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The effects of sex hormones on immune function have received much attention,
especially following the proposal of the immunocompetence handicap hypothesis.
Many studies, both experimental and correlational, have been conducted to test the
relationship between immune function and the sex hormones testosterone in males
and oestrogen in females. However, the results are mixed. We conducted four cross-
species meta-analyses to investigate the relationship between sex hormones and
immune function: (1) the effect of testosterone manipulation on immune function in
males, (2) the correlation between circulating testosterone level and immune function
in males, (3) the effect of oestrogen manipulation on immune function in females, and
(4) the correlation between circulating oestrogen level and immune function in
females. The results from the experimental studies showed that testosterone had a
medium-sized immunosuppressive effect on immune function. The effect of
oestrogen, on the other hand, depended on the immune measure used. Oestrogen
suppressed cell-mediated immune function while reducing parasite loads. The overall
correlation (meta-analytic relationship) between circulating sex hormone level and
immune function was not statistically significant for either testosterone or oestrogen
despite the power of meta-analysis. These results suggest that correlational studies
have limited value for testing the effects of sex hormones on immune function. We
found little evidence of publication bias in the four data sets using indirect tests. There
was a weak and positive relationship between year of publication and effect size for
experimental studies of testosterone that became non-significant after we controlled
for castration and immune measure, suggesting that the temporal trend was due to
changes in these moderators over time. Graphical analyses suggest that the temporal
trend was due to an increased use of cytokine measures across time. We found

substantial heterogeneity in effect sizes, except in correlational studies of testosterone,



49  even after we accounted for the relevant random and fixed factors. In conclusion, our
50 results provide good evidence that testosterone suppresses immune function and that
51 the effect of oestrogen varies depending on the immune measure used.

52

53  Key words: honest signals, immune function, immunocompetence handicap

54  hypothesis, meta-analysis, oestrogen, secondary sexual traits, sex hormones, sexual
55  selection, testosterone, trade-offs.
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I. INTRODUCTION

There has been a long-standing interest in the effects of sex hormones on
immune function (Ansar Ahmed, Penhale & Talal, 1985; Grossman, 1985; Schuurs &
Verheul, 1990; Klein, 2004; Bouman, Heineman & Faas, 2005). Across species,
females typically show stronger immune responses to parasitic challenges compared
to males (Klein, 2004; Zuk & McKean, 1996). The prevalence and intensity of
parasite infections also tend to be lower in females (Klein, 2004; Schuurs & Verheul,
1990). These sex differences were found even when experiments control carefully for
parasite exposure (Daniels & Belosevic, 1994; Klein, Gamble & Nelson, 1999). These
results suggest that sex differences in immune function are at least partly caused by
physiological differences between the sexes. Among the physiological factors that
differ between the sexes, sex hormones appear to be prime candidates as factors
affecting immune function. The presence of testosterone and oestrogen receptors on
various immune organs and immune cells suggests that sex hormones can influence
the immune system directly (Alexander & Stimson, 1988; Cutolo ef al., 1996; Danel
et al., 1983; Roberts, Walker & Alexander, 2001; Wunderlich et al., 2002).
Furthermore, the removal of gonads, one of the main sources of sex hormones, can
alter immune functioning (e.g. Kamis, Ahmad & Badrul-Munir, 1992; Rivero ef al.,

2002; also see review by Klein, 2004).



108 Much attention has been placed on the effects of sex hormones, especially

109  following the proposal of the influential immunocompetence handicap hypothesis
110 (ICHH; Folstad & Karter, 1992). According to indirect-benefit models of female mate
111  choice, females can obtain genetic benefits for their offspring by favouring the most
112  ornamented males (Fisher, 1958; Pomiankowski, 1988). However, if females are

113  consistent in their preference, genetic variance in fitness-related traits should be lost,
114  leading to the so-called ‘lek paradox’ (Borgia, 1979; Taylor & Williams, 1982;

115  Kirkpatrick & Ryan, 1991). Hamilton & Zuk (1982) proposed that male sexual

116  signals might reflect genes that code for superior parasite resistance. Based on this
117  hypothesis, male genetic variation is maintained through a co-evolutionary arms race
118  where genes that code for good health spread among host individuals while parasites
119  evolve increased virulence in response to the improved immunity of hosts. In

120  elaboration of the Hamilton—Zuk hypothesis, the ICHH suggested that sex hormones,
121  in particular testosterone in males, provide the mechanistic link between sexual

122  signals and genes that code for good health through their effects on both signal

123  development and immune function.

124 Since its inception, there has been much debate concerning the ICHH,

125  particularly the assumption that sex hormones affect immune function. Roberts,

126  Buchanan & Evans (2004) published a meta-analysis examining the effect of

127  testosterone on immune function using studies from evolutionary biology. They found
128 little support for the hypothesis that testosterone suppresses immune function in

129  males. In the decade since then, many more studies on the effects of testosterone have
130  been published, and meta-analytic techniques have advanced considerably. Therefore,

131  we provide an update on Roberts et al. (2004). In addition, we examine the
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relationship between oestrogen and immune function in females, which has not been

subjected to meta-analysis previously.

(1) The effect of testosterone on immune function in males

Males, in general, face intense mating competition (Trivers, 1972). As a result,
males from many species often develop elaborate testosterone-dependent secondary
sexual ornaments for the purpose of fighting for and attracting females (Andersson,
1994). The development of such ornaments is not without costs. Resources (e.g.
energy) are limited. Therefore, natural selection is expected to favour an optimum
allocation of energetic resources depending on the environmental situation, leading to
trade-offs between different fitness components (Stearns, 1977, 1992). According to
the ICHH, male sexual ornaments provide honest signals of the males’ immune
function due to the trade-off between ornament development and immune health via
the effects of testosterone. Ornament development triggers a down-regulation of
immune function, which is effected through the immunosuppressive effect of
testosterone. This immunosuppression makes it impossible for males of low genetic
quality to develop exaggerated ornaments without compromising their health and
potential future reproductive success. Thus, only high-genetic-quality males can
afford to sustain the high levels of testosterone required for the development of
elaborate ornaments.

Many empirical studies have therefore examined the relationship between sex
hormones and immune function in vivo, across a wide variety of species and using
both experimental and correlational designs. For testosterone, both positive (e.g.
Bilbo & Nelson, 2001; Evans, Goldsmith & Norris, 2000; Morales-Montor et al.,

2002) and negative (e.g. Alonso-Alvarez et al., 2007a; Belliure, Smith & Sorci, 2004;
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Duckworth, Mendonga & Hill, 2001; Duffy ef al., 2000) effects have been reported in
experimental studies.

Similarly, both positive and negative correlations between testosterone and
immune function have been reported (e.g. Duffy & Ball, 2002; Peters, 2000; Rantala
et al.,2012). In an immunocompetence handicap, individuals of different genetic
quality are expected to have different optimal hormone levels due to differences in the
marginal fitness benefit for every unit increase in a sexual signal (Getty, 2006).
Hence, both positive and negative correlations between testosterone and immune
function can be taken as supportive of an immunosuppressive effect of testosterone
(Getty, 2006). A positive correlation might suggest that individuals with high genetic
quality are able to cope with the reduced immune function that results from their high
levels of testosterone. By contrast, a negative correlation might suggest that healthy

individuals are trading their survival advantage for increased mating success.

(2) The effect of oestrogen on immune function in females

In females, trade-offs occur between the allocation of resources to current
reproduction and conserving resources for future reproduction (Stearns, 1992;
Thornhill & Gangestad, 2008). Oestrogen is critically involved in a number of female
reproductive functions, such as fertility and pregnancy (Ellison, 2001). Oestrogen is
also implicated in the production of sexual signals in species such as humans (Homo
sapiens) (Jasienska et al., 2004; Moore et al., 2011; Smith et al., 2006) and red-sided
garter snakes (Thamnophis sirtalis parietalis) (Parker & Mason, 2012). Therefore, the
effect of oestrogen on immune function might be linked to trade-offs involving these
reproductive functions. However, the predicted direction of the effect of oestrogen on

immune function is unclear. Although an immune-enhancing effect seems intuitive
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given that females tend to have better immune function (i.e. lower parasitism and
stronger immune responses) than males, we should note that females can have better
immune function than males even if oestrogen is immunosuppressive. As long as
testosterone suppresses immune function in males and the immunosuppressive effect
is stronger than that of oestrogen in females, we will see better immune function in
females.

Similar to the results of studies looking at the effect of testosterone on immune
function in males, the results of in vivo studies looking at the relationship between
oestrogen and immune function in females have been mixed. Both positive (e.g. Adori
et al.,2010; Ding & Zhu, 2008; Zhou et al., 2011) and negative (e.g. Douin-Echinard
et al.,2011; Salem et al., 2000) effects have been reported for experimental studies.
Some researchers have observed that the effect of oestrogen appears to depend on the
immune component measured and the oestrogen dosage used (Cutolo et al., 1996;
Klein, 2004). Both positive and negative correlations between oestrogen level and
immune function have also been reported (e.g. Klein & Nelson, 1997; Vainikka ef al.,

2004).

(4) This study

The mixed results in the literature make it difficult to assess the general effects
of sex hormones on immune function. In this study, we use meta-analysis to analyse
the results quantitatively from the literature. We provide an update on Roberts ef al.
(2004) by including studies conducted since then. We also analyse correlations
between testosterone and immune function, which has not been done before. In
addition, we examine the effect of oestrogen on immune function and the correlation

between circulating oestrogen level and immune function in females by quantitatively
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analysing the results from experimental and correlational studies, respectively, neither
of which has been done previously. Notably, for all these analyses, we include studies
from fields other than evolutionary biology, such as the biomedical sciences.

We conduct four phylogenetic meta-analyses (Verdu & Traveset, 2005;
Hadfield & Nakagawa, 2010; Nakagawa & Santos, 2012) to address the following
questions: (1) does experimental manipulation of testosterone affect immune function
in males? (2) Are the levels of circulating testosterone correlated with immune
function in males? (3) Does experimental manipulation of oestrogen affect immune
function in females? (4) Are the levels of circulating oestrogen correlated with
immune function in females?

We also conduct moderator analyses to investigate the factors that account for
variation in effect sizes. First, we look at sample-related variables such as the mating
system of the species and whether the individuals were sampled from natural or
laboratory populations. Polygamous species face more intense mating competition
compared to monogamous species (Andersson, 1994; Darwin, 1871). They tend to
have higher sex hormone levels and rely more on sex-hormone-mediated traits for
mating success (Andersson, 1994). Therefore, we expect the effect of sex hormones
on immune function to be stronger in polygamous species.

We also look at natural versus laboratory populations. Some laboratory
populations might have undergone artificial selection for traits that make the
populations ideal for laboratory experiments, including traits that might be related to
sex hormones, such as aggression. Therefore the results from laboratory populations
might be different to those from natural populations.

Second, we look at immune-measure-related variables such as the immune

measure used and whether the study measured baseline immunity or immune
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reactivity to a pathogenic challenge. Different immune measures can be independent
from each other (Adamo, 2004). Furthermore, the effect of oestrogen appears to
depend on the immune component measured (Cutolo ef al., 1996; Klein, 2004).
Therefore, we include immune measure as a moderator variable.

It has been suggested that measures of immune reactivity to pathogenic
challenges are more valid measures of immune function than baseline measures
because higher baseline immunity may indicate current infection status rather than
actual immunocompetence (Demas et al., 2011; Norris & Evans, 2000). We therefore
investigate whether effect sizes are different for baseline immunity versus immune
reactivity.

Third, for experimental studies, we look at the dosage of the hormones used
(physiological versus supraphysiological dosages) to ascertain whether the effects of
sex hormones are biologically relevant or simply due to overdosing. We also look at
whether steps were taken to control for endogenous production of sex hormones (i.e.
castration for males and ovariectomy for females).

Finally, to validate the robustness of our results, we present results from

analyses that provide indirect estimates of publication bias.

II. METHODS
(1) Literature search

We conducted a literature search between January 2013 and June 2013. We
searched the online database, Web of Science, using the terms ‘immunocompetence
handicap hypothesis’, ‘testosterone AND immun*’, ‘testosterone AND parasit™’,

‘estrogen AND immun*’, and ‘estrogen AND parasit*’. We also searched the Internet
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via Google Scholar using similar terms. Since it was impossible to use truncations
and wildcards in Google Scholar, we tried to use as many variants of a word as
possible to maximise our search potential. For example, we used the terms ‘parasite’
and ‘parasitic’ when ‘parasit®’ was not possible. We included studies reported in
Roberts et al. (2004). We also included relevant studies citing Roberts ef al. (2004).

Fig. 1 summarises the process and outcome of the literature search.

(2) Inclusion/exclusion criteria

Studies were included if they fulfilled the following inclusion/exclusion criteria: (1)
Studies must have been in vivo; in vitro studies and studies with simulated data were
not included. (2) Experimental studies must have manipulated hormone levels and
measured immune function post-manipulation. (3) Correlational studies must have
measured both circulating hormone levels and immune function. (4) The immune
function measures used must have been physiological measures of immune
parameters or measures of parasite loads. (5) The individuals tested in the studies
must have been adults. This criterion was used to prevent any confounds due to age.
(6) A paper must have contained extractable data (i.e. effect size and sample size
values or statistics that allowed us to infer these values). For relevant papers that did
not contain extractable data, we contacted the authors for their original data sets.
These papers were excluded if we could not contact the authors (see Fig. 1 for further
information). (7) Laboratory animals that had anomalous immune function due to
artificial selection (e.g. certain strains such as MRL+/+ mice) were excluded from the
meta-analyses. References for the included and excluded studies can be found in the

main reference list. Reasons for exclusion of studies are given as online supporting
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information in Table S1. The final data set, including citations to the included studies,

is uploaded as part of the electronic supplementary material.

(3) Effect size extraction/calculation

We chose Pearson’s r as our measure of effect size. However, r is not suitable
for parametric analyses because it is bounded at —1 and 1, not conforming to a normal
distribution (Hedges & Olkin, 1985). Therefore, for the purpose of the statistical
analyses, all extracted statistics were converted to Fisher’s Z (hereafter termed Zr),
which is normally distributed. All results were back-transformed to r to facilitate
interpretations.

For experimental studies, most statistics extracted were means and variance (or
uncertainty) estimates (i.e. S.D. and S.E.). For studies that reported the means and
variance estimates in the form of graphs, we extracted values using the software
Graphclick (Arizona-Software 2008). For studies that took multiple measures of
immune function across time, we took the means and variance estimates at the time
point where both conditions showed peak immune function. If the peak immune
function could not be determined or if the treatment and control groups peaked at
different time points, we took the means and variance estimates at the time point
where the difference in immune function between the treatment and control groups
was the largest. We reasoned that such differences are most likely to be biologically
significant. For multifactorial studies that contained a sex-hormone-only group and a
control group, we focused on the difference between the two groups. For
multifactorial studies that did not have a sex-hormone-only group and a control group,

we collapsed the other factors and took the results from the main effect of sex
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hormone. For studies that did not report the means and variance estimates, we
extracted statistics such as proportion infected, F' values, ¢ values, and P values.

For correlational studies, most statistics extracted were correlation coefficients
(i.e. Pearson’s r). For studies that did not report correlation coefficients, we extracted
statistics such as F' values, P values, Spearman’s rho, Kendall’s fau, f values, R’
values, and y°.

All extracted statistics were converted to Zr based on the equations in Lipsey &
Wilson (2001) using the online calculator on the Campbell Collaboration website. For
experimental studies that had more than one dosage group, we combined the
treatment groups into one effect size using the function to combine subgroups on the
Campbell Collaboration website. We expect the effect estimates for parasite loads to
be in the opposite direction to those for measures of immunity. Therefore, for the
purpose of the meta-analysis, we reversed the sign of parasite load effect sizes to
standardize the direction of all effect sizes. A positive effect size indicates one of the
following: a stronger immune response, an increase in the baseline immune level, or a

decrease in parasite load.

(4) Coding of papers

For each effect size, we recorded the species, sample size, and study identity.
We also recorded the following moderator variables.
(1) Mating system: the species were classified into ‘monogamous’ versus
‘polygamous’ species based on published information (see Table S2). Monogamous
and socially monogamous species, where individuals maintain a long-term pair bond
while engaging in extra-pair copulations occasionally, were classified as

‘monogamous’. Polygynous, polyandrous, polygynandrous, or lekking species were
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classified as ‘polygamous’. We could not find information about the mating systems
of four species. For these species, we consulted the authors of the studies and sought
their expert opinions. One species was classified this way. The mating systems of the
other three species were treated as missing values because we were unable to contact
the authors. Socially monogamous species such as Passer domesticus, Sturnus
vulgaris, and Homo sapiens are most likely intermediate in terms of the level of
sexual selection they experience. Therefore, to check the robustness of our results, we
reclassified these three species as polygamous and re-ran those analyses that
contained these three species, which include the experimental and correlational
studies of testosterone. Our conclusions remained the same after this reclassification.
(2) Natural versus laboratory populations: species sampled from the wild were
classified as ‘natural’ while laboratory strains of rats, mice, and guinea pigs were
classified as ‘laboratory’.

(3) Immune measure: the immune measures were classified into ‘cell-mediated’,

‘cytokines’, ‘humoral-mediated’, ‘white blood cells’, and ‘parasite load’ measures.
‘Parasite load’ contained both ectoparasites and endoparasites. Our initial analyses
showed that the results for both types of parasite loads were very similar in all four
meta-analyses. The two types of parasites were therefore combined into one category.
(4) Immune challenge: the immune measures were classified into ‘baseline’ and
‘immune reactivity’ measures.

(5) Gonadectomy, i.e. castration for males and ovariectomy for females
(experimental studies only): experimental studies were classified based on whether or
not gonadectomy was performed.

(6) Dosage (experimental studies only): hormone dosages were classified into

‘physiological’ and ‘supraphysiological’ levels based on the interpretations of the
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authors. Five testosterone and five oestrogen studies were treated as missing values

because we could not find any information on the dosages.

(5) Building phylogenies

Using the statistical program R 3.0.3 (R Core Team, 2014), we created the
phylogeny for each meta-analysis following Lim, Senior & Nakagawa (2014). We
first created one main tree containing the species from all four meta-analyses using

the Interactive Tree of Life online tree generator (iTOL)(http://itol.embl.de/), which

generates trees based on data from the National Center for Biotechnology Information
taxonomy database. Polytomies on the main tree were resolved using published
phylogenies (Fabre et al., 2012; Leache, 2009; Mayer & Pavlicev, 2007; Pyron,
Burbrink & Wiens, 2013). We then created the sub-trees for each meta-analysis by
trimming the main tree, leaving only the species from that particular meta-analysis
(see Figs S1-S4). Given the wide variety of species in our data sets, it was difficult to
estimate the branch lengths accurately. Therefore, we only used the topology of the
sub-trees (i.e. the evolutionary relationship among the species without branch-length
estimates) for our meta-analyses. Using the compute.brlen command with the default
setting of rho = 1 from the R package ape, we converted the sub-trees to an
ultrametric form so that the phylogenetic correlation could be incorporated into our

meta-analyses.

(6) Meta-analyses
All analyses were conducted using the statistical program R 3.0.3 (R Core
Team, 2014). Using the metafor package (Viechtbauer, 2010), we ran multilevel

meta-analyses using linear mixed models (Nakagawa & Santos, 2012; Viechtbauer,



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

16

2010). Linear mixed models allow us to control for non-independence in the data
arising due to multiple effect sizes originating from the same study, multiple effect
sizes originating from the same species, and shared ancestry among species (i.e.
phylogenetic relationship — species that are more closely related may show more
similar effects compared to species that are less closely related, thus resulting in non-
independence in the data structure), by including study identity, species identity, and
phylogeny into our models as random factors.

For each meta-analysis, we first checked the statistical significance of the
random variables study identity and species identity using likelihood ratio tests. Each
random variable was first entered into an intercept-only model (i.e. meta-analysis) and
tested for statistical significance. Both variables were then entered simultaneously
into the intercept-only model to check whether each variable had a significant effect
after accounting for the other. A random variable was included in subsequent models
if it had a significant effect and had a significant effect over and above that of the
other random variable. We then tested the overall effect size by running an intercept-
only model using restricted maximum likelihood (REML) estimation with the
selected random variable/s.

We also tested whether it was necessary to control for similarity between
species due to common phylogenetic descent by including phylogeny into the
intercept model as a random effect. If controlling for phylogeny influenced the
magnitude and/or significance of our overall effect size, phylogeny was included as a
random effect for all subsequent analyses. If not, subsequent analyses were run
without phylogeny.

We computed the heterogeneity statistic /2 by running an intercept-only model

without any random effects using the 7ma function in metafor. The statistic I tells us
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the percentage of variability in the effect sizes that is not due to sampling error
(Higgins et al., 2003; Higgins & Thompson, 2002). If I’ was moderate to large (i.e. >
50% according to Higgins et al., 2003; Higgins & Thompson, 2002), we proceeded to
run moderator analyses.

Moderator analyses were conducted by running meta-regression models using
the rma.mv function in metafor. We first ran single-factor models without the
intercept using REML estimation by entering each moderator as a fixed factor
together with the random factors to obtain the parameter estimates of each level in
each factor after controlling for the random factors. We then ran an automated model
selection (Burnham & Anderson, 2002; Grueber et al., 2011) using the package
MuMIn (Barton, 2014 to identify the moderators that remained in the final model. The
model selection was based on the Akaike Information Criterion with sample size
correction (AICc; Anderson, 2008; Burnham & Anderson, 2002) obtained from
maximum likelihood (ML) estimation. We ran the model selection using only the
effect sizes that had no missing data to ensure that the AICc values of the different
models were comparable (Nakagawa & Freckleton, 2011). We first generated all the
possible models from the moderator variables in the data set. We then averaged the
model coefficients (without shrinkage) of all models within two AICc units from the
best model, indicated by having the lowest AICc unit. We tested the significance of
the moderators that were retained in the final averaged models using the Q test. The Q
test provides an omnibus test for each moderator. It is also more conservative
compared to testing the Z values derived from the model estimates. We interpreted the
variables in the final averaged model using the parameter estimates obtained from the

single-factor models.
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(7) Publication bias

We analysed the relationship between year of publication and effect size for
potential time-lag bias. Time-lag bias is the tendency for some studies to be published
faster than others depending on the direction and magnitude of their results, usually
with studies having large effects being published first (Jennions & Mgller, 2002). We
first ran a single-factor meta-regression model with year of publication entered as a
moderator together with the random factors using the rma.mv function in metafor. We
then entered year of publication together with the other moderators into the AICc
model selection to see whether it was retained in the final averaged model and, if it
was, whether it significantly predicted effect size after controlling for the rest of the
fixed and random factors.

We looked for potential missing effect sizes by running two funnel plot
asymmetry analyses using the meta-analytic residuals (sensu Nakagawa & Santos,
2012) extracted from the final averaged model using the MCMCglmm function in the
MCMCglmm package (Hadfield, 2010); note that the residuals incorporating random
effects could only be extracted from the models using MCMCglmm but not metafor.
We used 130,000 iterations, 100 thinning, 30,000 burn-in, and inverse gamma prior
for all four residual extractions. We ran Egger’s regression test (Egger et al., 1997) on
the residuals using the regtest function in metafor. Egger’s test regresses the
standardised residuals on precision. Publication bias is indicated by an intercept that is
significantly different from zero.

We ran a trim-and-fill analysis (Duval & Tweedie, 2000) on the residuals using
the trimfill function in metafor to test for funnel plot asymmetry and identify missing
studies. The analysis assumes that the funnel plot is symmetric and attempts to

remove (trimming) the smaller studies that are causing asymmetry while filling the
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distribution with missing studies to symmetrize the distribution. We also used the I
statistic reported in the ¢trimfill function to look at the amount of heterogeneity left
after accounting for the random and fixed factors that were retained in the final

averaged model.

ITII. RESULTS
(1) Testosterone
The results (parameter estimates) of the meta-analytic and meta-regression

models for both experimental and correlational studies are presented in Fig. 2 and

Table 1.

(a) Experimental studies

Both study identity (likelihood ratio test: y? =486.17, P <0.0001) and species
identity (likelihood ratio test: y% = 110.83, P <0.0001) significantly improved the
model when entered individually into the model, but species identity did not have a
significant effect over and above the effect of study identity (likelihood ratio test: y?
= 0) when both random variables were entered into the model simultaneously.
Therefore, we only included study identity as the random variable in subsequent
analyses. Overall, there was a medium significant immunosuppressive effect of
testosterone after controlling for study identity (overan = —0.28, 95% CI [-0.39, —0.17],
P <0.0001; Fig. 2A). Controlling for similarity due to common phylogenetic descent
did not have a significant effect on the effect size (likelihood ratio test: y?; = 0).

Therefore we ran all subsequent analyses without controlling for phylogeny.
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There was large heterogeneity in this data set (I = 89.16%). Therefore we
conducted moderator analyses. The final averaged model from the AICc model
selection retained the factors castration and immune measure (see Table S3 for model
results). There was a significant effect of castration (Q; = 5.55, P = 0.02). The
immunosuppressive effect was stronger in castrated animals, which showed a
significant medium-to-large negative effect (7castrated = —0.41, 95% CI [-0.55, —0.24],
P <0.0001), compared to non-castrated animals, which showed a small-to-medium
negative effect, (Fon-castrated = —0.22, 95% CI [-0.35, -0.07], P = 0.004) (Fig. 2A). The
effect of immune measure was non-significant (Q4 = 6.59, P = 0.16).

There was a small and significant positive relationship between year of
publication and effect size in the single-factor model (slope estimate = 0.03, 95% CI
[0.01, 0.04], P=0.001) (Fig. 3). Year of publication was also retained in the final
AICc model, but the relationship between year of publication and effect size became
non-significant after controlling for immune measure and castration (Q; = 3.65, P =
0.06). Therefore, the temporal trend appears to be due to changes in moderators over
time.

For the two funnel plot analyses, Egger’s regression test did not indicate
significant asymmetry in the funnel plot of the residuals (#154 = —0.83, P = 0.41). The
trim-and-fill analysis estimated a total of 34 effect sizes missing from the right side of
the distribution and that the effect-size estimate should be adjusted to » =—0.15 (95%
CI[-0.26,-0.04]) (Fig. 4A), indicating that the actual effect of testosterone might be
smaller than our initial estimate of » =—0.28. The I statistic indicated that
considerable heterogeneity still remained in the residuals (81.11%), suggesting that

the effect of testosterone might be moderated by other variables.



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

21

(b) Correlational studies

Both study identity (likelihood ratio test: y% =117.27, P <0.0001) and species
identity (likelihood ratio test: y% = 42.84, P < 0.0001) significantly improved the
model when entered individually into the model, but species identity did not have a
significant effect over and above the effect of study identity (likelihood ratio test: y?
= 0) when both random variables were entered into the model simultaneously.
Therefore, we only included study identity as the random variable in subsequent
analyses. Overall, the correlation between circulating testosterone level and immune
function after controlling for study identity was small and non-significant (Fig. 2B;
Table 1). Controlling for similarity due to common phylogenetic descent did not have
a significant effect on the effect size (likelihood ratio test: y?; = 0). Therefore we ran
all subsequent analyses without controlling for phylogeny.

There was large heterogeneity in this data set (I = 95.41%). Therefore we
conducted moderator analyses. The final averaged AICc model retained the
moderators immune measure, immune challenge, and mating system (see Table S4 for
model results). There was a significant effect of immune measure (Q; = 8.56, P =
0.04). There was a medium positive relationship between cell-mediated immune
function and testosterone that was significant (7ceii-mediated = 0.26, 95% CI [0.007,
0.48], P=0.04) (Fig. 2B). The relationship between immune function and
testosterone was non-significant for the other immune measures (7humoral-mediated = 0.006,
95% CI [-0.16, 0.27], P = 0.59; Fparasite 1oad = —0.17, 95% CI [-0.50, 0.21], P = 0.38;
Pwhite blood cells = 0.08, 95% CI [-0.14, 0.29], P = 0.47). The effect of immune challenge
(Q1 =2.46, P=0.12) and mating system (Q; = 0.40, P = 0.53) were non-significant.

No indirect evidence of publication bias was detected. The relationship between

year of publication and effect size was non-significant in the single factor model
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(slope estimate = —0.02, 95% CI [-0.05, 0.01], P = 0.17). Year of publication was
retained in the final averaged AICc model, but the relationship between year and
effect size remained non-significant after controlling for immune measure, immune
challenge, and mating system (Q; = 2.62, P =0.11). Egger’s regression test indicated
no significant asymmetry in the funnel plot of the residuals (197 = 0.18, P = 0.85).
Trim and fill analysis estimated no missing effect sizes (Fig. 4B). The I° statistic
indicated that only a small amount of heterogeneity remained in the residuals

(20.84%).

(2) Oestrogen
The results (parameter estimates) of the meta-analytic and meta-regression

models for both experimental and correlational studies are shown in Fig. 5 and Table

2.

(a) Experimental studies

When entered individually into the model, both study identity (likelihood ratio
test: y% =911.63, P <0.0001) and species identity (likelihood ratio test: y?, = 11.11, P
= 0.0009) significantly improved the model, but species identity did not have a
significant effect over and above the effect of study identity (likelihood ratio test: y?
= 0) when both random variables were entered into the model simultaneously.
Therefore we only included study identity as the random variable in subsequent
analyses. Overall, the effect of oestrogen on immune function after controlling for
study identity was small and non-significant (Fig. SA; Table 2). Controlling for

similarity due to common phylogenetic descent did not have a significant effect on
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effect size (likelihood ratio test: y? = 0). Therefore we ran all subsequent analyses
without controlling for phylogeny.

There was large heterogeneity in this data set (I = 94.60%). Therefore, we
conducted moderator analyses. The final averaged AICc model retained the following
moderators: immune measure, immune challenge, ovariectomy, and dosage (see
Table S5 for model results). There was a significant effect of immune measure (Q4 =
41.28, P <0.001). Oestrogen had a medium-to-large immunosuppressive effect on
cell-mediated immune function that was significant (7ceii-mediated = —0.41, 95% CI [
0.65,-0.09], P =0.01). The effects of oestrogen on parasite load, humoral-mediated
immune function, and cytokine levels were in the opposite direction. Oestrogen had a
medium-to-large immunoenhancing effect on parasite load (i.e. reducing parasite
load) that was significant (7parasitc 10ad = 0.46, 95% CI [0.09, 0.72], P = 0.02).
Oestrogen also had a medium but non-significant immunoenhancing effect on
humoral-mediated immune function and cytokine level (7humoral-mediated = 0.30, 95% CI
[-0.02, 0.56], P = 0.07; reytokine = 0.29, 95% CI [-0.04, 0.56], P = 0.08) (Fig. 5A;
Table 2). There was a significant effect of immune challenge (Q; = 40.61, P <0.001).
Studies using measures of baseline immunity showed a large positive effect that was
significant (7baseline immunity = 0.60, 95% CI[0.11, 0.85], P = 0.02) while studies using
measures of immune reactivity showed a small and non-significant effect (fimmune
reactivity = 0.10, 95% CI [-0.22, 0.40], P = 0.54) (Fig. 5A; Table 2). There was a
significant effect of dosage (QO; = 10.36, P = 0.001). Studies using supraphysiological
oestrogen dosages showed a medium-to-large positive effect that was significant
(Psupraphysiological = 0.48, 95% CI [0.14, 0.72], P = 0.008) while studies using

physiological dosages showed a small and non-significant effect (#physiological = —0.05,
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95% CI [-0.40, 0.31], P =0.78) (Fig. 5A; Table 2). The effect of ovariectomy (Q; =
1.82, P =0.18) was non-significant

There was a small but significant positive relationship between year of
publication and effect size in the single-factor model (estimate = 0.04, 95% CI [0.004,
0.08], P =0.03), but the relationship was highly influenced by one large negative
effect size in 1974 (Fig. 6). We re-ran the time-lag bias analysis a second time
excluding that particular effect size. The relationship became non-significant
(estimate = 0.02, 95% CI [-0.02, 0.06], P = 0.30). Year of publication was retained in
the final averaged AICc model, but the relationship between year and effect size
remained non-significant after controlling for immune measure, immune challenge,
ovariectomy, and dosage (Q; = 3.70, P = 0.054). Therefore, there was no evidence of
a significant temporal trend.

Egger’s regression test indicated no significant asymmetry in the funnel plot
(t126 = 0.51, P=0.61). The trim-and-fill analysis estimated a total of 31 effect sizes
missing from the left side of the distribution. However, the missing effect sizes did
not qualitatively influence the results. The overall effect size estimate remained small
and non-significant after adjusting for the missing effect sizes (—0.10, 95% CI [-0.41,

0.18]) (Fig. 7A). I indicated considerable heterogeneity in the residuals (89.23%).

(b) Correlational studies

Out of the 64 effect sizes in this data set, 60 effect sizes came from the same
species and a single study while the remaining four effect sizes came from two
species and three other studies. It was therefore impossible to distinguish between the
variances of study identity and species identity. Therefore we only tested study

identity as a random factor. Study identity significantly improved the model
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(likelihood ratio test: y? = 7.99, P < 0.0001) and was included as a random variable
for subsequent analyses. Overall, there was a significant medium-to-large positive
relationship between circulating oestrogen level and immune function after
controlling for study identity (7overan = 0.43, 95% CI [0.11, 0.66], P =0.01) (Fig. 5B;
Table 2). Controlling for similarity due to common phylogenetic descent did not have
a significant effect on the effect size (likelihood ratio test: y? = 0.57, P = 0.45).
However, the overall effect size became non-significant after controlling for
phylogeny (7phylogenetic = 0.42, 95% CI [-0.17, 0.79], P = 0.16) (Fig. 5B; Table 2). We
therefore ran all subsequent analyses with phylogeny included as a random variable.

There was moderate heterogeneity in this data set (I = 60.52%). Therefore, we
conducted moderator analyses. We could not perform an AICc model selection
because immune measure was confounded with immune challenge: all of the cell-
mediated and cytokine measures were reactivity measures and all of the humoral-
mediated and white blood cell measures were baseline measures. Therefore, we ran
single-factor moderator analyses for the two factors separately. Neither the effects of
immune measure (Qs = 1.16, P = 0.76) nor immune challenge (Q; = 0.06, P = 0.80)
were significant (Fig. 5B; Table 2).

Year of publication was not significantly related to effect size in the single-
factor model (estimate = —0.05, 95% CI [-0.13, 0.04], P = 0.27). Since none of the
moderator effects were significant, we extracted the residuals from the intercept-only
model with study identity and phylogeny entered as random factors. Egger’s
regression test indicated no significant asymmetry in the residual funnel plot (5, = —
0.19, P = 0.85). Trim-and-fill analysis estimated no missing effect sizes (Fig. 7B). I’

indicated moderate heterogeneity in the residuals (56.22%).
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IV. DISCUSSION
(1) The relationship between testosterone and immune function in males

The results from the experimental studies support the hypothesis that
testosterone suppresses immune function (Ansar Ahmed et al., 1985; Bouman et al.,
2005; Grossman, 1985; Klein, 2004; Schuurs & Verheul, 1990). Overall, testosterone
manipulation had a medium immunosuppressive effect (» = —0.28) that was
significant. Controlling for similarity due to common phylogenetic descent did not
influence our results, which suggests that our results may be generally applicable
across the species studied.

Castrated animals showed a stronger immunosuppressive effect than non-
castrated animals. One possible explanation is that in the non-castrated animals,
testosterone manipulation in the treatment group triggered a compensatory reduction
in endogenous testosterone via a feedback loop, thus reducing the difference in
testosterone levels between the treatment and control groups.

Our results provide important support for a critical assumption of the ICHH
(Folstad & Karter, 1992), namely that testosterone suppresses immune function.
According to the ICHH, testosterone-based male ornaments are honest signals of
immune function because the immunosuppressive effect of testosterone makes it
impossible for males with poor immune function to sustain high levels of testosterone
for ornamentation. In their meta-analysis, Roberts ef al. (2004) found that the overall
effect of testosterone on immune function in males was non-significant and that a
significant immunosuppressive effect was found only in reptiles and not in mammals
or birds. They concluded that there was little support for the ICHH. Thus, our results
differ from those of Roberts ef al. (2004). They found an overall effect of d =—-0.32,

which transforms to » =—0.16. Our overall effect size (r = —0.28) was almost twice
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that. The difference in findings is probably due to the accumulation of studies since
2004 and the inclusion of studies from fields other than evolutionary biology, such as
biomedical sciences, in our meta-analysis. Based on our results, there is good
evidence that testosterone suppresses immune function.

We assumed that the effect of testosterone would be stronger in polygamous
species compared to monogamous species. Polygamous species face more intense
sexual selection and are thus expected to evolve stronger condition dependence of
ornamentation (Andersson, 1994). However, mating system did not influence the size
of the effect of testosterone on immune suppression. One possible reason for a lack of
a mating-system effect might be that, while in polygamous systems a trade-off
between testosterone and immune function is driven by male expenditure on
ornaments, in monogamous systems the same trade-off is driven by male expenditure
on parental care. Indeed, there is evidence that male parental care is associated with a
reduction in circulating testosterone level (Gray, Yang & Pope, 2006; Wingtfield et
al., 1990). It is possible then that we did not observe a significant effect of mating
system because trade-offs between mating and parental care may balance the overall
reproductive effort among polygamous and monogamous species.

In contrast to the experimental studies, we did not find a significant overall
correlation between testosterone and immune function. Our results are consistent with
arguments that correlational studies are not ideal for testing the effect of testosterone

on immune function (Getty, 2006).

(2) The relationship between oestrogen and immune function in females
The effect of oestrogen manipulation on immune function depended on the

immune measure used. Oestrogen had a significant medium-to-large
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immunosuppressive effect on cell-mediated immune function (7ceji-mediated = —0.41) but
had a significant medium-to-large immunoenhancing effect on parasite loads (7parasitc
load = 0.46). Oestrogen also had a medium but non-significant immunoenhancing
effect on humoral-mediated immune function and cytokine level. Although these
effects on humoral-mediated immune function and cytokine level were non-
significant, the effect sizes (Fhumoral-mediated = 0.30 and reyiokine = 0.29) were medium in
magnitude (Cohen, 1988). Moreover, the effect sizes were slightly larger than those
typically found in biological studies, which range from » = 0.16 to 0.25 (Meller &
Jennions, 2002). Therefore, the immunoenhancing effect of oestrogen on humoral-
mediated immune function and cytokine level may prove to be biologically important
despite the lack of statistical significance.

Our results are consistent with observations by researchers that oestrogen
suppresses cell-mediated immune function and enhances humoral-mediated immune
function (Cutolo ef al., 1996; Klein, 2004). However, little is known about why
oestrogen would have different effects on different immune components. This
diversity in effects across immune components may reflect life-history trade-offs in
females based on the costs and benefits of different immune components (Lee, 2006).
Cell-mediated responses are energetically and nutritionally costly because they are
associated with the activation of the systemic inflammatory response (Halloran ef al.,
1992; Janeway et al., 1999). In comparison, humoral-mediated responses are less
costly because they are associated with the activation of the anti-inflammatory system
(Janeway et al., 1999). Lee (2006) argued that because females invest more energy
and resources in their offspring compared to males (Trivers, 1972), females are
expected to adopt an immune profile that is less cell-mediated and more humoral-

mediated. Doing so allows females to reduce the cost of maintaining a healthy
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immune system while diverting energetic resources towards reproduction and
parenting. Our results suggest that oestrogen, the major female sex hormone,
influences the immune profile females adopt by suppressing cell-mediated immune
function and enhancing humoral-mediated immune function.

We also found that the effect of oestrogen depended on whether measures of
baseline immunity or immune reactivity were used. Given that measures of immune
reactivity are considered more rigorous measures of immune function compared to
baseline immunity (Demas ef al., 2011; Norris & Evans, 2000), it is surprising to find
that immune reactivity showed a small and non-significant effect (7immune reactivity =
0.10) while baseline immunity showed a large positive and significant effect (#paseline
immunity = 0.60). However, it should be noted that the different measures of immune
function were not equally distributed between immune reactivity and baseline
immunity. Baseline immunity consisted of only white blood cell and humoral-
mediated measures (19 effect sizes in total), while immune reactivity consisted of all
five immune measures (127 effect sizes in total). As discussed above, the effect of
oestrogen on immune function depends on the immune measure. Therefore, the non-
significant results for immune reactivity may be due to the effects of the different
immune measures cancelling each other out. On the other hand, the large effect size
for baseline immunity may be due to a relatively small sample of effect sizes that
consists of immune measures on which oestrogen had a positive effect. Nonetheless,
it remains possible that the effect of oestrogen on immune function could differ for
baseline and reactivity measures of immune function.

Besides moderators associated with the measurement of immune function, there
was also an effect of dosage. Larger dosages showed larger effects. Specifically,

supraphysiological dosages led to a significant medium-to-large immunoenhancing



725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

30

effect (Fsupraphysiological = 0.48) while physiological dosages showed a non-significant
effect that was close to zero (#physiological = —0.05).

Overall, there was a medium-to-large positive relationship in correlational
studies between circulating oestrogen level and immune function (» = 0.43), but this
relationship became non-significant after we controlled for the similarity due to
common phylogenetic descent between species. This change was due largely to the
widening of the confidence intervals after accounting for phylogeny. This data set
consists of 64 effect sizes, 60 of which belonged to one single study of one species.
Therefore, the widening of the confidence interval probably reflects the over-
representation of a single species in the data set and the meta-analytic mean may not
be general. Furthermore, unlike the results from the experimental studies, the
correlation between oestrogen and immune function did not depend on immune
measure or immune challenge. Like the testosterone results, the oestrogen results
suggest that correlational designs are unsuitable for testing the effects of sex

hormones on immune function.

(3) Publication bias

We found a significant positive relationship between year of publication and
effect size for experimental studies of testosterone. Decreases in the magnitude of
effect sizes over time have been reported in numerous meta-analyses in evolutionary
biology (Jennions & Moller, 2002). It should, however, be noted that the analyses
used in this study are indirect tests of publication bias. A direct test of publication bias
requires a comparison of the effect sizes between published and unpublished studies
(Song et al., 2000; Moller & Jennions, 2001). A significant result from indirect tests

may not always indicate publication bias (Jennions & Moller, 2002; Jennions et al.,
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2013; Koricheva, Jennions & Lau, 2013). For example, the temporal trend we found
for experimental studies of testosterone appears to be due to changes in moderators
across time. We found that the significant trend disappeared after we controlled for
castration and immune measure. We graphically explored the moderators that
changed across time by plotting the relationship between year of publication and
effect size using different colours for each moderator level (Figs S5 and S6). We
found that in the later years, more studies were conducted using cell-mediated and
cytokine measures. The effect of testosterone on cytokine levels is smaller than the
overall effect size (Fig. 2A; Table 1). The effect size for cell-mediated measures
seems to be comparable to the overall effect size (Fig. 2A; Table 1). Therefore, the
significant temporal trend seems likely to have been due to the increase in number of
effect sizes assessing cytokines in recent years. Castration was fairly equally
distributed across year of publication. Our finding suggests that the significant
temporal trend was not due to a publication bias.

The trim-and-fill analysis also detected a substantial number of missing effect
sizes in the same data set. Although the missing effect sizes did not change the results
qualitatively, they did reduce the overall effect size by almost half from a medium
effect size (r =—0.28) to a small effect size (r =—0.15). Even though the
immunosuppressive effect remained significant, our result suggests that the effect of
testosterone on immune function might not be as strong as initially indicated.
However, like the temporal trend findings, caution must be exercised when
interpreting the results from the trim-and-fill analysis because the findings might
reflect causes other than publication bias (Thornhill, Meller & Gangestad, 1999;
Jennions et al., 2013). Heterogeneity in effect sizes can also lead to funnel plot

asymmetry. We tried to control for the effects of heterogeneity by running the trim-
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and-fill analysis on the residuals extracted from the final AICc model. However, we
found that the I value for experimental studies remained high even after we
controlled for the random and moderator variables. Therefore, the funnel plot
asymmetry we observed in the experimental studies might have been caused by
unidentified moderators and not by publication bias. We therefore believe that the
initial estimate of » = —0.28 is more reflective of the actual effect size.

We detected little indirect evidence of publication bias for the other three data
sets. The trim-and-fill analysis estimated 32 missing effect sizes from the oestrogen
experimental studies, but the missing effects did not influence the results. Overall, our

results seem fairly robust to publication bias.

(4) Sex differences in immune function

Females tend to have better immune function compared to males (i.e. lower and
less-intense parasitism and stronger immune responses) (Klein, 2004; Schuurs &
Verheul, 1990; Zuk & McKean, 1996). Our results suggest that these sex differences
might be due to the combined effects of testosterone in males and oestrogen in
females. Our results also showed that the effect for oestrogen depends on the immune
measure. Therefore, it would be interesting to examine studies looking at sex
differences in immune function and test whether the effect sizes differ depending on

the immune measure.

(5) Heterogeneity in the effects of sex hormones on immune function
In meta-analysis, it is important to examine both the mean effect size and the
variance of the effect sizes (i.e. heterogeneity). The main tenet of life-history theory is

that trade-offs between fitness components occur due to limited resource availability.
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One implication of this theory is that trade-offs between fitness components could
vary across individuals. Therefore, one would predict that the effect of sex hormones,
which mediate trade-offs between immune function and reproductive functions,
would show significant heterogeneity. Indeed, we found large heterogeneity in the
effect sizes across all four data sets. We ran moderator analyses to examine the factors
that account for the variation in effect sizes. However, the heterogeneity remained
moderate to large for three of the analyses, apart from correlational studies of
testosterone, even after we accounted for the random and moderator effects from the
final averaged AICc models.

Increasing evidence suggests that the effects of sex hormones on immune
function can be dependent on individual condition. The amount of resources available
to individuals varies substantially. It has been predicted that trade-offs between fitness
components occur only when resources are limiting (van Noordwijk & de Jong, 1986;
McDade, 2003). For example, the effect of testosterone on immune function in
Sceloporus graciosus lizards depends on the quality of food available to the lizards
(Ruiz et al., 2010). Testosterone enhanced immune function in lizards that were given
extra vitamins on top of their usual diet, but decreased immune function in lizards that
did not receive extra vitamins. The effect of testosterone might also depend on the
effect of leptin, a hormone that functions as a signal of energetic resource level. In a
study on zebra finches (Taeniopygia guttata), leptin increased immune function and
prevented the immunosuppressive effect of testosterone (Alonso-Alvarez et al.,
2007b). The effect of testosterone on immune function may also depend on stress
levels [Rantala et al., 2012, but see Roberts et al. (2009) and Roberts et al. (2007a)

for contradictory findings].
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In relation to the issue of looking at variance, recent advances have applied
meta-analytic techniques to analysing the variance instead of the mean data of
experimental studies involving two groups (Nakagawa et al., 2015). For example,
instead of asking whether testosterone suppresses immune function, we could ask
whether testosterone increases or decreases the variance in immune function across
individuals relative to controls. We did not run such analyses because the theoretical

predictions were focused on the mean effect and not the variance.

(6) Limitations and future directions

Sex hormone levels change across time in response to life-history changes. For
example, testosterone in males peaks during the breeding season and drops when the
breeding season ends (Wingfield et al., 1990; Nelson, 2005). Similarly, oestrogen in
females varies across the fertility cycle (Abraham ef al., 1972). One might wonder
how relevant the results in this meta-analysis are for understanding the effects of sex
hormones during different life-history stages. In this review, for the testosterone
studies, all studies except five that were unclassified reported using physiological
dosages. For the oestrogen studies, we found a significant effect of immune measure
even after controlling for the effect of dosage. Therefore, we were able to conclude
that our results were not just an artefact of using dosages that were in excess of what
is normally found in the body. However, we were unable to look at the seasonal or
life-history relevance of the dosage levels because most studies did not provide such
information. Future studies examining the effects of sex hormones in relation to
different life-history stages will provide us with a better understanding of the effects

of sex hormones on the immune system.
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The studies reviewed herein have focused on the strength of the immune
response. Navarro et al. (2003) found a positive correlation between immune-
response strength and latency to maximum immune response in Passer domesticus.
Their results suggest a trade-off between the strength and rapidity of the immune
response. Therefore, future studies should measure both the strength and time course
of the immune response to gain a better picture of the effects of sex hormones on

immune function.

V. CONCLUSIONS

(1) We found meta-analytic evidence that testosterone has a medium-sized
suppressive effect on immune function. This effect was generalizable across the
species studied. Castrated animals showed a greater immunosuppressive effect than
non-castrated animals, but the immunosuppressive effect was significant in both
cases. Our overall effect size for experimental studies of testosterone was almost
twice that of a previous meta-analysis (Roberts et al., 2004).

(2) We also found meta-analytic evidence that oestrogen has a medium-to-large
suppressive effect on cell-mediated immune function while having a medium-to-large
effect in reducing parasite loads and a medium but non-significant enhancing effect
on humoral-mediated immune function and cytokine level. Oestrogen also had a
significant immune-enhancing effect in studies using supraphysiological dosages and
studies using baseline measures of immune function.

(3) When effect sizes were derived from correlational studies, the relationships
between circulating sex hormone levels and immune function measurements were

small and non-significant for both testosterone and oestrogen, suggesting that
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correlational studies are unsuitable for testing the effects of sex hormones on immune
function. Thus, an experimental approach is imperative to study the effects of sex
hormones on immune function.

(4) We found little evidence of publication bias using indirect tests. There was a small
and positive relationship between year of publication and effect size for experimental
studies of testosterone that became non-significant after we controlled for castration
and immune measure, suggesting that the temporal trend was due to changes in
moderators over time. The trim-and-fill analysis for experimental studies of
testosterone estimated a total of 34 missing effect sizes and that the
immunosuppressive effect of testosterone should be reduced from —0.28 to —0.15.
However, due to the substantial heterogeneity in the residuals after accounting for the
random and fixed factors, we cannot rule out the possibility that the asymmetry in the
funnel plot was due to heterogeneity. Overall, our results seem to be fairly robust to
publication bias.

(5) We found substantial heterogeneity in the effect sizes for all four meta-analyses.
The amount of heterogeneity in three of the meta-analyses, apart from correlational
studies of testosterone, remained substantial even after we accounted for the relevant
random and fixed factors, suggesting that there are other factors that moderate the

effects of sex hormones on immune function.

VI. ACKNOWLEDGEMENTS

We would like to thank L. Lagisz for her help with creating the phylogenies. This
work was supported by the ARC Centre of Excellence in Cognition and its Disorders
(CE110001021), ARC Professorial Fellowships to L.W.S. (DP110104594) and G.R.

(DP0877379) and an ARC Discovery Outstanding Researcher Award to G.R.



897

898

899

900

901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940

37

(DP130102300). S.N. was supported by a Rutherford Discovery Fellowship, New

Zealand, and an ARC Future Fellowship (FT130100268).

VII. REFERENCES

ABELL, A. J. (1997). Estimating paternity with spatial behaviour and DNA
fingerprinting in the striped plateau lizard, Sceloporus virgatus
(Phrynosomatidae). Behavioral Ecology and Sociobiology 41, 217-226.

ABRAHAM, G. E., ODELL, W. D., SWERDLOFF, R. S. & HOPPER, K. (1972).
Simultaneous radioimmunoassay of plasma FSH, LH, progesterone, 17-
hydroxyprogesterone, and estradiol-17f during the menstrual cycle. The Journal
of Clinical Endocrinology & Metabolism 34,312-318.

ADAMO, S. A. (2004). How should behavioural ecologists interpret measurements of
immunity? Animal Behaviour 68, 1443-1449.

ADORI, M., Kiss, E., BARAD, Z., BARABAS, K., KISZELY, E., SCHNEIDER, A., KOVESDI,
D., SzIKSzZ, E., ABRAHAM, 1. M., MATKO, J. & SARMAY, G. (2010). Estrogen
augments the T cell-dependent but not the T-independent immune response.
Cellular and Molecular Life Sciences 67, 1661-1674.

ALEXANDER, J. & STIMSON, W. H. (1988). Sex hormones and the course of parasitic
infection. Parasitology Today 4, 189—193.

ALONSO-ALVAREZ, C., BERTRAND, S., FAIVRE, B., CHASTEL, O. & SORCI, G. (2007a).
Testosterone and oxidative stress: The oxidation handicap hypothesis.
Proceedings of the Royal Society of London B: Biological Sciences 274, 819-25.

ALONSO-ALVAREZ, C., BERTRAND, S. & SORCI, G. (2007b). Energetic reserves, leptin
and testosterone: A refinement of the immunocompetence handicap hypothesis.
Biology Letters 3,271-274.

ALONSO-ALVAREZ, C., PER€Z-RODRIGUEZ, L., GARCIA, J. T. & VIUELA, J. (2009).
Testosterone-mediated trade-offs in the old age: A new approach to the
immunocompetence handicap and carotenoid-based sexual signalling.
Proceedings of the Royal Society of London B: Biological Sciences 276, 2093-
2101.

VAN ANDERS, S. M. (2010). Gonadal steroids and salivary IgA in healthy young
women and men. American Journal of Human Biology 22, 348-352.

ANDERSON, D. R. (2008). Model based inference in the life sciences: A primer on
evidence. NY: Springer.

ANDERSSON, M. (1994). Sexual selection. Princeton, NJ: Princeton University Press.

ANSAR-AHMED, S., PENHALE, W.J. & TALAL, N. (1985). Sex hormones, immune
responses, and autoimmune diseases. Mechanisms of sex hormone action. 7The
American Journal of Pathology 121, 531-551.

ARIZONA-SOFTWARE (2008). GraphClick. Arizona-Software. Available at
http://www.arizona-software.ch/graphclick/. Accessed 01/06/2013.

ASHER, M., LIPPMANN, T., EPPLEN, J. T., KRAUS, C., TRILLMICH, F., & SACHSER, N.
(2008). Large males dominate: Ecology, social organization, and mating system
of wild cavies, the ancestors of the guinea pig. Behavioral Ecology and
Sociobiology, 62, 1509-1521.



941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989

38

BARTON, K. (2014) MuMIn: multi-model inference. In: R package version 1.12.1.
Available at http://r-forge.r-project.org/projects/mumin/. Accessed 01/12/2014.

BELLIURE, J., SMITH, L. & SoRcI, G. (2004). Effect of testosterone on T cell-mediated
immunity in two species of Mediterranean lacertid lizards. Journal of
Experimental Zoology A: Comparative Experimental Biology 301, 411-418.

BESTER-MEREDITH, J. K., & MARLER, C. A. (2001). Vasopressin and aggression in
cross-fostered california mice (Peromyscus californicus) and white-footed mice
(Peromyscus leucopus). Hormones and Behavior 40, 51-64.

BILBO, S. D. & NELSON, R. J. (2001). Sex steroid hormones enhance immune function
in male and female Siberian hamsters. American Journal of Physiology:
Regulatory, Integrative and Comparative Physiology 280, R207-R213.

BLOCKEY, M. A. DEB. (1976). Serving capacity — A measure of the serving
efficiency of bulls during pasture mating. Theriogenology 6, 393—401.

BORGIA, G. (1979). Sexual selection and the evolution of mating systems. In Sexual
Selection and Reproductive Competition in Insects (eds M. S. Blum & N. A.
Blum), pp. 19-80. NY: Academic Press.

BORTOLOTTI, G. R., MOUGEOT, F., MARTINEZ-PADILLA, J., WEBSTER, L. M. I. &
PIERTNEY, S. B. (2009). Physiological stress mediates the honesty of social
signals. PloS One 4, e4983.

BOUMAN, A., HEINEMAN, M. J. & FAAS, M. M. (2005). Sex hormones and the immune
response in humans. Human Reproduction Update 11, 411-423.

BRYJA, J., PATZENHAUEROVA, H., ALBRECHT, T., MOSANSKY, L., STANKO, M., &
STOPKA, P. (2008). Varying levels of female promiscuity in four Apodemus mice
species. Behavioral Ecology and Sociobiology 63, 251-260.

BucHANAN, K. L., EVANS, M. R. & GOLDSMITH, A. R. (2003). Testosterone,
dominance signalling and immunosuppression in the house sparrow, Passer
domesticus. Behavioral Ecology and Sociobiology 55, 50-59.

BURNHAM, K. P. & ANDERSON, D. R. (2002). Model Selection and Multimodel
Inference: A Practical Information-Theoretic Approach. NY: Springer.

BUTTEMER, W. A. & ASTHEIMER, L. B. (2000). Testosterone does not affect basal
metabolic rate or blood parasite load in captive male White-plumed Honeyeaters
Lichenostomus penicillatus. Journal of Avian Biology 31, 479-488.

CALIPPE, B., DOUIN-ECHINARD, V., LAFFARGUE, M., LAURELL, H., RANA-POUSSINE,
V., Piry, B., GUERY, J. C., BAYARD, F., ARNAL, J. F. & GOURDY, P. (2008).
Chronic estradiol administration in vivo promotes the proinflammatory response
of macrophages to TLR4 activation: Involvement of the phosphatidylinositol 3-
kinase pathway. The Journal of Immunology 180, 7980-7988.

CALSBEEK, R. (2009). Sex-specific adult dispersal and its selective consequences in
the brown anole, Anolis sagrei. Journal of Animal Ecology 78, 617-624.

CARLSTEN, H., HOLMDAHL, R. & TARKOWSKI, A. (1991). Analysis of the genetic
encoding of oestradiol suppression of delayed-type hypersensitivity in (NZB X
NZW) F1 mice. Immunology 73, 186-190.

CARLSTEN, H., HOLMDAHL, R., TARKOWSKI, A. & NILSSON, L. A. (1989). Oestradiol-
mediated and testosterone-mediated effects on the immune system in normal and
autoimmune mice are genetically linked and inherited as dominant traits.
Immunology 68, 209-214.

CASAGRANDE, S., DIUKSTRA, C., TAGLIAVINL, J., GOERLICH, V. C., & GROOTHUIS, T. G.
G. (2010). Differential effects of testosterone, dihydrotestosterone and estradiol
on carotenoid deposition in an avian sexually selected signal. Journal of



990

991

992

993

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039

39

Comparative Physiology A: Neuroethology, Sensory, Neural, and Behavioral
Physiology 197, 1-13.

CASAGRANDE, S. & GROOTHUIS, T. G. G. (2011). The interplay between gonadal
steroids and immune defence in affecting a carotenoid-dependent trait.
Behavioral Ecology and Sociobiology 65,2007-2019.

CASTO, J. M., NOLAN, JR., V., & KETTERSON, E. D. (2001). Steroid hormones and

immune function: Experimental studies in wild and captive dark-eyed juncos
(Junco hyemalis). The American Naturalist 157, 408—420.

CATANZANO-TROUTAUD, D., ARDAIL, D. & DESCHAUX, P. A. (1992). Testosterone
inhibits the immunostimulant effect of thymosin fraction-5 on secondary
immune response in mice. International Journal of Immunopharmacology 14,
263-268.

CHEN, K. L., TsAY, S. M., CHiou, P. W. S., CHEN, T. W. & WENG, B. C. (2009).
Effects of caponization and testosterone implantation on immunity in male
chickens. Poultry Science 88, 1832-1837.

CHEN, K. L., TsAY, S. M., CHIou, P. W., SUN, C. P. & WENG, B. C. (2010). Effects of
caponization and different forms of exogenous androgen implantation on
immunity in male chicks. Poultry Science 89, 887-894.

CLUTTON-BROCK, T. H., ALBON, S. D., & GUINNESS, F. E. (1981). Parental investment
in male and female offspring in polygynous mammals. Nature 289, 487—-4809.

COHEN, J. (1988). Statistical Power Analysis for the Behavioral Sciences. Hillsdale,
NJ: Lawrence Erlbaum Associates.

CORDERO, P.J., VEIGA, J. P., MORENO, J., & PARKIN, D. T. (2003). Extra-pair paternity
in the facultatively polygynous spotless starling, Sturnus unicolor. Behavioral
Ecology and Sociobiology 54, 1-6.

Cox, R. M. & JOHN-ALDER, H. B. (2007). Increased mite parasitism as a cost of
testosterone in male striped plateau lizards Sceloporus virgatus. Functional
Ecology 21, 327-334.

Cox, R. M., STENQUIST, D. S., HENNINGSEN, J. P. & CALSBEEK, R. (2009).
Manipulating testosterone to assess links between behavior, morphology, and
performance in the brown anole Anolis sagrei. Physiological and Biochemical
Zoology 82, 686-98.

CURRAN, E. M., BERGHAUS, L. J., VERNETTI, N. J., SAPORITA, A. J., LUBAHN, D. B. &
ESTES, D. M. (2001). Natural killer cells express estrogen receptor f v and
estrogen receptor R 55 and can respond to estrogen via a non-estrogen receptor- v-
mediated pathway. Cellular Immunology 214, 12-20.

CUTOLO, M., ACCARDO, S., VILLAGGIO, B., BARONE, A., SULLIL, A., COVIELLO, D. A.,
CARABBIO, C., FELLI, L., MICELI, D., FARRUGGIO, R., CARRUBA, G. &
CASTAGNETTA, L. (1996). Androgen and estrogen receptors are present in
primary cultures of human synovial macrophages. The Journal of Clinical
Endocrinology and Metabolism 81, 820-827.

DAHLGREN, U. I. & HANSON, L. A. (1991). Effect of oestradiol on the secretory
immune system in the rat: An increase in biliary IgM antibodies against a T-cell
independent antigen. Immunology 74, 74-77.

DANEL, L., SOUWEINE, G., MONIER, J. C. & SAEZ, S. (1983). Specific estrogen binding
sites in human lymphoid cells and thymic cells. Journal of Steroid Biochemistry
18, 559-563.

DANIELS, C. W. & BELOSEVIC, M. (1994). Serum antibody responses by male and
female C57BI1/6 mice infected with Giardia muris. Clinical and Experimental
Immunology 97, 424-429.



1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087

40

DARWIN, C. (1871). The Descent of Man, and Selection in Relation to Sex. London:
Murray.

DECRISTOPHORIS, P. M. A., VON HARDENBERG, A. & MCELLIGOTT, A. G. (2007).
Testosterone is positively related to the output of nematode eggs in male Alpine
ibex (Capra ibex) faeces. Evolutionary Ecology Research 9, 1277-1292.

DEGEN, L., JOHN-ALDER, H.-B., BOUTEILLER-REUTER, C., & OPPLIGER, A. (2007).
Promiscuity and high level of multiple paternity in common wall lizards
(Podarcis muralis): Data from microsatellite markers. Amphibia-Reptilia 28,
301-303.

DEMAS, G. E. & NELSON, R. J. (1998). Short-day enhancement of immune function is
independent of steroid hormones in deer mice (Peromyscus maniculatus).
Journal of Comparative Physiology B - Biochemical, Systemic and
Environmental Physiology 168, 419-426.

DEMAS, G. E., ZYSLING, D. A., BEECHLER, B. R., MUEHLENBEIN, M. P. & FRENCH, S.
S. (2011). Beyond phytohaemagglutinin: Assessing vertebrate immune function
across ecological contexts. Journal of Animal Ecology 80, 710-730.

DERTING, T. L. & VIRK, M. K. (2005). Positive effects of testosterone and
immunochallenge on energy allocation to reproductive organs. Journal of
Comparative Physiology B - Biochemical, Systemic, and Environmental
Physiology 175, 543-56.

DEVICHE, P. & CORTEZ, L. (2005). Androgen control of immunocompetence in the
male house finch, Carpodacus mexicanus Miller. The Journal of Experimental
Biology 208, 1287-95.

DEVICHE, P. & PARRIS, J. (2006). Testosterone treatment to free-ranging male dark-
eyed juncos (Junco hyemalis) exacerbates hemoparasitic infection. The Auk 123,
548-562.

Diaz, J. A. (1993). Breeding coloration, mating opportunities, activity, and survival in
the lacertid lizard Psammodromus algirus. Canadian Journal of Zoology 71,
1104-1110.

DING, J. & ZHU, B. T. (2008). Unique effect of the pregnancy hormone estriol on
antigen-induced production of specific antibodies in female BALB/c mice.
Steroids 73, 289-298.

DoBsoON, F. S., & BAUDOIN, C. (2002). Experimental tests of spatial association and
kinship in monogamous mice (Mus spicilegus) and polygynous mice (Mus
musculus domesticus). Canadian Journal of Zoology 80, 980-986.

DOUGHTY, P., SINERVO, B., & BURGHARDT, G. M. (1994). Sex-biased dispersal in a
polygynous lizard, Uta stansburiana. Animal Behaviour 47, 227-229.

DOUIN-ECHINARD, V., CALIPPE, B., BILLON-GALES, A., FONTAINE, C., LENFANT, F.,
TREMOLLIERES, F., BAYARD, F., GUERY, J. C., ARNAL, J. F. & GOURDY, P. (2011).
Estradiol administration controls eosinophilia through estrogen receptor-alpha
activation during acute peritoneal inflammation. Journal of Leukocyte Biology
90, 145-154.

DUCKWORTH, R. A., MENDONGA, M. T. & HILL, G. E. (2001). A condition dependent
link between testosterone and disease resistance in the house finch. Proceedings
of the Royal Society of London B: Biological Sciences 268, 2467-2472.

DuFrry, D. L. & BALL, G. F. (2002). Song predicts immunocompetence in male
European starlings (Sturnus vulgaris). Proceedings of the Royal Society of
London B: Biological Sciences 269, 847—-852.



1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136

41

DuFrry, D. L., BENTLEY, G. E., DRAZEN, D. L. & BALL, G. F. (2000). Effects of
testosterone on cell-mediated and humoral immunity in non-breeding adult
European starlings. Behavioral Ecology 11, 654—662.

DuvaL, S. & TWEEDIE, R. (2000). Trim and fill: a simple funnel-plot-based method of
testing and adjusting for publication bias in meta-analysis. Biometrics 56, 455—
463.

EDLER, R., GOYMANN, W., SCHWABL, I. & FRIEDL, T. W. P. (2011). Experimentally
elevated testosterone levels enhance courtship behaviour and territoriality but
depress acquired immune response in Red Bishops Euplectes orix. Ibis 153, 46-
58.

EENS, M., VAN DUYSE, E., BERGHMAN, L. & PINXTEN, R. (2000). Shield
characteristics are testosterone-dependent in both male and female moorhens.
Hormones and Behavior 37, 126-134.

EGGER, M., DAVEY SMITH, G., SCHNEIDER, M. & MINDER, C. (1997). Bias in meta-
analysis detected by a simple, graphical test. BMJ 315, 629-634.

ELLISON, P. T. (2001). On fertile ground: A natural history of reproduction.
Cambridge, MA: Harvard University Press.

ENGELAND, C. G., SABZEHEI, B. & MARUCHA, P. T. (2009). Sex hormones and
mucosal wound healing. Brain, Behavior, and Immunity 23, 629-635.

ERLANDSSON, M. C., JONSSON, C. A., LINDBERG, M. K., OHLSSON, C. & CARLSTEN, H.
(2002). Raloxifene- and estradiol-mediated effects on uterus, bone and B
lymphocytes in mice. Journal of Endocrinology 175, 319-327.

EVANS, M. R., GOLDSMITH, A. R. & NORRIS, S. R. A. (2000). The effects of
testosterone on antibody production and plumage coloration in male house
sparrows (Passer domesticus). Behavioral Ecology and Sociobiology 47, 156—
163.

EzZENwWA, V. O., STEFAN EKERNAS, L. & CREEL, S. (2012). Unravelling complex
associations between testosterone and parasite infection in the wild. Functional
Ecology 26, 123-133.

FABRE, P. H., HAUTIER, L., DIMITROV, D. & DOUZERY, E. J. P. (2012). A glimpse on
the pattern of rodent diversification: A phylogenetic approach. BMC
Evolutionary Biology 12, 88. doi:10.1186/1471-2148-12-88

FiLipIN M. D. V., CAETANO, L. C., BRAZAO, V., SANTELLO, F. H., TOLDO, M. P. A. &
DO PRADO JR, J. C. (2010). DHEA and testosterone therapies in Trypanosoma
cruzi-infected rats are associated with thymic changes. Research in Veterinary
Science 89, 98-103.

FISHER, R. A. (1958). The Genetical Theory of Natural Selection. New York: Dover
Books.

FLEGR, J., LINDOVA, J. & KODYM, P. (2008). Sex-dependent toxoplasmosis-associated
differences in testosterone concentration in humans. Parasitology 135, 427-431.

FLYNN, A. (1986). Expression of Ia and the production of interleukin 1 by peritoneal
exudate macrophages activated in vivo by steroids. Life Sciences 38, 2455-2460.

FOLSTAD, I. & KARTER, A.J. (1992). Parasites, bright males, and the
immunocompetence handicap. The American Naturalist 139, 603-622.

FRrRIEDL, T. W. P., & EDLER, R. (2005). Stress-dependent trade-off between
immunological condition and reproductive performance in the polygynous red
bishop (Euplectes orix). Evolutionary Ecology 19, 221-239.

FUXJAGER, M. J., FOUFOPOULOS, J., DIAZ-URIARTE, R. & MARLER, C. A. (2011).
Functionally opposing effects of testosterone on two different types of parasite:



1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185

42

Implications for the immunocompetence handicap hypothesis. Functional
Ecology 25, 132-138.

GALLO, D., BATTAGLIA, A., MANTUANO, E., TRAVAGLIA, D., DE STEFANO, I.,
BUzZONETTI, A. & SCAMBIA, G. (2008). 17 #-Estradiol and soy phytochemicals
selectively induce a type 2 polarization in mesenteric lymph nodes of
ovariectomized rats. Menopause 15, 718-725.

GANGESTAD, S. W., THORNHILL, R., & GARVER-APGAR, C. E. (2005). Adaptations to
ovulation. Implications for sexual and social behavior. Current Directions in
Psychological Science 14, 312-316.

GARCIA-NAVAS, V., ORTEGO, J., & SANZ,J. J. (2009). Heterozygosity-based
assortative mating in blue tits (Cyanistes caeruleus): Implications for the
evolution of mate choice. Proceedings of the Royal Society of London B:
Biological Sciences 276, 2931-2940.

GARVIN, J. C., DUNN, P. O., WHITTINGHAM, L. A., STEEBER, D. A. & HASSELQUIST, D.
(2008). Do male ornaments signal immunity in the common yellowthroat?
Behavioral Ecology 19, 54-60.

GARVIN, M. C. & SCHOECH, S. J. (2006). Hormone levels and infection of
Haemoproteus danilewskyi in free-ranging blue jays (Cyanocitta cristata). The
Journal of Parasitology 92, 659-662.

GETTY, T. (2006). Sexually selected signals are not similar to sports handicaps.
Trends in Ecology & Evolution 21, 83-88.

GIACOMELLO, E., MARCHINI, D., & RASOTTO, M. B. (2006). A male sexually
dimorphic trait provides antimicrobials to eggs in blenny fish. Biology Letters 2,
330-333.

GIL, D. & CULVER, R. (2011). Male ornament size in a passerine predicts the
inhibitory effect of testosterone on macrophage phagocytosis. Functional
Ecology 25, 1278-1283.

GOMEZ, F., Ruiz, P., LOPEZ, R., RIVERA, C., ROMERO, S. & BERNAL, J. A. (2000).
Effects of androgen treatment on expression of macrophage Fcjreceptors.
Clinical and Diagnostic Laboratory Immunology 7, 682-686.

GOODSON, J. L., & ADKINS-REGAN, E. (1997). Playback of crows of male Japanese
quail elicits female phonotaxis. The Condor 99, 990-993.

GOURDY, P., ARAUJO, L. M., ZHU, R., GARMY-SUSINI, B., DIEM, S., LAURELL, H.,
LEITE-DE-MORAES, M., DY, M., ARNAL, J. F., BAYARD, F. & HERBELIN, A.
(2005). Relevance of sexual dimorphism to regulatory T cells: Estradiol
promotes IFN-JfJproduction by invariant natural killer T cells. Blood 105, 2415-
2420.

GRANGER, D. A., BOOTH, A. & JOHNSON, D. R. (2000). Human aggression and
enumerative measures of immunity. Psychosomatic Medicine 62, 583-590.
GRAY, E. M. (1996). Female control of offspring paternity in a western population of
red-winged blackbirds (4gelaius phoeniceus). Behavioral Ecology and

Sociobiology 38, 267-278.

GRrAY, P. B., YANG, C.-F. J. & POPE JR., H. G. (2006). Fathers have lower salivary
testosterone levels than unmarried men and married non-fathers in Beijing,
China. Proceedings of the Royal Society of London B: Biological Sciences 273,
333-339.

GREENMAN, C. G., MARTIN, L. B., 2ND & HAU, M. (2005). Reproductive state, but not
testosterone, reduces immune function in male house sparrows (Passer
domesticus). Physiological and Biochemical Zoology 78, 60-68.



1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234

43

GREINER, S., STEFANSKI, V., DEHNHARD, M. & VoIGT, C. C. (2010). Plasma
testosterone levels decrease after activation of skin immune system in a free-
ranging mammal. General and Comparative Endocrinology 168, 466-473.

GREIVES, T. J., MCGLOTHLIN, J. W., JAWOR, J. M., DEMAS, G. E. & KETTERSON, E. D.
(2006). Testosterone and innate immune function inversely covary in a wild
population of breeding Dark-Eyed Juncos (Junco hyemalis). Functional Ecology
20, 812-818.

GROSSMAN, C. J. (1985). Interactions between the gonadal steroids and the immune
system. Science 227, 257-261.

GRUEBER, C. E., NAKAGAWA, S., LAWS, R. J. & JAMIESON, I. G. (2011). Multimodal
inference in ecology and evolution: Challenges and solutions. Journal of
Evolutionary Biology 24, 699-711.

HAAPAKOSKI, M., & YLONEN, H. (2010). Effects of fragmented breeding habitat and
resource distribution on behavior and survival of the bank vole (Myodes
glareolus). Population Ecology 52, 427-435.

HADFIELD, J. D. (2010). MCMC methods for multi-response generalized linear mixed
models: The MCMCglmm R package. Journal of Statistical Software 33, 1-22.
doi:10.1002/ana.23792

HADFIELD, J. D. & NAKAGAWA, S. (2010). General quantitative genetic methods for
comparative biology: Phylogenies, taxonomies and multi-trait models for
continuous and categorical characters. Journal of Evolutionary Biology 23, 494—
508.

HALLORAN, P. F., AUTENRIED, P., RAMASSAR, V., URMSON, J. & COCKFIELD, S.
(1992). Local T cell responses induce widespread MHC expression. Evidence
that IFN-JJlinduces its own expression in remote sites. Journal of Immunology
148, 3837-3846.

HAMILTON, W. D. & ZUK, M. (1982). Heritable true fitness and bright birds: A role for
parasites? Science 218, 384-387.

Hao, S., ZHAO, J., ZHOU, J., ZHAO, S., HU, Y. & HOU, Y. (2007). Modulation of 17 &
estradiol on the number and cytotoxicity of NK cells in vivo related to MCM and
activating receptors. International Immunopharmacology 7, 1765-1775.

HARDER, A., DANNESCHEWSKI, A. & WUNDERLICH, F. (1994). Genes of the mouse H-
2 complex control the efficacy of testosterone to suppress immunity against the
intestinal nematode Heterakis spumosa. Parasitology Research 80, 446-448.

HARDER, A., WUNDERLICH, F. & MARINOVSKI, P. (1992). Effects of testosterone on
Heterakis spumosa infections in mice. Parasitology 105, 335-342.

HASSELQUIST, D., MARSH, J. A., SHERMAN, P. W. & WINGFIELD, J. C. (1999). Is avian
humoral immunocompetence suppressed by testosterone? Behavioral Ecology
and Sociobiology 45, 167-175.

HEDGES, L. & OLKIN, I. (1985). Statistical Methods for Meta-Analysis. NY: Academic
Press.

HELLARD, E., FOUCHET, D., REY, B., MOUCHET, A., POULET, H. & PONTIER, D. (2013).
Differential association between circulating testosterone and infection risk by
several viruses in natural cat populations: A behavioural-mediated effect?
Parasitology 140, 521-529.

HIGGINS, J. P. T. & THOMPSON, S. G. (2002). Quantifying heterogeneity in a meta-
analysis. Statistics in Medicine 21, 1539—-1558

HIGGINS, J. P. T., THOMPSON, S. G., DEEKS, J. J. & ALTMAN, D. G. (2003). Measuring
inconsistency in meta-analyses. BMJ 327, 557-560.



1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283

44

HOBY, S., SCHWARZENBERGER, F., DOHERR, M. G., ROBERT, N. & WALZER, C. (2006).
Steroid hormone related male biased parasitism in chamois, Rupicapra
rupicapra rupicapra. Veterinary Parasitology 138, 337-348.

HOFFMAN-GOETZ, L. (1999). Effect of estradiol and exercise on lymphocyte
proliferation responses in female mice. Physiology and Behavior 68, 169-174.

HoTcHKISS, A. K. & NELSON, R. J. (2007). An environmental androgen, 17 &~
trenbolone, affects delayed-type hypersensitivity and reproductive tissues in
male mice. Journal of Toxicology and Environmental Health, Part A: Current
Issues 70, 138-140.

HUGHES, V. L. & RANDOLPH, S. E. (2001a). Testosterone depresses innate and
acquired resistance to ticks in natural rodent hosts: A force for aggregated
distributions of parasites. The Journal of Parasitology 87, 49-54.

HUGHES, V. L. & RANDOLPH, S. E. (2001b). Testosterone increases the transmission
potential of tick-borne parasites. Parasitology 123, 365-371.

HUYGHE, K., HUSAK, J. F., HERREL, A., TADIC, Z., MOORE, I. T., VAN DAMME, R. &
VANHOOYDONCK, B. (2009). Relationships between hormones, physiological
performance and immunocompetence in a color-polymorphic lizard species,
Podarcis melisellensis. Hormones and Behavior 55, 488-494.

JACOBSON, J. D. & ANSARI, M. A. (2004). Immunomodulatory actions of gonadal
steroids may be mediated by gonadotropin-releasing hormone. Endocrinology
145, 330-336.

JANEWAY, C. A, TRAVERS, P., WALPORT, M., CAPRA, J. D. (1999). Immunobiology:
The Immune System in Health and Disease. London: Current Biology
Publications

JASIENSKA, G., ZIOMKIEWICZ, A., ELLISON, P. T., LIPSON, S. F. & THUNE, . (2004).
Large breasts and narrow waists indicate high reproductive potential in women.
Proceedings of the Royal Society of London B: Biological Sciences 271, 1213—
1217.

JENNIONS, M. D., LORTIE, C. J., ROSENBERG, M. S. & ROTHSTEIN, H. R. (2013).
Publication and related biases. In J. Koricheva, J. Gurevitch & K. Mengersen
(Eds.), Handbook of Meta-analysis in Ecology and Evolution (pp. 207-236).
Princeton, NJ: Princeton University Press.

JENNIONS, M. D. & MO@LLER, A. P. (2002). Relationships fade with time: A meta-
analysis of temporal trends in publication in ecology and evolution. Proceedings
of the Royal Society of London B: Biological Sciences 269, 43—48.

KAHL, S. & ELSASSER, T. H. (2006). Exogenous testosterone modulates tumor
necrosis factor- v and acute phase protein responses to repeated endotoxin
challenge in steers. Domestic Animal Endocrinology 31, 301-311.

Kawmis, A. B., AHMAD, R. A. & BADRUL-MUNIR, M. Z. (1992). Worm burden and
leukocyte response in Angiostrongylus malaysiensis-infected rats: The influence
of testosterone. Parasitology Research 78, 388-391.

Kawmis, A. B. & IBRAHIM, J. B. (1989). Effects of testosterone on blood leukocytes in
Plasmodium berghei-infected mice. Parasitology Research 75, 611-613.

KELLER, J. M., MCCLELLAN-GREEN, P. D., LEE, A. M., ARENDT, M. D., MAIER, P. P.,
SEGARS, A. L., WHITAKER, J. D., KEIL, D. E. & PEDEN-ADAMS, M. M. (2005).
Mitogen-induced lymphocyte proliferation in loggerhead sea turtles: Comparison
of methods and effects of gender, plasma testosterone concentration, and body
condition on immunity. Veterinary Immunology and Immunopathology 103, 269-
281.



1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333

45

KIRKPATRICK, M. & RYAN, M. J. (1991). The evolution of mating preferences and the
paradox of the lek. Nature 350, 33-38.

KLEIN, P. W., EASTERBROOK, J. D., LALIME, E. N. & KLEIN, S. L. (2008). Estrogen and
progesterone affect responses to malaria infection in female C57BL/6 mice.
Gender Medicine 5, 423-433.

KLEIN, S. L. (2004). Hormonal and immunological mechanisms mediating sex
differences in parasite infection. Parasite Immunology 26, 247-264.

KLEIN, S. L., BIRD, B. H. & GLASS, G. E. (2000). Sex differences in Seoul virus
infection are not related to adult sex steroid concentrations in Norway rats.
Journal of Virology 74, 8213-8217.

KLEIN, S. L., GAMBLE, H. R. & NELSON, R. J. (1999). Role of steroid hormones in
Trichinella spiralis infection among voles. American Journal of Physiology:
Regulatory, Integrative and Comparative Physiology 277, R1362-R1367.

KLEIN, S. L. & NELSON, R. J. (1997). Sex differences in immunocompetence differ
between two Peromyscus species. American Journal of Physiology: Regulatory,
Integrative and Comparative Physiology 273, R655-R660.

KrLukowskl, M. (2011). Effects of breeding season, testosterone and ACTH on the
corticosterone response of free-ranging male fence lizards (Sceloporus
undulatus). General and Comparative Endocrinology 173, 295-302.

KrLukowski, M. & NELSON, C. E. (2001). Ectoparasite loads in free-ranging northern
fence lizards, Sceloporus undulatus hyacinthinus: Effects of testosterone and sex.
Behavioral Ecology and Sociobiology 49, 289-295.

KORICHEVA, J., JENNIONS, M. D. & LAU, J. (2013). Temporal trends in effect sizes:
Causes, detection, and implications. In J. Koricheva, J. Gurevitch & K.
Mengersen (Eds.), Handbook of Meta-analysis in Ecology and Evolution (pp.
237-254). Princeton, NJ: Princeton University Press.

KURTIS, J. D., MTALIB, R., ONYANGO, F. K. & DUFFY, P. E. (2001). Human resistance
to Plasmodium falciparum increases during puberty and is predicted by
dehydroepiandrosterone sulfate levels. Infection and Immunity 69, 123-128.

LEACHE, A. D. (2009). Species tree discordance traces to phylogeographic clade
boundaries in north American fence lizards (Sceloporus). Systematic Biology 58,
547-559.

LEE, K. A. (2006). Linking immune defenses and life history at the levels of the
individual and the species. Integrative and Comparative Biology 46, 1000-1015.

LEONE, M., HONSTETTRE, A., LEPIDI, H., CAPO, C., BAYARD, F., RAOULT, D. & MEGE,
J. L. (2004). Effect of sex on Coxiella burnetii infection: Protective role of 17 &+
estradiol. The Journal of Infectious Diseases 189, 339-345.

L1, J. & MCMURRAY, R. W. (2010). Effects of cyclic versus sustained estrogen
administration on peripheral immune functions in ovariectomized mice.
American Journal of Reproductive Immunology 63, 274-281.

L1, L., ZHANG, S., TONG, Z. & L1u, J. (2010). In vivo effects of 17-B-estradiol on
plasma immunoglobulin levels and leukocyte density in zebrafish Danio rerio.
Chinese Journal of Oceanology and Limnology 28, 527-532.

LiBONATL, R. M. F., CUNHA, M. G., SOUzA, J. M., SANTOS, M. V. N., OLIVEIRA, S. G.,
DANIEL-RIBEIRO, C. T., CARVALHO, L. J. M. & DO NASCIMENTO, J. L. M. (2006).
Estradiol, but not dehydroepiandrosterone, decreases parasitemia and increases
the incidence of cerebral malaria and the mortality in Plasmodium berghei
ANKA-infected CBA mice. Neuroimmunomodulation 13, 28-35.

Lim, J. N., SENIOR, A. M. & NAKAGAWA, S. (2014). Heterogeneity in individual
quality and reproductive trade-offs within species. Evolution, 68, 2306-2318.



1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383

46

LINDSTROM, K. M., KRAKOWER, D., LUNDSTROM, J. O. & SILVERIN, B. (2001). The
effects of testosterone on a viral infection in greenfinches (Carduelis chloris):
An experimental test of the immunocompetence-handicap hypothesis.
Proceedings of the Royal Society of London B: Biological Sciences 268, 207-
211.

LipSEY, M. W. & WILSON, D. B. (2001). Practical Meta-Analysis. Thousand Oaks,
Calif: Sage Publications.

Ma, L. J., GuzMAN, E. A., DEGUZMAN, A., MULLER, H. K., WALKER, A. M. & OWEN,
L. B. (2007). Local cytokine levels associated with delayed-type hypersensitivity
responses: Modulation by gender, ovariectomy, and estrogen replacement.
Journal of Endocrinology 193, 291-297.

MADGE, S. & MCGOWAN, P. (2002). Pheasants, Partridges, and Grouse: Including
Buttonquails, Sandgrouse and Allies. London: Christopher Helm Publishers Ltd.

MADSEN, V., VALKIUNAS, G., I[EzHOVA, T. A., MERCADE, C., SANCHEZ, M. & OSORNO,
J. L. (2007). Testosterone levels and gular pouch coloration in courting
magnificent frigatebird (Fregata magnificens): Variation with age-class, visited
status and blood parasite infection. Hormones and Behavior 51, 156-163.

MALO, A. F., ROLDAN, E. R. S., GARDE, J. J., SOLER, A. J., VICENTE, J., GORTAZAR, C.
& GOMENDIO, M. (2009). What does testosterone do for red deer males?
Proceedings of the Royal Society of London B: Biological Sciences 276, 971-
980.

MARET, A., COUDERT, J. D., GARIDOU, L., FOUCRAS, G., GOURDY, P., KRUST, A.,
DUPONT, S., CHAMBON, P., DRUET, P., BAYARD, F. & GUERY, J. C. (2003).
Estradiol enhances primary antigen-specific CD4 T cell responses and Thl
development in vivo. Essential role of estrogen receptor alpha expression in
hematopoietic cells. European Journal of Immunology 33, 512-521.

MAYER, W. & PAVLICEV, M. (2007). The phylogeny of the family Lacertidae
(Reptilia) based on nuclear DNA sequences: Convergent adaptations to arid
habitats within the subfamily Eremiainae. Molecular Phylogenetics and
Evolution 44, 1155-1163.

McDADE, T. W. (2003). Life history theory and the immune system: Steps toward a
human ecological immunology. American Journal of Physical Anthropology
122, 100-125.

McGRrAW, K. J. & ARDIA, D. R. (2007). Do carotenoids buffer testosterone-induced
immunosuppression? An experimental test in a colourful songbird. Biology
Letters 3, 375-378.

MILLS, S. C., GRAPPUTO, A., JOKINEN, I., KOSKELA, E., MAPPES, T., OKSANEN, T. A. &
POIKONEN, T. (2009). Testosterone-mediated effects on fitness-related
phenotypic traits and fitness. The American Naturalist 173, 475-487.

MILLS, S. C., HAZARD, L., LANCASTER, L., MAPPES, T., MILES, D., OKSANEN, T. A. &
SINERVO, B. (2008). Gonadotropin hormone modulation of testosterone, immune
function, performance, and behavioral trade-offs among male morphs of the
lizard Uta stansburiana. The American Naturalist 171, 339-357.

MOHER, D., LIBERATI, A., TETZLAFF, J. & ALTMAN, D. G. (2009). Reprint-Preferred
reporting items for systematic reviews and meta-analyses: The PRISMA
statement. Physical Therapy 89, 873—880.

MG@LLER, A. P. & JENNIONS, M. D. (2001). Testing and adjusting for publication bias.
Trends in Ecology and Evolution 16, 580-586.

M@LLER, A. P. & JENNIONS, M. D. (2002). How much variance can be explained by
ecologists and evolutionary biologists? Oecologia 132,492-500.



1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431

47

MONDAL, S. & RAIL U. (1999). Sexual dimorphism in phagocytic activity of wall
lizard's splenic macrophages and its control by sex steroids. General and
Comparative Endocrinology 116, 291-298.

MOORE, F. R., SMITH, M. J. L., TAYLOR, V. & PERRETT, D. . (2011). Sexual
dimorphism in the female face is a cue to health and social status but not age.
Personality and Individual Differences 50, 1068—1073.

MORALES-MONTOR, J., BAIG, S., HALLAL-CALLEROS, C. & DAMIAN, R. T. (2002).
Taenia crassiceps: Androgen reconstitution of the host leads to protection during
cysticercosis. Experimental Parasitology 100, 209-216.

MOUGEOT, F., IRVINE, J. R., SEIVWRIGHT, L., REDPATH, S. M. & PIERTNEY, S (2004).
Testosterone, immunocompetence, and honest sexual signaling in male red
grouse. Behavioral Ecology 15, 930-937.

MOUGEOT, F., MARTINEZ-PADILLA, J., WEBSTER, L. M. 1., BLOUNT, J. D., PEREZ-
RODRIGUEZ, L. & PIERTNEY, S. B. (2009a). Honest sexual signalling mediated by
parasite and testosterone effects on oxidative balance. Proceedings of the Royal
Society of London B: Biological Sciences 276, 1093-1100.

MOUGEOT, F., PEREZ-RODRIGUEZ, L., SUM0OZAS, N., & TERRAUBE, J. (20090).
Parasites, condition, immune responsiveness and carotenoid-based
ornamentation in male red-legged partridge Alectoris rufa. Journal of Avian
Biology 40, 67-74.

MOUGEOT, F., REDPATH, S. M. & PIERTNEY, S (2005). Elevated spring testosterone
increases parasite intensity in male red grouse. Behavioral Ecology 17, 117-125.

MUEHLENBEIN, M. P. (2006). Intestinal parasite infections and fecal steroid levels in
wild chimpanzees. American Journal of Physical Anthropology 130, 546-550.

MUTWIRI, G. K. & CORBEIL, L. B. (1998). Genital and systemic immune responses in
a murine model of Tritrichomonas foetus infection. Journal of Parasitology 84,
321-327.

NAKAGAWA, S. & FRECKLETON, R. P. (2011). Model averaging, missing data and
multiple imputation: a case study for behavioural ecology. Behavioral Ecology
and Sociobiology 65, 103-116.

NAKAGAWA, S., POULIN, R., MENGERSEN, K., REINHOLD, KLAUS., ENGQVIST, L.,
LAGISZ, M. & SENIOR, A. M. (2015). Meta-analysis of variation: ecological and
evolutionary applications and beyond. Methods in Ecology and Evolution 6, 143-
152.

NAKAGAWA, S. & SANTOS, E. S. A. (2012). Methodological issues and advances in
biological meta-analysis. Evolutionary Ecology 26, 1253—-1274.

NAVARA, K. J., BADYAEV, A. V., MENDONCA, M. T., & HILL, G. E. (2006). Yolk
antioxidants vary with male attractiveness and female condition in the house
finch (Carpodacus mexicanus). Physiological and Biochemical Zoology 719,
1098-1105.

NAVARRO, C., MARZAL, A., DE LOPE, F. & MOLLER, A. P. (2003). Dynamics of an
immune response in house sparrows Passer domesticus in relation to time of day,
body condition and blood parasite infection. Oikos 101, 291-298.

NELSON, R. J. (2005). An Introduction to Behavioral Endocrinology. Sunderland,
MA: Sinauer.

NIKOLAEVICH, K. N., IVANOVICH, S. J. & VICTOROVICH, S. S. (1991). Major
reproduction hormones as regulators of cell-to-cell interactions in humoral
immune responses. Brain, Behavior, and Immunity 5, 149-161.



1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480

48

VAN NOORDWIIK, A. J. & DE JONG, G. (1986). Acquisition and allocation of resources:
Their influence on variation in life-history tactics. American Naturalist 128, 137-
142.

NORRIS, K. & EVANS, M. R. (2000). Ecological immunology: Life history trade-offs
and immune defense in birds. Behavioral Ecology 11, 19-26.

NoOVAK, M. (1974). Effect of sex hormones on the growth and multiplication of
tetrathyridia of Mesocestoides corti (Cestoda: Cyclophyllidea) in mice.
International Journal for Parasitology 4, 371-374.

Novak, M. (1975). Gonadectomy, sex hormones and the growth of tetrathyridial
populations of Mesocestoides corti (Cestoda: Cyclophyllidea) in mice.
International Journal for Parasitology S, 269-274.

NoVAK, M., MYAL, Y. & EVANS, W. S. (1981). Testosterone propionate and the
growth of Hymenolepis Microstoma in intact and orchiectomized mice.
Zeitschrift Fiir Parasitenkunde - Parasitology Research 66, 113-115.

OLIVEIRA, R. F., MIRANDA, J. A., CARVALHO, N., GONCALVES, E. J., GROBER, M. S., &
SANTOS, R. (2000). Male mating success in the Azorean rock-pool blenny: The
effects of body size, male behaviour and nest characteristics. Journal of Fish
Biology 57, 1416-1428

OLSSON, A. S., & WESTLUND, K. (2007). More than numbers matter: The effect of
social factors on behaviour and welfare of laboratory rodents and non-human
primates. Applied Animal Behaviour Science 103, 229-254.

OLSSON, M. (1993). Male preference for large females and assortative mating for
body size in the sand lizard (Lacerta agilis). Behavioral Ecology and
Sociobiology 32, 337-341.

OLSSON, M., WAPSTRA, E., MADSEN, T. & SILVERIN, B. (2000). Testosterone, ticks
and travels: A test of the immunocompetence-handicap hypothesis in free-
ranging male sand lizards. Proceedings of the Royal Society of London B:
Biological Sciences 267, 2339-2343.

OPPLIGER, A., GIORGI, M. S., CONELLI, A., NEMBRINI, M. & JOHN-ALDER, H. B.
(2004). Effect of testosterone on immunocompetence, parasite load, and
metabolism in the common wall lizard (Podarcis muralis). Canadian Journal of
Zoology 82, 1713-1719.

OWEN-ASHLEY, N. T., HASSELQUIST, D. & WINGFIELD, J. C. (2004). Androgens and
the immunocompetence handicap hypothesis: Unraveling direct and indirect
pathways of immunosuppression in song sparrows. The American Naturalist
164, 490-505.

PARKER, M. R. & MASON, R. T. (2012). How to make a sexy snake: Estrogen
activation of female sex pheromone in male red-sided garter snakes. The Journal
of Experimental Biology 215, 723-730.

PEDERSEN, M. C., DUNN, P. O., & WHITTINGHAM, L. A. (2006). Extraterritorial forays
are related to a male ornamental trait in the common yellowthroat. Animal
Behaviour 72, 479-486.

PELLETIER, F., PAGE, K. A., OSTIGUY, T., FESTA-BIANCHET, M. & Lundberg, P.
(2005). Fecal counts of lungworm larvae and reproductive effort in bighorn
sheep, Ovis canadensis. Oikos 110, 473-480.

PETERS, A. (2000). Testosterone treatment is immunosuppressive in superb fairy-
wrens, yet free-living males with high testosterone are more immunocompetent.
Proceedings of the Royal Society of London B: Biological Sciences 267, 883—
889.



1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528

49

PETERS, A., DELHEY, K., DENK, A. G. & KEMPENAERS, B. (2004). Trade-offs between
immune investment and sexual signaling in male mallards. The American
Naturalist 164, 51-59.

PETRIE, M., TiM, H., & CAROLYN, S. (1991). Peahens prefer peacocks with elaborate
trains. Animal Behaviour 41, 323-331.

PILLET, S., D'ELIA, M., BERNIER, J., BOUQUEGNEAU, J. M., FOURNIER, M. & CYR, D.
G. (2006). Immunomodulatory effects of estradiol and cadmium in adult female
rats. Toxicological Sciences 92,423-432.

PoiaNI, A., GOLDSMITH, A. R. & EvaNns, M. R. (2000). Ectoparasites of house
sparrows (Passer domesticus): An experimental test of the immunocompetence
handicap hypothesis and a new model. Behavioral Ecology and Sociobiology 47,
230-242.

PoiaNg, A., & GwozDz, J. (2002). Cloacal microorganisms and mating systems of four
Australian bird species. EMU 102, 291-296.

PoiaNI, A., & JERMIIN, L. S. (1994). A comparative analysis of some life-history traits
between cooperatively and non-cooperatively breeding Australian passerines.
Evolutionary Ecology 8, 471-488.

PoLLOCK, N. B., VREDEVOE, L. K. & TAYLOR, E. N. (2012a). The effect of exogenous
testosterone on ectoparasite loads in free-ranging western fence lizards. Journal
of Experimental Zoology, Part A: Ecological Genetics and Physiology 317, 447-
454,

PoLLOCK, N. B., VREDEVOE, L. K. & TAYLOR, E. N. (2012b). How do host sex and
reproductive state affect host preference and feeding duration of ticks?
Parasitology Research 111, 897-907.

POMIANKOWSKI, A. (1988). The evolution of female mate preferences for male
genetic quality. Oxford Surveys in Evolutionary Biology 5, 136-184.

PUERTA, M., NAVA, M. P., VENERO, C. & VEIGA, J. P. (1995). Hematology and plasma
chemistry of house sparrows (Passer domesticus) along the summer months and
after testosterone treatment. Comparative Biochemistry and Physiology, Part a:
Physiology 110, 303-307.

PYRON, R. A., BURBRINK, F. T. & WIENS, J. J. (2013). A phylogeny and revised
classification of Squamata, including 4161 species of lizards and snakes. BMC
Evolutionary Biology 13, 93. d0i:10.1186/1471-2148-13-93

R CoRrE TEAM (2014). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. Available at
http://www.R-project.org/. Accessed 05/06/2014.

RANTALA, M. J., MOORE, F. R., SKRINDA, 1., KRAMA, T., KIVLENIECE, I., KECKO, S. &
KRrAMS, L. (2012). Evidence for the stress-linked immunocompetence handicap
hypothesis in humans. Nature Communications 3, 694.
doi:10.1038/ncomms 1696

REDPATH, S. M., MOUGEOT, F., LECKIE, F. M., & EVANS, S. A. (2006). The effects of
autumn testosterone on survival and productivity in red grouse, Lagopus lagopus
scoticus. Animal Behaviour 71, 1297—-1305.

RELLOSO, M., ARAGONESES-FENOLL, L., LASARTE, S., BOURGEOIS, C., ROMERA, G.,
KUCHLER, K., CORrBi, A. L., MUNOZ-FERNANDEZ, M. A., NOMBELA, C.,
RODRIGUEZ-FERNANDEZ, J. L. & DIEZ-OREJAS, R. (2012). Estradiol impairs the
Th17 immune response against Candida albicans. Journal of Leukocyte Biology
91, 159-165.



1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577

50

RETTEW, J. A., HUET-HUDSON, Y. M. & MARRIOTT, I. (2009). Estrogens augment cell
surface TLR4 expression on murine macrophages and regulate sepsis
susceptibility in vivo. Endocrinology 150, 3877-3884.

RETTEW, J. A., HUET-HUDSON, Y. M. & MARRIOTT, I. (2008). Testosterone reduces
macrophage expression in the mouse of toll-like receptor 4, a trigger for
inflammation and innate immunity. Biology of Reproduction 78, 432-437.

RIVERO, J. C., INOUE, Y., MURAKAMI, N. & HoRIL, Y. (2002). Androgen- and
estrogen-dependent sex differences in host resistance to Strongyloides
venezuelensis infection in Wistar rats. Journal of Veterinary Medical Science 64,
457-461.

ROBERTS, C. W., WALKER, W. & ALEXANDER, J. (2001). Sex-associated hormones and
immunity to protozoan parasites. Clinical Microbiology Reviews 14, 476—488.

ROBERTS, M. & PETERS, A. (2009). Is testosterone immunosuppressive in a condition-
dependent manner? An experimental test in blue tits. The Journal of
Experimental Biology 212, 1811-8.

ROBERTS, M. L., BUCHANAN, K. L., BENNETT, A. T. D. & EvAaNns, M. R. (2007a). Mate
choice in zebra finches: Does corticosterone play a role? Animal Behaviour 74,
921-929.

ROBERTS, M. L., BUCHANAN, K. L. & EVANS, M. R. (2004). Testing the
immunocompetence handicap hypothesis: A review of the evidence. Animal
Behaviour 68, 227-239.

ROBERTS, M. L., BUCHANAN, K. L., EVANS, M. R., MARIN, R. H. & SATTERLEE, D. G.
(2009). The effects of testosterone on immune function in quail selected for
divergent plasma corticosterone response. The Journal of Experimental Biology
212, 3125-3131.

ROBERTS, M. L., BUCHANAN, K. L., GOLDSMITH, A. R. & EVANS, M. R. (2012). The
role of testosterone in bib size determination in the male house sparrow Passer
domesticus, 1s age dependent. Journal of Avian Biology 43, 264-272.

ROBERTS, M. L., BUCHANAN, K. L., HASSELQUIST, D., BENNETT, A. T. & EVANS, M. R.
(2007b). Physiological, morphological and behavioural effects of selecting zebra
finches for divergent levels of corticosterone. The Journal of Experimental
Biology 210, 4368-4378.

ROBERTS, M. L., BUCHANAN, K. L., HASSELQUIST, D. & EVANS, M. R. (2007¢). Effects
of testosterone and corticosterone on immunocompetence in the zebra finch.
Hormones and Behavior 51, 126-134.

ROBINSON, D. P., LORENZO, M. E., JIAN, W. & KLEIN, S. L. (2011). Elevated 17 &
estradiol protects females from influenza A virus pathogenesis by suppressing
inflammatory responses. PLoS Pathogens 7, €1002149.

Ros, A. F. H., Bouton, N., SANTOS, R. S. & OLIVEIRA, R. F. (20064a). Alternative
male reproductive tactics and the immunocompetence handicap in the Azorean
rock-pool blenny, Parablennius parvicornis. Proceedings of the Royal Society of
London B: Biological Sciences 273, 901-909.

Ros, A. F. H., CORREIA, M., WINGFIELD, J. C. & OLIVEIRA, R. F. (2009). Mounting an
immune response correlates with decreased androgen levels in male peafowl,
Pavo cristatus. Journal of Ethology 27, 209-214.

Ros, A. F. H., FERREIRA, C., SANTOS, R. S. & OLIVEIRA, R. F. (2006b). Regulation of
immunocompetence by different androgen metabolites in a blenny with
alternative reproductive tactics. Journal of Experimental Zoology, Part A:
Comparative Experimental Biology 305, 986-994.



1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626

51

Ros, A. F. H. & OLIVEIRA, R. F. (2009). Androgens and immune function in male
alternative reproductive morphotypes of the peacock blenny Salaria pavo.
Ethology 115, 555-565.

Ruiz, M., FRENCH, S. S., DEMAS, G. E. & MARTINS, E. P. (2010). Food
supplementation and testosterone interact to influence reproductive behavior and
immune function in Sceloporus graciosus. Hormones and Behavior 57, 134—139.

SAAD, A. H., KHALEK, N. A. & EL RIDI, R. (1990). Blood testosterone level: A season-
dependent factor regulating immune reactivity in lizards. Immunobiology 180,
184-194.

SAAD, A. H., MANSOUR, M. H., EL YAZJI, M. & BADIR, N. (1992). Endogenous
testosterone controls humoral immunity in the lizard, Chalcides ocellatus.
Zoological Science 9, 1037-1045.

SAAD, A. H., TORROBA, M., VARAS, A. & ZAPATA, A. (1991). Testosterone induces
lymphopenia in turtles. Veterinary Immunology and Immunopathology 28, 173-
180.

SAINO, N., BOLZERN, A. M., & M@LLER, A. P. (1997a). Immunocompetence,
ornamentation, and viability of male barn swallows (Hirundo rustica).
Proceedings of the National Academy of Sciences of the United States of
America 94, 549-552.

SAINO, N., GALEOTTI, P., SACCHI, R. & M@LLER, A. P. (1997b). Song and
immunological condition in male barn swallows (Hirundo rustica). Behavioral
Ecology 8,364-371.

SAINO, N. & M@LLER, A. P. (1994). Secondary sexual characters, parasites and
testosterone in the barn swallow, Hirundo rustica. Animal Behaviour 48, 1325-
1333.

SAINO, N., MOLLER, A. P. & BOLZERNA, A. M. (1995). Testosterone effects on the
immune system and parasite infestations in the barn swallow (Hirundo rustica):
An experimental test of the immunocompetence hypothesis. Behavioral Ecology
6, 397-404.

SAKS, L., OTs, 1., & HORAK, P. (2003). Carotenoid-based plumage coloration of male
greenfinches reflects health and immunocompetence. Oecologia 134, 301-307.

SALEM, M. L., MATSUZAKI, G., KISHIHARA, K., MADKOUR, G. A & NOMOTO, K.
(2000). B-estradiol suppresses T cell-mediated delayed-type hypersensitivity
through suppression of antigen-presenting cell function and Th1 induction.
International Archives of Allergy and Immunology 121, 161-169.

SALVADOR, A., VEIGA, J. P., MARTIN, J. & LOPEZ, P. (1997). Testosterone
supplementation in subordinate, small male lizards: Consequences for
aggressiveness, color development, and parasite load. Behavioral Ecology 8,
135-139.

SALVADOR, A., VEIGA, J. P., MARTIN, J., LOPEZ, P., ABELENDA, M. & PUERTA, M.
(1996). The cost of producing a sexual signal: Testosterone increases the
susceptibility of male lizards to ectoparasitic infestation. Behavioral Ecology 7,
145-150.

SCHALL, J. J., & DEARING, M. D. (1987). Malarial parasitism and male competition for
mates in the western fence lizard, Sceloporus occidentalis. Oecologia 73, 389—
392.

ScHUETT, W., GODIN, J.-G. J., & DALL, S. R. X. (2011). Do female zebra finches,
Taeniopygia guttata, choose their mates based on their “personality”? Ethology
117, 908-917.



1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674

52

SCHUURS, A. H. W. M. & VERHEUL, H. A. M. (1990). Effects of gender and sex
steroids on the immune response. Journal of Steroid Biochemistry 35, 157-172.

SEIVWRIGHT, L. J., REDPATH, S. M., MOUGEOT, F., LECKIE, F. & HUDSON, P. J. (2005).
Interactions between intrinsic and extrinsic mechanisms in a cyclic species:
Testosterone increases parasite infection in red grouse. Proceedings of the Royal
Society of London B: Biological Sciences 272, 2299-2304.

SELVARAJ, P. & PITCHAPPAN, R. M. (1985). Effect of estradiol dipropionate on the
immune system of the pigeon Columba Livia. Developmental and Comparative
Immunology 9, 669-677.

SINGH, S. S. & HALDAR, C. (2005). Melatonin prevents testosterone-induced
suppression of immune parameters and splenocyte proliferation in Indian tropical
jungle bush quail, Perdicula asiatica. General and Comparative Endocrinology
141, 226-232.

SMITH, C. & MYBURGH, K. H. (2006). Are the relationships between early activation
of lymphocytes and cortisol or testosterone influenced by intensified cycling
training in men? Applied Physiology, Nutrition, and Metabolism 31, 226-234.

SMITH, M. J. L., PERRETT, D. I., JONES, B. C., CORNWELL, R. E., MOORE, F. R.,
FEINBERG, D. R., BOOTHROYD, L. G., DURRANI, S. J., STIRRAT, M. R., WHITEN,
S., PITMAN, R. M., HILLIER, S. G. (2006). Facial appearance is a cue to oestrogen
levels in women. Proceedings of the Royal Society of London B: Biological
Sciences 273, 135-140.

SoNG, F., EASTWOOD, A.J., GILBODY, S., DULEY, L. & SUTTON, A. J. (2000).
Publication and related biases. Health Technology Assessment 4, 1-115.
doi:10.3310/hta4100

SONG, W., CONDRON, S., Mocca, B. T., VEIT, S. J., HILL, D., ABBAS, A. & JERSE, A. E.
(2008). Local and humoral immune responses against primary and repeat
Neisseria gonorrhoeae genital tract infections of 17 se-estradiol-treated mice.
Vaccine 26, 5741-5751.

DE SOUZA, E. M. D., RIVERA, M. T., ARAUJO-JORGE, T. C. & DE CASTRO, S. L. (2001).
Modulation induced by estradiol in the acute phase of Trypanosoma cruzi
infection in mice. Parasitology Research 87, 513-520.

SPOTILA, J. R. (2004). Sea Turtles: A Complete Guide to their Biology, Behavior, and
Conservation. Baltimore, MD: The Johns Hopkins University Press and
Oakwood Arts.

STEARNS, S. C. (1977). The evolution of life history traits: A critique of the theory and
a review of the data. Annual Review of Ecology and Systematics 8, 145-171.

STEARNS, S. C. (1992). The Evolution of Life Histories. Oxford: Oxford University
Press.

TAYLOR, P. D. & WILLIAMS, G. C. (1982). The lek paradox is not resolved.
Theoretical Population Biology 22, 392-409.

TCHERNITCHIN, A. N., CARTER, W., SOTO, J. & BAUMANN, P. (1990). Effect of
eosinophil-degranulating estrogens on spleen eosinophils and white pulp/red
pulp ratio. Agents and Actions 31, 249-256.

THORNHILL, R. & GANGESTAD, S. W. (2008). The Evolutionary Biology of Human
Female Sexuality. NY: Oxford University Press.

THORNHILL, R., M@LLER, A. P. & GANGESTAD, S. W. (1999). The biological
significance of fluctuating asymmetry and sexual selection: A reply to Palmer.
American Naturalist 154,234-241.



1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722

53

TRIVERS, R. L. (1972). Parental investment and sexual selection. In B. Campbell
(Ed.), Sexual Selection and the Descent of Man, (pp. 136—179). Chicago, IL:
Aldine.

TsuYUGUCHI, K., SUzUKI, K., MATSUMOTO, H., TANAKA, E., AMITANI, R. & KUZE, F.
(2001). Effect of oestrogen on Mycobacterium avium complex pulmonary
infection in mice. Clinical and Experimental Immunology 123, 428-434.

VAcLAV, R., Hol, H. & BLOMQVIST, D. (2003). Food supplementation affects
extrapair paternity in house sparrows (Passer domesticus). Behavioral Ecology
14, 730-735.

VAINIKKA, A., JOKINEN, E. 1., KORTET, R. & TASKINEN, J. (2004). Gender- and season-
dependent relationships between testosterone, oestradiol and immune functions
in wild roach. Journal of Fish Biology 64, 227-240.

VERDU, M. & TRAVESET, A. (2005). Early emergence enhances plant fitness: A
phylogenetically controlled meta-analysis. Ecology 86, 1385-1394.

VERTHELYI, D. & KLINMAN, D. M. (2000). Sex hormone levels correlate with the
activity of cytokine-secreting cells in vivo. Immunology 100, 384-390.

VIECHTBAUER, W. (2010). Conducting meta-analyses in R with the metafor package.
Journal of Statistical Software 36, 1-48. doi:10.18637/js5.v036.103

WATANOBE, H. & YONEDA, M. (2003). A mechanism underlying the sexually
dimorphic ACTH response to lipopolysaccharide in rats: Sex steroid modulation
of cytokine binding sites in the hypothalamus. Journal of Physiology 547, 221-
232.

WEATHERHEAD, P. J., METZ, K. J., BENNETT, G. F. & IRWIN, R. E. (1993). Parasite
faunas, testosterone and secondary sexual traits in male red-winged blackbirds.
Behavioral Ecology and Sociobiology 33, 13-23.

WEDEKIND, C. (1996). Lek-like spawning behaviour and different female mate
preferences in roach (Rutilus rutilus). Behaviour 133, 681-695.

WESTNEAT, D. F., HASSELQUIST, D. & WINGFIELD, J. C. (2003). Tests of association
between the humoral immune response of red-winged blackbirds (Agelaius
phoeniceus) and male plumage, testosterone, or reproductive success. Behavioral
Ecology and Sociobiology 53, 315-323.

WILSON, D. R., MCDONALD, P. G. & EVANS, C. S. (2010). Mechanisms of mate
investment in the polygamous fowl, Gallus gallus. Ethology 116, 755-762.

WINGFIELD, J. C. (1984). Androgens and mating systems: Testosterone-induced
polygyny in normally monogamous birds. The Auk 101, 665-671.

WINGFIELD, J. C., HEGNER, R. E., DUFTY, A. M., JR. & BALL, G. F. (1990). The
"Challenge Hypothesis": Theoretical implications for patterns of testosterone
secretion, mating systems, and breeding strategies. The American Naturalist 136,
829-846.

WIRA, C. R. & ROSSOLL, R. M. (1995). Antigen-presenting cells in the female
reproductive tract: Influence of sex hormones on antigen presentation in the
vagina. Immunology 84, 505-508.

WIRA, C. R. & SULLIVAN, D. A. (1985). Estradiol and progesterone regulation of
Immunoglobulin A and Immunoglobulin G and secretory component in
cervicovaginal secretions of the rat. Biology of Reproduction 32, 90-95.

WRIGHT, J., & CUTHILL, 1. (1990). Biparental care: Short-term manipulation of partner
contribution and brood size in the starling, Sturnus vulgaris. Behavioral Ecology
1, 116-124.



1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740

1741

1742

1743

1744

1745

1746

1747

1748

1749

1750

1751

1752

1753

1754

1755

54

WUNDERLICH, F., BENTEN, W. P. M., LIEBERHERR, M., GUO, Z., STAMM, O.,
WREHLKE, C., SEKERIC, C. E., MOSSMANN, H. (2002). Testosterone signaling in
T cells and macrophages. Steroids 67, 535-538.

WYNNE-EDWARDS, K. E., & LISk, R. D. (1987). Male-female interactions across the
female estrous cycle: A comparison of two species of dwarf hamster (Phodopus
campbelli and Phodopus sungorus). Journal of Comparative Psychology 101,
335-344.

YAo, G., LIANG, J., HAN, X. & Hou, Y. (2003). In vivo modulation of the circulating
lymphocyte subsets and monocytes by androgen. Infernational
Immunopharmacology 3, 1853-1860.

ZHOU, R., LAL Y., YAMABE, N., FUukuI, M. & ZHU, B. T. (2011). Estriol has different
effects from 17p-estradiol in modulating mouse splenocyte function under
inflammatory conditions. Journal of Immunotoxicology 8, 346-358.

ZUK, M., JOHNSEN, T. S. & MACLARTY, T. (1995). Endocrine-immune interactions,
ornaments and mate choice in red jungle fowl. Proceedings of the Royal Society
of London B: Biological Sciences 260, 205-210.

ZUK, M. & MCKEAN, K. A. (1996). Sex differences in parasite infections: Patterns and
processes. International Journal for Parasitology 26, 1009-1024.

VIII. SUPPORTING INFORMATION
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Fig. S1. Phylogeny for experimental studies of testosterone.

Fig. S2. Phylogeny for correlational studies of testosterone.

Fig. S3. Phylogeny for experimental studies of oestrogen.

Fig. S4. Phylogeny for correlational studies of oestrogen.

Table S3. Details of the summary statistics provided by the final averaged model
from the AICc model selection for experimental studies of testosterone,
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Table S4. Details of the summary statistics provided by the final averaged model
from the AICc model selection for correlational studies of testosterone, including

the Q statistics for the test of main effect significance for each moderator.
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Table SS. Details of the summary statistics provided by the final averaged model
from the AICc model selection for experimental studies of oestrogen, including
the Q statistics for the test of main effect significance for each moderator.

Fig. SS. The relationship between year of publication and effect size for experimental
studies of testosterone. Effect sizes are separated by castration: black indicates
no castration; blue indicates castration.

Fig. S6. The relationship between year of publication and effect size for experimental

studies of testosterone. Effect sizes are separated by immune measure: blue indicates

cell-mediated measures; light blue indicates cytokine levels; black indicates humoral-
mediated measures, grey indicates parasite loads; purple indicates white blood cell

counts.



Table 1. Parameter estimates and P-values for the effect of testosterone manipulation on immune function and the correlation between
circulating testosterone level and immune function in males. M is the mean effect size. CL.Ib and CIL.ub are the lower and upper bounds of

the 95% confidence interval respectively. * indicates moderators that were retained in final AICc models.

Experimental studies Correlational studies 1769

M CLIb  ClLub P M CLIb  ClLub P
Meta-analytic mean -0.28 —0.39 -0.17  <0.0001 Meta-analytic mean 0.04 —-0.14 0.21 0.66
Phylogenetic mean -0.28 —0.39 -0.17  <0.0001 Phylogenetic mean 0.04 —-0.14 0.21 0.66
Mating system Mating system*
Polygamous -030 -0.43 -0.16  <0.0001 Polygamous -0.001 —0.24 0.24 0.99
Monogamous -0.17 -0.33 0.006 0.06 Monogamous 0.09 —-0.18 0.34 0.51
Natural vs Lab Immune measure*
Natural -0.25 -037  -0.11 0.0004 Cell-mediated 0.26 0.007 0.48 0.04
Lab -041 -0.60 -0.17 0.0011 Humoral-mediated 0.06 -0.16  0.27 0.59
Immune measure* Parasite load -0.17 =050  0.21 0.38
Cell-mediated -0.29 -042 -0.14 0.0002 White blood cells 0.08 -0.14  0.29 0.47
Cytokines -0.03 —0.34 0.29 0.87 Immune-challenged*
Humoral-mediated -032 —045 -0.17 < 0.0001 Yes 0.05 —-0.14 0.24 0.59
Parasite load -033 —045 —-0.18 < 0.0001 No 0.03 —-0.16 0.21 0.77
White blood cells -0.24 -0.40  -0.07 0.007
Immune-challenged
Yes -0.29 -040 -0.16 <0.0001
No -0.28 —042  -0.12 0.0007
Castrated*
Yes -0.41 —0.55 -0.24  <0.0001

No -0.22 —-0.35 —-0.07 0.004




Table 2. Parameter estimates for the effect of oestrogen manipulation on immune function and the correlation between circulating oestrogen
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level and immune function in females. M is the mean effect size. CL.Ib and Cl.ub are the lower and upper bounds of the 95% confidence interval,

respectively.* indicates moderators that were retained in final AICc models.

Experimental studies

Correlational studies

M CLIb Club P M CLIb Club P
Meta-analytic mean 0.16 -0.15 044 0.30 Meta-analytic mean 0.43 0.11 0.66 0.01
Phylogenetic mean 0.16 -0.15 044 0.30 Phylogenetic mean 0.42 -0.17  0.79 0.16
Immune measure* Immune measure
Cell-mediated -0.41 —-0.65 -0.09 0.01 Cell-mediated 0.42 -0.18  0.79 0.16
Cytokines 0.29 -0.04 0.56 0.08 Cytokines 0.48 -0.45 0091 0.31
Humoral-mediated 0.30 -0.02  0.56 0.07 Humoral-mediated 0.5 -0.08 0.83 0.08
Parasite load 0.46 0.09 0.72 0.02 White blood cells 0.42 -0.18  0.79 0.16
White blood cells 0.10 -0.27 044 0.61 Immune-challenged
Immune-challenged* Yes 0.42 -0.21  0.80 0.18
Yes 0.10 -0.22 040 0.54 No 0.43 -0.18  0.81 0.16
No 0.60 0.11 0.85 0.02
Ovariectomized*
Yes 0.09 -0.24 040 0.59
No 0.41 -0.05 0.72 0.08
Dosage*
Physiological -0.05 —-040 0.3l 0.78
Supraphysiological 0.48 0.14 0.72 0.008




Studies identified
through searching
Web of Science and

Additional studies identified by
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meta-analysis (Roberts et al., 2004)

Google Scholar
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° Correlation orrelation -
3 Effect of © Effect ofon between Non-adult sample used.
2 one © oestrogen and
£ on immune testosterone immune imngwne Laboratory sample with anomalous immune
function and immune function functi function used.
n =66 function Mistudy) = 38 un 0:
= _ n =
n fstucy) ™ 38 Nistugy) = 28 Nigpecies) = 6 (study) Hypogonadal laboratory sample used.
(species) = n =21 - Nispecies)= 3
Deectsze)= 166 (species) Nieffect size) = 146 n _64
n Z072 Nieffect size) = 120 Nigubject) = 831 n(e/!s:rsuez 2o Testosterone manipulation did not significantly
foubject) Nisubject) = 5776 (subject) affect testosterone levels.
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Fig. 1. Prisma flow chart (Moher ef al., 2009) depicting the process and outcome of

the literature search.
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Immune meastire a1 Cell-mediated 18
Cytokines 19 Humoral-mediated 27
Humoral-mediated 50 Parasite load 1
Parasite load 48 .
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Natural vs Lab .
Natural 115 Mating system
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Mating system Monogamous 28
Polygamous 94
Monogamous 62 Phylogenetic mean 120
Phylogenetic mean 166
Meta—-analytic mean 166 Meta—-analytic mean 120

r

Fig. 2. Parameter estimates for (A) studies investigating the effect of testosterone manipulation on immune function and (B) studies investigating
the correlation between circulating testosterone level and immune function in males. Diamonds represent the mean and error bars represent 95%
confidence intervals. N refers to the number of effect sizes. White, light-grey, medium-grey and dark-grey spaces represent the regions for small,

small-to-medium, medium-to-large, and large effect sizes, respectively, based on Cohen (1988).
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Fig. 3. Relationship between effect size and year of publication (indicated by the bold
line) for studies investigating the effect of testosterone manipulation on immune

function. Size of each point indicates the sample size of that effect size.
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Fig. 4. Funnel plot of the residuals plotted against precision for (A) studies investigating the effect of testosterone manipulation on immune

function in males and (B) studies investigating the correlation between circulating testosterone level and immune function in males. Filled circles

are actual effect sizes and empty circles are missing effect sizes estimated from the trim-and-fill analyses. Dashed lines indicate the zero line.
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Dosage N
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Yes 13
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Immune-challenged Immune measure
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Fig. 5. Parameter estimates for (A) studies investigating the effect of oestrogen manipulation on immune function and (B) studies investigating
the correlation between circulating oestrogen level and immune function in females. Diamonds represent the mean and error bars represent 95%
confidence intervals. N refers to the number of effect sizes. White, light-grey, medium-grey and dark-grey spaces represent the regions for small,

small-to-medium, medium-to-large, and large effect sizes, respectively, based on Cohen (1988).
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Fig. 6. Relationship between effect size and year of publication for studies
investigating the effect of oestrogen manipulation on immune function. Solid line
indicates the relationship when all effect sizes were included. Dashed line indicates
the non-significant relationship after removing the effect size from 1974 that appeared
to be driving the significant relationship between effect size and year of publication.

Size of each point indicates the sample size of that effect size.
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Fig. 7. Funnel plot of the residuals plotted against precision for (A) studies investigating the effect of oestrogen manipulation on immune
function in females and (B) studies investigating the correlation between circulating oestrogen level and immune function in females. Filled
circles are actual effect sizes and empty circles are missing effect sizes estimated from the trim-and-fill analyses. Dashed lines indicate the zero

line.



