests. The first two random effects
significantly improved the intercept-only model (likelihood ratio
test: study/observation: c2

1 ¼ 101.06, P < 0.0001; host species:
c2
1 ¼ 105.85, P < 0.0001). The REM with parasite category as a

random factor did not perform better than the model without any
random factor (c2

1 ¼ 0, P¼ 1). Therefore, we ran a REM with both
study/observation and host species but it only performed signifi-
cantly better than the REM with study/observation as a random
effect (multiple versus single: study/observation: c2

1 ¼ 6.05,
P¼ 0.01; host species: c2

1 ¼ 1.26, P¼ 0.53). We therefore retained
the REM model including only host species as a random factor for
our model sensitivity analysis.
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Intercept-only multilevel random effect model

Our REM with study/observation, host species and parasite
category as random effects showed a significant and positive
effect of social behavior measured by social network metrics on
parasite infection at the individual level (mean [95% CI], r¼ 0.14
[0.03¡ 0.25], t¼ 2.78, P¼ 0.015). Controlling for host phylog-
eny increased the point estimate of r to 0.24 (95%
CI¼ 0.00¡ 0.45, t¼ 2.77, P¼ 0.05) but did not improve the fit
of the REM (DAICc < 2; nonphylogenetic REM: AICc ¼ �61.02;
phylogenetic REM, AICc ¼ �61.35). However, since we could not
distinguish our model from a no-signal model (c2

1 ¼ 0; P ¼ 1) or
a Brownian model (c2

1 ¼ 2:3; P ¼ 0:13), we chose to present the
results from both the phylogenetic and nonphylogenetic models.
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Figure A2. (a) Influential outliers (effect sizes with leverage greater than two times the
average value and standardized residual values exceeding 3.0) and (b) Cook's distances,
which indicate the relative influence of each effect size on the summary estimate.
Distances greater than three times the mean (horizontal line) may be potential out-
liers. The number labelling each dot is the observation's unique identification number.
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Figure A3. Caterpillar plot of observations classified by whether the focal host social
behaviour and parasite transmission mode examined were matched versus mis-
matched. Forest plot of effect sizes (dots) and confidence intervals (bars) for each
observation. Green dots and bars are observations that we classified as a match be-
tween host social behaviour and parasite transmission mode (e.g. direct contact-based
network and a parasite transmitted by direct contact), while red dots and bars are
observations that we considered to be a mismatch (e.g. a proximity-based network and
a parasite transmitted by direct contact). Black dots and bars are observations for
which the parasite transmission mode was categorized as ‘multiple’ and so were not
classified.
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There was a high degree of heterogeneity among effect sizes
(Q194 ¼ 356.85, P < 0.0001; nonphylogenetically controlled REM:
I2total ¼ 66.48%; phylogenetically controlled REM: I2total ¼ 88.53%),
suggesting differences between studies might contribute to this
variation.

Mixed-effect model selection

The large heterogeneity in our data warranted the inclusion of
moderators in our models. Using amodel comparison approach, we
found that the only case in which a moderator emerged as poten-
tially influential was in the nonphylogenetic MEM including host
social organization. This model explained 30% of the variation in
effect size and was the top-ranked MEM in the nonphylogenetic
model comparison. As in the analysis with the full data set, the
solitary-but-social species had relatively larger positive effect sizes
compared to stable or fissionefusion social organizations. However,
the Cochran's Q test was not significant (Table A1). Contrary to the
model comparison with the full data set, the intercept-only non-
phylogenetic REM could be excluded from the top-ranked models
(DAICc > 2; Table A1).
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