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INTRODUCTION

Sex-specific physiology represents a set of physiological
characteristics that differ considerably between males
and females of the same species. Besides the most obvious

Abstract

Sex-specific physiology is commonly reported in animals, often indicating lower
immune indices and higher oxidative stress in males than in females. Sexual selec-
tion is argued to explain these differences, but empirical evidence is limited. Here,
we explore sex differences in immunity, oxidative physiology and packed cell vol-
ume of wild, adult, breeding birds (97 species, 1997 individuals, 14 230 physiologi-
cal measurements). We show that higher female immune indices are most common
across birds (when bias is present), but oxidative physiology shows no general sex-
bias and packed cell volume is generally male-biased. In contrast with predictions
based on sexual selection, male-biased sexual size dimorphism is associated with
male-biased immune measures. Sexual dichromatism, mating system and parental
roles had no effect on sex-specificity in physiology. Importantly, female-biased im-
munity remained after accounting for sexual selection indices. We conclude that
cross-species differences in physiological sex-bias are largely unrelated to sexual

selection and alternative explanations should be explored.
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sex-differences, such as reproductive roles driven by the
sex-specific endocrine systems, it has been demonstrated
that sexes can also differ in their immune and oxidative
physiologies (Costantini, 2018; Kelly et al., 2018; Klein &
Flanagan, 2016). Given that these physiological systems
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are both tightly linked to reproduction and survival
(Metcalf et al., 2020; Monaghan et al., 2009; Vagasi
et al., 2019; Zuk, 2009), sexual dimorphism in physiology
might covary with sex differences in major life-history
traits, including fitness or demography (Metcalf et al.,
2020; Nystrand & Dowling, 2020; Stoehr & Kokko,
2006; Tidiere et al., 2020). Recent studies suggest that
although sex-specific physiology might occur anywhere
from insects to fish, birds or mammals (Costantini, 2018;
Kelly et al., 2018; Nunn et al., 2009), it is not ubiquitous
across species (e.g. Kelly et al., 2018). Currently, our un-
derstanding of the generality, direction (female-biased
vs. male-biased), as well as the evolutionary causes of
sex-specificity in physiology is rudimentary even in well-
studied vertebrate groups, such as birds or mammals.
Large-scale phylogenetic comparative and meta-
analytic studies are needed to advance our under-
standing of the generality of sex-specific physiologies.
Nonetheless, such studies are scarce to date, and their
results are often contradictory. For instance, the weak
female-bias in immunity disappeared after controlling
for phylogenetic effects in a meta-analysis covering 104
species (including both vertebrates and invertebrates;
Kelly et al., 2018), indicating no general sex-bias in physi-
ology across animals. A comparative study on zoo mam-
mals found that females tend to have generally higher
white blood cell counts (Nunn et al., 2009), indicating
female-bias in immunity across mammals. In contrast,
a recent meta-analysis on wild birds showed that multi-
ple components of the immune system are in fact more
active/higher in males than in females during breed-
ing, although no sex-difference was detected when the
season was not considered (Valdebenito et al., 202I).
Contradictory conclusions of these studies could partly
be explained by non-standardised sampling, such as lack
of controlling for the effect of age (Jakubas et al., 2015)
or breeding status (sex-related differences in physiology
often manifest during the breeding season, but not outside
of it; Pap et al., 2010), or the non-uniform sexual dimor-
phism across the inspected immune parameters (Metcalf
& Graham, 2018) or among taxonomic groups. For in-
stance, it was suggested that among vertebrates, females
should have stronger adaptive and non-inflammatory
immune responses, whereas males should mount stronger
innate and inflammatory immune responses (Lee, 20006).
The argument is that adaptive and non-inflammatory
immune responses are less costly, and have limited in-
fluence on reproduction in females. Males, on the con-
trary, should invest in arms of the immune system that
help them cope with wounds or infections resulting from
aggressive interactions (Lee, 2006). Sex differences in
oxidative physiology across vertebrates were so far only
inspected in a single meta-analysis (Costantini, 2018), in-
dicating that females in reptiles and in vertebrates with
no parental care are less resistant to oxidative stress than
males. Nonetheless, this meta-analysis indicated no gen-
eral sex-bias across 82 vertebrate species or in the case of

fish, birds and mammals (Costantini, 2018). On the con-
trary, species-level case studies often indicate clear sex-
differences in oxidative physiology, especially among
adult breeding individuals (e.g. Emaresi et al., 2016; Heiss
& Schoech, 2012; Rubolini et al., 2012). Consequently, to
determine the generality and consistency of physiologi-
cal sex-differences or to establish its evolutionary roots,
cross-species studies are needed that control for the con-
founding effects of methodology, age or seasonality (see
Martin et al., 2008; Pap et al., 2010).

Several hypotheses have been formulated to explain
differences in physiology between the sexes. Theoretical
works have emphasised the importance of evolutionary
explanations to why sex-specific physiologies emerge, ir-
respective of the proximate (e.g. hormonal) mechanisms
driving them (Metcalf et al., 2020; Metcalfe & Alonso-
Alvarez, 2010; Rolff, 2002; Stoehr & Kokko, 2006). One
of the key mechanisms could be sexual selection, a pow-
erful driver of phenotypic evolution (Alonso-Alvarez
et al., 2007; Hasselquist, 2007; Monaghan et al., 2009).
The sexual selection hypothesis posits that differential
allocation into reproduction, including mate acquisi-
tion (e.g. sexual display, intrasexual competition) or into
different parental roles can alter resource availability
for self-maintenance in a sex-specific manner (Schantz
et al., 1999; Zuk, 2009). The hypothesis implies that the
sex with higher variance in reproductive success (gener-
ally males in vertebrates) allocates more resources into
mate attraction and less into immune function or oxi-
dative homeostasis, thus increasing their fitness through
the number of matings at the expense of a shorter life
(Zuk, 2009). On the contrary, the sex which maximises
its fitness via longevity (generally females, being limited
by their fecundity) will allocate more resources into self-
maintenance, increasing thus their survival probabil-
ities and their fitness through the number of breeding
attempts (Zuk, 2009). Nonetheless, evidence for the link
between sexual selection and sexual dimorphism in phys-
iology is limited. For instance, sex differences in immune
function across captive mammals were unrelated to sex-
ual size dimorphism (Nunn et al., 2009). On the contrary,
reduction of spleen mass (an indirect measure of immune
suppression) in males was more pronounced in bird spe-
cies with increased extra-pair paternity, but was unre-
lated to sexual dichromatism (Maeller et al., 1998). Thus,
results on how the intensity of sexual selection relates to
sexual dimorphism in physiology remain contradictory,
questioning the general validity of the sexual selection
hypothesis.

Here, we use a dataset comprising 14 230 physiolog-
ical measurements of 1997 wild birds, belonging to 97
species. Sampling was restricted to the breeding season
(when the effect of sexual selection should be the most
prominent), to the same geographic region, and was
performed using identical field protocols (minimising
handlingstress) and uniform laboratory measurements.
We explore sex differences in ten immunological, four
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oxidative physiology parameters, as well as in packed
cell volume, reflecting blood oxygen-carrying capac-
ity. We adopt an evolutionary framework in our anal-
yses, where we inspect how characters reflecting the
strength of sexual selection correlate with patterns of
physiological sex-differences across the avian phylog-
eny. The intensity of sexual selection can manifest in
many forms, including sexually different sizes (dimor-
phism), colours (dichromatism), in divergent mating
systems (e.g. polygyny) or sex-specific parental roles
(e.g. from uniparental to unequal biparental offspring
care), or as a combination of these traits (Dunn et al.,
2001; Liker et al., 2015). Based on the sexual selection
hypothesis of physiological sex-differences we predict
larger sex differences in physiology in species subject
to strong sexual selection (larger sexual size dimor-
phism or dichromatism, in polygamous over monog-
amous species and in species with sex-biased parental
roles). Similarly, we predict lower immune indices and
stronger oxidative stress (lower concentration of anti-
oxidants and higher oxidative damage) in the sex sub-
ject to more intense sexual selection (i.e. the larger size,
more colourful, non-caring sex).

METHODS
Sample collection

Blood samples were collected between 2009 and 2013,
and between 2016 and 2019. We captured birds with
mist-nets and nest traps at various sites across Romania
(see Pap et al., 2015; Vagasi et al., 2019). We timed the
blood sampling to the breeding season (between April
and July) to capture the state of birds during the most
demanding life-history stage when sex differences mani-
fest strongly (Pap et al., 2010) and thus its effect on physi-
ological sex differences is expected to be the largest.
Detailed descriptions of the fieldwork can be found in
the Supplementary Methods.

Physiological variables

Immune capacity was quantified by counting the number
of total and specific white blood cells (WBCs) relative to
erythrocyte numbers (heterophils, lymphocytes, mono-
cytes, eosinophils, basophils, heterophil:lymphocyte
ratio and total white blood cell count), by quantifying
the levels of natural antibodies (NAbs) and complement
(agglutination and lysis, respectively), and by measur-
ing the bacterial killing activity of the plasma against
Escherichia coli (French & Neuman-Lee, 2012; Matson
et al., 2005). The oxidative state was assessed by measur-
ing the level of three non-enzymatic antioxidant mark-
ers (total antioxidant status, TAS; uric acid, UA; total
glutathione, tGSH) and of the level of peroxidative

damage to membrane lipids (malondialdehyde, MDA)
(Vagasi et al., 2019). We also estimated the packed cell
volume (hematocrit, Ht%, by measuring the ratio of
erythrocytes to total blood volume (Moller et al., 2013).
Detailed protocols of laboratory assays are described in
the Supplementary Methods).

Higher WBC count can mark a more potent immune
system (Blount et al., 2003; Horak et al., 1998; Nunn,
2002; Nunn et al., 2003), nonetheless, high WBC count
and differential increase in white blood cell types can
also signal specific health conditions. For instance, an
increase in heterophils and lymphocyte counts marks
a change in first-line defence and upregulated adaptive
defences, respectively (Davis et al.,, 2008). Similarly,
decreased levels of leukocytes (e.g. lymphocytes) may
signal stress-induced immunosuppression, or reduced
ability to fight parasites (Blount et al., 2003; Davis et al.,
2008). The heterophil:lymphocyte ratio can be associ-
ated with a state of readiness to cope with infection and
is also considered a reliable proxy of physiological stress
(Gross & Siegel, 1983; Minias, 2019). Inter-individual
differences in monocyte and eosinophil counts might in-
dicate a difference in phagocytic and antigen-presenting
capacity, reflecting defence potential against parasitic
infections. Basophils are indicative of inflammatory re-
actions (Davison et al., 2008). NAbs and the activity of
the complement system are two associated measures of
the constitutive innate immune system (Matson et al.,
2005). Higher scores mean that the immune constituents
of the plasma can agglutinate or lyse foreign erythro-
cytes at lower concentrations (indicating better immune
capacity). Bacterial killing activity is a direct measure
of constitutive innate immunity in birds (Millet et al.,
2007; Tieleman et al., 2005) and characterises the capac-
ity of the blood to limit bacterial infection. All oxida-
tive physiology markers measured here have previously
been shown to be associated with fitness parameters
in wild-living organisms. For instance, decreased non-
enzymatic antioxidant levels are indicative of stress or
increased reproductive effort (Alonso-Alvarez et al.,
2004; Vagasi et al., 2019; Wiersma et al., 2004). Similarly,
oxidative damage to lipids (i.e. MDA) is indicative of
higher reproductive effort in both birds and mammals
(Blount et al., 2016; Metcalfe & Alonso-Alvarez, 2010;
Monaghan et al., 2009; Pap et al., 2018; Stier et al., 2012;
Xu et al., 2014).

Field and molecular sexing of birds

Sex was determined during field sampling whenever it
was possible based on morphological characteristics
(plumage traits and/or presence of brood patch for spe-
cies where only females develop brood patch; see Table
SI). Molecular sexing was performed in sexually mono-
morphic species, where sexing in the field was not pos-
sible (see Supplementary Methods).
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Measures of sexual selection

Data on sex-specific body mass were extracted from
Storchova and Hotak (2018), but were verified using al-
ternative sources and some data were updated using re-
cent primary literature data or our field measurements
(for specific data sources see Table S2). Sexual size di-
morphism (SSD) was calculated as log male body mass
minus log female body mass, where positive values in-
dicate larger size in males (hereafter male-biased SSD)
(Mikula et al., 2021).

To quantify sexual dichromatism, plumage coloura-
tion was measured in both sexes following the method-
ology described in Dale et al. (2015) and Carballo et al.
(2020) (see Supplementary Methods for details). The
mating system was scored based on information ob-
tained from birdsoftheworld.org, Snow et al. (1998) and
other studies (Liker et al., 2015; Olson et al., 2008). Sex-
differences in parental care were extracted from Liker
et al. (2015) or, for species without data in this reference,
we used other two sources (birdsoftheworld.org; Snow
et al.,, 1998, see Supplementary Methods for details).
Data, as well as sources on body mass and measures of
sexual selection, are provided in Table S2.

Statistical analyses

Although we aimed to maintain the complete homoge-
neity in the assessment of our physiological samples,
given the long-time frame of data collection complete
homogeneity could not be achieved. A few aspects of
our laboratory assays changed over the years, including
laboratory personnel, equipment or batches of reagents,
which potentially added noise to the data, mainly con-
tingent on and reflected by the year of sample collection.
Consequently, to quantify sex-specificity in physiological
parameters whilst controlling for temporal data hetero-
geneity, we used the following procedure. First, for each
physiological parameter (dependent variable) we built a
general linear mixed-effects model (LMM). All models
contained species, sex and the interaction between these
two variables as fixed factors, as well as the year of data
collection as a random factor. Second, from these mod-
els, we extracted the critical values (z-values) of sex-effect
for each species using pairwise differences in estimated
marginal means, by utilising R package emmeans (Lenth,
2021). These critical values, along with sex-specific sam-
ple sizes were then used to calculate corrected effect sizes
(Hedge's d, also called Hedge's g, which is unbiased in the
case of small sample sizes, following Lakens, 2013) ex-
press differences between the sexes in physiological pa-
rameters. Positive values of Hedge's d mark higher values
of the measured parameter in males compared to females
(i.e. male-bias), whilst negative values mark larger values
in females (i.e. female-bias). Hedge's d values were used
as response variables in meta-analytic models exploring

the cross-species diversity of sex-specific physiology and
factors affecting it. The advantage of using effect sizes is
that, unlike sex-differences in average values, it considers
the variance within sex and provides a value that reflects
both the direction and magnitude of the sexual dimor-
phism in physiology, whilst being independent of the
scale of the original variable. Effect sizes were extracted
for all species, where both sexes and a minimum of three
individuals per species were sampled. However, we also
performed sensitivity analyses restricting the analyses to
species with a minimum sample size of two, three or four
individuals per sex to assess the sensitivity of the results
to within-species and within-sex sample sizes. Given that
sexes were sometimes captured at different times of the
breeding season, we also tested and concluded that con-
trolling for capture date differences do not alter any of
our conclusions (for details see Supplementary Methods
and Table S3).

To assess whether sex-differences in the measured
physiological parameters are species-specific, as re-
quired for phylogenetic comparative analyses, we tested
their repeatabilities. To do this, we performed bootstrap
sampling without replacement on the existing measure-
ments. We extracted n random measurements for both
males and females of a particular physiological parame-
ter. Based on these samples, we extracted the effect sizes
of the sex-difference in each species following the LMM
procedure described above. We repeated this bootstrap
sampling and the extraction of effect sizes 100 times and
then calculated cross-species repeatability of the effect
sizes using R package irr (Gamer et al., 2019). The above
repeatability test was performed for each physiological
parameter and with a within-species, within-sex sam-
ple size (n) of two, three, four and five individuals. Sex-
differences in all physiological parameters were highly
repeatable across species at each within-species, within-
sex sample size (n) (see Table S4).

Given that species represent non-independent data
points, phylogenetic effects can arise. Therefore, we ex-
plored phylogenetic effects in physiological sex-biases
and controlled for this effect in each meta-analytic
model. To do this, we obtained 1000 equally parsimo-
nious phylogenies from http://birdtree.org (Jetz et al.,
2012) using the Hackett backbone tree (Hackett et al.,
2008), and we assembled a rooted, ultrametric consensus
tree using the SumTrees Python library (Sukumaran &
Holder, 2010). This consensus tree was then used to esti-
mate the phylogenetic effects in physiological sex-biases
(R function ‘phylosig’; Revell, 2012) and to control for
these in meta-analytic models.

In order to explore the generality of sex-differences
in physiology across several species, we used intercept-
only meta-regression models with phylogenetic correla-
tion incorporated to assess the overall effect size using
restricted maximum likelihood approximation. We then
performed moderator analyses in order to explore which
sexual selection variables influence the magnitude and
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direction of sex-differences in various physiological
parameters. All meta-analytic models were performed
using the ‘rma.mv’ function in the R package metafor (v.
2.4-0; Viechtbauer, 2010). All analyses were carried out
using R v. 4.0.4 (R Development Core Team, 2021).

RESULTS
Phylogenetic effect
The phylogenetic effect of sex-differences in physiologi-

cal parameters was not detected except in the case of ba-
sophil counts (Table S5, Figure 1). Phylogenetic signals

(or lack thereof) remained consistent for each parameter
after the exclusion of species with small sex-specific sam-
ple sizes (Table S5).

Sex-differences in physiology

Effect sizes obtained from intercept-only meta-analytic
models indicated overwhelmingly female-biased im-
mune measures, although the magnitude and direc-
tion of sexual dimorphism varied considerably among
immune parameters (Table S6, Figure 2). Females had
higher agglutination scores as well as higher total
WBC, heterophil and lymphocyte counts than males.

B Male-biased immune measures
Female—-biased immune measures
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Phylogenetic distribution of sex-differences in total white blood cell counts, illustrating the phylogenetic coverage of the data

and the lack of phylogenetic signal in physiological sex-specificity in our sample. Female-bias (marked in pink) in total white blood cell number
is more prominent than male-bias (marked in grey) in our sample. The height of the bars reflects the magnitude of sex difference (i.e. the

absolute value of the effect sizes)
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No overall sex-bias could be detected in the case of
rarer WBC types (monocytes, eosinophils and baso-
phils) or heterophil:lymphocyte ratios. Lysis, as well as
bacterial killing activity, appeared to be slightly but
not detectably higher in females. No overall sex-bias
could be detected in any of the oxidative physiology
parameters (i.e. TAS, UA, tGSH and MDA concentra-
tions; Table S6, Figure 2). The overall effect size of Ht%
indicated a higher packed cell volume in males com-
pared to females. The general pattern of sexual differ-
ence in physiology was only negligibly sensitive to the
sex-specific sample sizes, as the results remained gen-
erally consistent when species with lower sex-specific
sample sizes were excluded, even though these sensi-
tivity analyses reduced the species pool of the models
(Table S6). This indicates that sexual dimorphism in
certain physiological parameters is robust to within-
species, within-sex sample sizes.

The role of sexual selection

The agglutination and lysis scores were increasingly
female-biased in species with more male-biased SSD
(Table 1, Figure 3), though the association was statisti-
cally non-significant. The overall higher agglutination
and lysis scores in females compared to males (i.e. nega-
tive intercept) remained unchanged after controlling for
SSD (Table 1). Total WBC, heterophil, lymphocyte and
monocyte counts were more female-biased in species
with female-biased SSD, whilst the sexes became simi-
lar in these immunological traits with more male-biased
SSD (Table 1, Figure 3). Again, controlling for SSD did
not influence the overall female-bias in these leukocyte
counts (Table 1). SSD was unrelated to sexual dimor-
phism in eosinophils, basophils, heterophil:lymphocyte
ratio and in bacterial killing activity, and SSD did not
influence the overall sex-specificity of these parameters
(Table 1).

Despite the lack of overall sex-specificity in MDA con-
centration, MDA levels tended to be more female-biased
in species with increasingly male-biased SSD, but the as-
sociation was not statistically significant (Table 1). SSD
did not explain variation in sexual dimorphism in any
non-enzymatic antioxidant levels (TAS, UA or tGSH) or
Ht%, and did not influence the overall sex-specificity of
these parameters (Table 1).

Sexual dimorphism in physiological measures was not
associated with sexual dichromatism, mating system (i.e.
polygyny score of males) and sex-differences in parental
care (Table 1). None of the overall effect sizes of sexual
dimorphism in physiological measures and their associ-
ation with SSD changed when all possible variables de-
scribing the intensity of sexual selection were introduced
in multivariate models (Table S7). This indicates that the
sex-differences in physiological parameters and their re-
lationship with SSD are robust.

DISCUSSION

Based on analyses of a unique physiological database
comprising 97 European breeding bird species, we make
four important conclusions regarding cross-species
variances of physiological sexual dimorphism. First, we
provide unambiguous evidence that immunological sex-
bias in birds (when present) is skewed towards females,
similarly to what has been observed in mammals (Nunn
et al., 2009), and this sex difference remains even after
controlling for proxies of sexual selection. Second, oxi-
dative physiological markers do not show consistent sex-
differences across birds even if sampling is homogeneous
to age, breeding status, and handling stress. Third,
Ht% is consistently male-biased across breeding birds.
Fourth, sex-biases in all physiological parameters in-
spected here are phylogenetically flexible and are not ex-
plained by measures of the intensity of sexual selection.
Female-bias in immunity is commonly reported
across mammals, including humans (Klein & Flanagan,
2016; Metcalf et al., 2020; Nunn et al., 2009), but the
overall pattern in birds appeared more equivocal so
far. Higher immune indices in males than in females,
and opposite differences (that disappeared after phylo-
genetic control) were both reported (Kelly et al., 2018;
Valdebenito et al., 2021). In contrast, our study indicates
a consistent female-bias in multiple immune parame-
ters and a limited contribution of phylogenetic history
to shaping these sex-differences. The contrasting results
likely emerged due to the high sampling heterogeneity in
earlier datasets (Kelly et al., 2018), such as lack of consid-
eration for breeding status (see the importance of this in
e.g. Pap et al., 2010), or limited sample sizes (Valdebenito
et al., 2021, where parameter-specific sample sizes are
often limited to only three species). Compared to these,
our study has considerably higher power, due to more
homogeneous sampling (e.g. to age, breeding status and
handling stress) and a larger species pool. Nonetheless,
our results also indicate large inconsistencies in sex-bias
across multiple immune parameters, even though we
used a largely identical sample of individuals to measure
these. These findings support the conclusion of previous
studies, indicating that sexual dimorphism in immune
function differs between immune system constituents
(Kelly et al., 2018). Differences in sex bias among physio-
logical parameters likely reflect the outcome of differen-
tial adaptive up or downregulation of immune effectors
between the sexes (Kelly et al., 2018; Metcalf & Graham,
2018). Adaptive and inducible components of the im-
mune system were predicted to be female-biased, whilst
innate and constitutive components to be male-biased
(Lee, 2006). Following Lee's (2006) categorisation of im-
mune measures, our findings are generally inconsistent
with these predictions, however, we remain cautious in
our conclusions, as some of our immune parameters can-
not be unambiguously classified as innate or adaptive,
constitutive or inducible (i.e. bacteria-killing activity,
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TABLE 1 Result of single-predictor meta-analytic models performed separately for each physiological parameter and each predictor
(sexual size dimorphism, sexual dichromatism, male polygyny score and parental care)

Sexual size
dimorphism

Intercept ZI (p-value)

Sexual dichromatism

Male polygyny score

Parental care

Response variable N Predictor ZI (p-value)
Immunological measuress
Agglutination 90 —0.11 (0.0903)

~1.49 (0.0525)

Lysis 90 —0.10 (0.1401)
—1.21 (0.1151)
Bacterial killing activity 51 —0.13 (0.2686)
0.82(0.5347)
White blood cells 92 =0.40 (< 0.0001)
1.75 (0.0393)
Heterophils 92 —-0.38 (< 0.0001)
1.85(0.0287)
Lymphocytes 92 =0.33 (< 0.0001)
1.70 (0.0431)
Eosinophils 92 —0.02 (0.8005)
0.72 (0.3823)
Monocytes 92 —0.07 (0.3438)
1.75 (0.0365)
Basophils 91 0.01 (0.8908)

0.81 (0.3441)

~0.06 (0.4213)
0.71 (0.4081)

Heterophil:Lymphocyte ratio 89

Oxidative physiology

Total antioxidant status 83 0.01 (0.9232)
—0.19 (0.8212)

Total glutathione 84 —0.02 (0.7189)
0.56 (0.5226)

Uric acid 86 0.06 (0.3690)
—0.17 (0.8378)

Malondialdehyde 87 —0.05 (0.4052)

—1.43 (0.0816)
Oxygen carrying capacity of the blood

Hematocrit 73 0.42 (< 0.0001)

~0.39 (0.7320)

—0.14 (0.1341)
0.00 (0.8264)

—0.15 (0.0923)
0.00 (0.4665)

—0.10 (0.5246)
0.00 (0.8645)

—0.38 (0.0001)
0.00 (0.9392)

-0.42 (< 0.0001)
0.01 (0.3742)

-0.22 (0.0218)
—0.01 (0.3742)

~0.01 (0.8971)
0.00 (0.9684)

0.04 (0.7169)
—0.01 (0.2399)

0.04 (0.6814)
0.00 (0.7737)

—0.11 (0.3008)
0.01 (0.4654)

—0.06 (0.5054)
0.01 (0.3077)

0.02 (0.7963)
0.00 (0.5027)

0.18 (0.0452)
—0.01 (0.0522)

—0.05 (0.5574)
0.00 (0.8854)

0.37 (0.0057)
0.00 (0.8878)

~0.08 (0.3242)
—0.04 (0.4698)

—0.07 (0.4175)
—0.04 (0.4764)

—0.26 (0.0771)
0.14 (0.1336)

—0.35(0.0001)
—0.03 (0.5650)

-0.33(0.0002)
—0.03 (0.6498)

-0.23 (0.0088)
~0.08 (0.1678)

0.03 (0.7767)
~0.04 (0.5396)

0.01 (0.8771)
~0.06 (0.3002)

0.00 (0.9760)
0.02 (0.6864)

—0.11 (0.2521)
0.06 (0.3619)

—0.01 (0.8883)
0.02 (0.7509)

—0.07 (0.4274)
0.05 (0.3992)

—0.04 (0.6024)
0.10 (0.0728)

—0.03 (0.7294)
~0.03 (0.5355)

0.36 (0.0053)
0.00 (0.7772)

—0.11 (0.2929)
0.04 (0.8768)

—0.04 (0.7296)
0.20 (0.3773)

~0.10 (0.5887)
0.08 (0.8455)

—0.40 (0.0003)
—0.05 (0.8389)

—0.34(0.0019)
0.07 (0.7725)

~0.40 (0.0002)
—0.27 (0.2782)

—0.01 (0.9004)
~0.01 (0.9658)

-0.05 (0.6106)
~0.03 (0.9136)

0.07 (0.5197)
0.14 (0.5518)

0.01 (0.9108)
0.19 (0.4645)

—0.05 (0.6361)
~0.17 (0.5025)

~0.08 (0.4191)
—0.19 (0.4331)

0.09 (0.3629)
0.11 (0.6497)

~0.03 (0.8013)
0.10 (0.6554)

0.38 (0.0120)
0.06 (0.8617)

Note: For each model, the coefficients for the intercept (first row; Intercept ZI) and the slope of the predictor (second row; Predictor ZI) are given along with
corresponding p-values in parentheses. The number of species the models of each physiological parameter are based on are also shown (). Intercepts mark
overall sex-biases (negative values indicating female-bias and are marked in red, positive values indicate male-bias and are marked in blue). Significant effects (p-

value < 0.05) are marked in bold.

NAbs, lymphocyte count; Demas et al., 2011). Finally,
immune parameter-specific sexual dimorphism can also
be explained by the immunological costs of complemen-
tary sex roles (e.g. mate attraction in males, parental care
in females), which can be similar overall for particular
measures, ultimately resulting in comparable physiolog-
ical traits in males and females.

Immune defence is one of the best predictors of sur-
vival and recruitment in wild animals (Mgller & Saino,
2004). Consequently, sex-bias in immunity might con-
tribute to sex-differences in survival. This theory is sup-
ported in mammals, where females have both higher
immune indices and higher survival than males (Lemaitre

et al., 2020; Nunn et al., 2009). In birds, however, immu-
nity appears to be female-biased (present study), which
is inconsistent with the generally male-biased survival
across the avian phylogeny (Székely et al., 2014). The
discrepancy in survival and physiological sex-biases in
birds vs. mammals represents a logical challenge, which
can be solved by future studies testing the associations
between sex-specific physiology and sex-specific sur-
vival in animals of various taxonomic positions. Finally,
sex-specific survival is also contingent on other immune
or physiological parameters that were not considered in
our study. Such a factor could be parasite burden, which
directly affects immune function and survival. Indeed,
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sex-differences in parasitism are commonly reported,
often indicating higher parasite load in males than in
females (Zuk, 2009), which also manifests in sex-biased
immune function (Moore & Wilson, 2002). However,
studies addressing the association between sex-specific
parasitism and sex-bias in immunity so far yielded con-
flicting results (McCurdy et al., 1998; Valdebenito et al.,
2020). Moreover, the link between immune function and
survival might not be linear, with the low and high im-
mune responses being equally sub-optimal, potentially
confounding survival-immunity associations between
the sexes. Therefore, to establish whether physiology
plays a role in shaping survival patterns and if so identi-
fying which physiological characters are most important
in this respect requires further explorations.

Oxidative physiology is highly sensitive to sex- and
stress hormones, and to intensified physical activity,
which is frequently elevated during the reproductive pe-
riod (Costantini, 2014; Monaghan et al., 2009). Sex dif-
ferences in parental roles, territory or mate guarding,
and participation in aggressive interactions were thus
suggested to precipitate in sex differences in oxidative
stress (Alonso-Alvarez et al., 2004, 2007; Schantz et al.,
1999). Therefore, we expected detectable sex-differences
in oxidative physiology. Interestingly, however, we did
not find general sex-bias in measures of antioxidants or
oxidative damage. This finding brings support for the
single multi-species meta-analysis, showing no general
sex-differences in markers of oxidative state in birds
(Costantini, 2018). It might be possible that the sexes
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differ in the oxidative state in particular stages of breed-
ing (territory acquisition, incubation or chick provision-
ing) with the oxidative toll being paid by either males or
females in a breeding stage-specific manner, but overall
sex differences remain undetectable.

We found a consistently male-biased Ht% across
breeding birds, contradicting findings of a meta-analysis
based on 36 studies, which concluded no sex-difference
in Ht% in birds (Fair et al., 2007). Ht% reflects blood
haemoglobin content and therefore the oxygen-carrying
capacity of the blood. Larger Ht% in males thus likely in-
dicates a generally higher aerobic activity in males com-
pared with females, at least during breeding. Such effect
might be the result of more intense locomotor activity
due to sexual competition and territory acquisition/de-
fence in males. A mutually non-exclusive explanation
is ‘anaemia’ associated with egg production in females,
which could contribute to the sex-differences in Ht%
during the breeding season (Williams et al., 2004).

One of our key findings is that sexual size dimorphism
is a significant predictor of immunological sex-bias for
multiple measures of the immune system. It is widely
acknowledged that male-biased sexual size dimorphism
is the result of intense mating competition (Fairbairn
et al., 2007). Based on the theory on the role of sexual
selection in driving physiological adaptations, we pre-
dicted weaker immunity and higher levels of oxidative
stress in the larger sex, which has a larger variance in
fitness. Indeed, sexual size dimorphism was correlated
with the sex-bias in several immune parameters, with
dimorphic species being more likely to exhibit sex-bias
in physiology. Surprisingly, however, our prediction was
only supported in the case of agglutination, and the op-
posite pattern was observed in the case of WBC counts
(heterophils, lymphocyte, monocytes, total WBCs), with
the larger sex exhibiting higher cell counts (not lower
as predicted). One possible explanation for the higher
WBC count of males in species with larger males is that
these cells are important in protection during injuries,
and because males of species under strong sexual selec-
tion are commonly injured during contests, their num-
ber is upregulated to help wound healing (Blount et al.,
2003; Nunn, 2002; Nunn et al., 2003). None of the other
proxy measures of sexual selection intensity (dichro-
matism, mating system and parental roles) explained
variance in sexual dimorphism of physiological vari-
ables. Importantly, female-biased immunity remained
even after accounting for sexual dimorphism, dichro-
matism, mating system or sex-differences in parental
care. Therefore, we conclude that sexual selection has
only limited contribution to shaping immunological
sex-differences and additional evolutionary mechanisms
should be explored. Finally, contrary to our predictions
based on previous works (Alonso-Alvarez et al., 2004,
2007; Monaghan et al., 2009; Schantz et al., 1999), none
of the measures of sexual selection explained variance
in sex-differences in oxidative physiology. We also show

a limited role of parental division of labour in shaping
sex-differences in oxidative stress markers, opposing the
results by Costantini (2018). We thus conclude that sex-
ual selection plays little role in shaping sex-specificity in
oxidative physiology across species. Failure to demon-
strate associations between sex-specific oxidative physi-
ology and the intensity of sexual selection, however, does
not preclude the existence of such associations. In fact,
oxidative physiology changes quickly in response to e.g.
locomotion or stress, and changes within the reproduc-
tive season as a function of the actual reproductive stage,
such as mating, incubation or food-provisioning is possi-
ble (Pap et al., 2018). Exploring such an effect, however,
requires the close monitoring of breeding populations
and remains to be accomplished by future studies.

CONCLUSION

Our results indicate that physiological sex-differences
are prominent among birds, but the direction and inten-
sity of sex-specificity are inconsistent among physiologi-
cal parameters. We conclude that sex-bias in immunity
in birds (when present) is most likely skewed toward
females, corresponding to patterns found in mammals.
This indicates that female-bias in immunity might be
the general rule in warm-blooded vertebrates. We find
no support for the sexual selection hypothesis explaining
sex-differences in physiology, and we call for exploration
of an alternative hypothesis for the origin of physiologi-
cal sex-biases. Factors like sex-specific parasitism, en-
ergy expenditure or proximate, hormonal processes
could be considered here. Importantly, we also highlight
the apparent inconsistency between physiological and
survival sex-biases between mammals and birds. This
inconsistency suggests that sex-differences in survival
might be unrelated to physiological sex-differences.
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