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ABSTRACT: The sex of a bird can, in principle, affect exposure and
accumulation of mercury. One conventional explanation for sex differences in
mercury burden suggests female birds should have lower concentrations than
conspecific males, because breeding females can depurate methylmercury to
their eggs. However, sex differences in body burden of mercury among birds
are not consistent. We used meta-analysis to synthesize 123 male—female
comparisons of mercury burden from 50 studies. For breeding birds, males had
higher concentrations of mercury than did females, supporting egg depuration
as a mechanism. However, the percentage of female body mass represented by
a clutch did not significantly predict the magnitude of the sex difference in
mercury contamination, as predicted. Furthermore, whether species were
semialtrical or altrical versus semiprecocial or precocial also did not explain sex
differences in mercury burden. Foraging guild of a species did explain near
significant variation in sex differences in mercury burden where piscivores and invertivores showed significant sex differences, but
sex differences were not detected for carnivores, herbivores, insectivores, and omnivores. The magnitude and direction of sexual
size dimorphism did not explain variation in sex differences in mercury burden among breeding birds. We reveal targeted
research directions on mechanisms for sex differences in mercury and confirm that sex is important to consider for environmental
risk assessments based on breeding birds.

B INTRODUCTION Birds are exposed to the most toxic, bioaccumulating, and
Risks to populations of free-ranging wildlife can be monitored biomagnifying form of mercury (methylmercury) primarily
by measuring tissue levels and adverse effects of contaminants. throulgh their food, where exposure can increase with trophic
Mercury is a toxic heavy metal of increasing global concern that level.” Breeding birds often show male biases in concentrations
has been extensively monitored."” Birds are useful for studies of mercury, often explained by the fact that females depurate
on biomonitoring of mercury because they accumulate mercury methylmercury to their eggs: a route of excretion males lack
in their tissues, are found in a variety of habitats, and are readily (Table 1).”* This conventional explanation is widespread.
visible allowing them to be tracked, monitored, and sampled However, consistent significant sex differences in mercury
relatively easily. Furthermore, birds have a large amount of concentration are not evident.> Furthermore, theoretical
public appeal and awareness and thus receive strong support for models have not consistently shown that egg depuration can
their health and conservation. account fully for the sex difference in the concentration of
Biomonitoring studies have routinely not reported the sex of mercury.®*~'® Additionally, experimental work where input and
the birds when analyzing metal concentrations.® Representation output of mercury was monitored could not support that egg
of males and females in samples could affect the concentrations depuration was the entire explanation for the resulting sex
of metals reported and their effects seen in birds because males difference in mercury concentration.'" Therefore, although the
and females differ in their physiology, morphology, and conventional explanation suggests females depurate methyl-
behavior. All of these differences can influence exposure, mercury to their eggs and consequently reduce their
uptake, and accumulation of metals.®> Several researchers have methylmercury body burden relative to males, the incon-
stated that it is imperative to understand how sex influences sistencies in the literature suggest a more thorough under-
tissue concentrations and adverse effects of metals in
organisms. Such an understanding is important for effectively Received: November 11, 2011
protecting and managing wildlife populations, recognizing early Revised:  May 24, 2012
warning signals of potential population effects, and choosing Accepted: June S, 2012
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certain species as bioindicators of human effects. Published: June S, 2012
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Table 1. Primary (I) and Ancillary (II, III) Hypotheses and Their Predictions for Sex Differences in the Concentration of

Mercury (Hg) in Birds

hypothesis

(I) Depuration of Hg to eggs, as males lack this excretion route”®

(II) Sexual size dimorphism influences exposure to Hg, as ceteris paribus the larger
sex could consume larger prey which often have higher [Hg] than smaller prey**

(1II) Foraging guild and detoxification adaptation, as piscivores being naturally the
most exposed to Hg might have adapted to tolerate methylmercury toxicity by

demethylation

prediction(s)
i) Breeding birds: male [Hg] > female [Hg]; Nonbreeding birds: male [Hg] =
g g g g g
female [Hg]

(ii) Breeding birds: significant positive relationship between Hedges’ d effect
size and the percentage of female body mass represented by a clutch

Males larger than females: male [Hg] > female [Hg]; Females larger than
males: female [Hg] > male [Hg]; Males and females similar size: male [Hg]
= female [Hg]

Higher trophic level birds: male [Hg] > female [Hg]; Lower trophic level
birds: male [Hg] = female [Hg]

standing of the general pattern and the circumstances
producing deviations from that pattern are needed.

We tested primary and ancillary hypotheses proposed to
explain sex differences in mercury concentrations in birds. One
complicating factor is that there is no standard tissue used to
biomonitor mercury. Therefore, we first determined if the
tissue analyzed for mercury could influence the detection of a
sex difference. Here we wanted to know if detection differed
using invasive sampling versus noninvasive sampling of tissues
(i.e., liver versus blood). Following assessment of no sampling
effects, we tested hypotheses for sex differences in mercury in
birds (see Table 1). First, we assessed the most common
hypothesis: depuration of mercury into eggs by females.
Mercury can be excreted from the body via feces, feathers,
and in females’ eggs. Therefore, the common prediction is that
breeding females have lower body burdens of mercury because
they have an additional excretion route, ie., depuration of
mercury into eggs. We further predicted that if depuration of
mercury into eggs was the primary explanation for the sex
differences then species where females invest a large proportion
of their body mass into a clutch would have a larger sex
difference in mercury concentration than species where females
invest a smaller proportion of their body mass into a clutch. We
could not assess renesting propensity for samples of species
included in our study, but renesting is expected to have an
effect on proportion of body mass that is represented by eggs,
and thereby increase the amount of mercury depurated to eggs.

Another common explanation is that the sexes are differ-
entially exposed to mercury because the sexes are dimorphic in
size. The larger sex can consume Iarger prey, which often have
higher concentrations of mercury.”> Thus, we predict that
species with greater degrees of sexual size dimorphism will have
larger sex differences in mercury. Finally, an ancillary hypothesis
is that birds in particular foraging guilds have adapted to
tolerate their respective exposure to mercury. Mercury is a
natural heavy metal in the environment and although
environmental levels were likely lower prior to industrial
release of mercury, fish-eating birds have always been exposed
to higher amounts of mercury than those at lower trophic
levels. A large part of adapting to tolerate methylmercury
includes minimizing exposure to embryos because it is the
embryo that is most sensitive to the lethal effects of
methylmercury.! Therefore, we expect females of piscivorous
species that have been exposed to elevated levels of mercury
over evolutionary time to have been selected to detoxify
mercury, to a greater extent than males, because females are
charged with protecting the embryos. This thinking follows
from the premise that seabirds have adapted to tolerate
methylmercury by demethylating it to its less toxic form'*~'®
(e.g, piscivores demethylate to a greater extent than
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invertivores)'> and that highly exposed seabirds depurate
minimal amounts of mercury to their eggs.'® Thus, species with
higher exposure to mercury could at least have the capacity for
larger sex differences in mercury. One problem becomes
evident and that is that excretion routes such as egg depuration
are occurring at the same time of the season (during breeding)
as detoxification is occurring, as currently proposed. Thus,
finding sex differences in mercury burdens during breeding
does not evidence for one hypothesis over another.

B METHODS

Collection of Published Data. We searched for studies
analyzing the concentration of mercury in avian tissues through
ISI Web of Knowledge using combinations of the following
terms: “bird”, “mercury”, “heavy metal”, “contaminant”, “water-
fowl”, “passerine”, “piscivore”, “sex”, and “gender”. We
considered studies citing or cited by relevant articles retrieved
from online database searches. Studies published before June
2011 were considered for inclusion. For a study to be included,
authors had to analyze the concentration of mercury in blood
or liver separately for adult males and females and report
descriptive statistics (i.e., mean, standard deviation (SD) or
standard error (SE), sample size). If SD or SE was not reported
we imputed the SD for these studies by multiplying the SD to
mean ratio (for blood or liver by sex) from complete studies by
the mean of the incomplete studies (i.e., the studies requiring
the approximated SD)."”” When only ranges were relported,
these were converted to SD following Walter and Yao.™®

Each comparison was categorized into tissue type (blood,
liver, liver/blood); reproductive status (prebreeding, breeding,
nonbreeding); hatchling status categorized as semialtricial or
altricial versus semiprecocial or precocial; foraging guild
(carnivore, herbivore, insectivore, invertivore, omnivore,
piscivore); male to female body mass ratio and percentage of
the female body mass represented by the clutch (excluding
occurrence of renesting). Information on these categories was
collected from the original study or The Birds of North
America online database,'® The Handbook of the Birds of the
World series,”® CRC Handbook of Avian Body Masses,”' and/
or primary literature. Birds were classified as prebreeding,
breeding, or nonbreeding based on the information provided in
the study. We note that there might be some nonactive
breeders included in the breeding samples, but we are unlikely
to have included breeders in nonbreeding samples. Compar-
isons were not included in relevant analysis when the authors
did not clearly report breeding status of the birds that were
sampled. For analyses based on hatchling status, we treated
semialtricial and semiprecocial species as altricial or precocial,
respectively. Eggs of precocial species have proportionately
more yolk than eggs of altricial species,” which might be
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important because albumen has greater affinity for mercury.”>**

When clutch data were reported as ranges, we took the average
of these ranges as our overall clutch size. For body size metrics,
the ratio of male to female body mass was In-transformed and
thus negative values indicate that female body mass was greater
than male body mass for a particular species.

Statistical Analysis. The raw data for the meta-analysis
were prepared as follows. The original concentrations of
mercury reported in studies were transformed where necessary
to pg/g dry mass concentrations. The concentrations of
mercury were converted from wet mass to dry mass by
dividing the wet mass concentration by 1 — (% moisture)/100.
If the authors reported the percent moisture content for the
blood or liver tissue then this value was used for the
conversion; however, most authors did not report study
specific tissue moisture concentrations, so we applied an
approximate moisture content for avian blood and liver of 80%
and 70%, respectively.”> >

We used Hedges’ d as our effect size metric to quantify the
difference in mercury concentrations between the means of
male (X)) and female (Xp) groups. This effect size is defined as
d = (Xy — Xg)/s, with s being the pooled standard deviation of
Xy and Xp.*® We also adjusted d with the small-sample
correction factor J(m), where m = Ny + Np — 2 and N is the
sample size of X.”” Negative values for d indicate that females
had higher concentrations of mercury than males, whereas
positive values indicate that males had higher concentrations
than females. Studies where d could be calculated for both liver
and blood measurements were pooled prior to our overall
meta-analysis, assuming that repeated measurements within
studies of liver and blood from the same individuals will be
correlated. However, studies do not typically report the
correlation between liver and blood concentrations of mercury,
so we pooled correlations (r) from five published studies using
a fixed-effects meta-analysis to estimate a standard correlation
between liver and blood concentrations of mercury (r = 0.768,
N=15r=0860, N =35> r=0775, N= 11>’ r =072, N
=15 r=0922, N= 115 r = 0922, N=111;* r = 0.775, N
=50;*" r = 0.959, N = 11527). This pooled standard correlation
was 7 = 0.914 (95% Confidence Interval: 0.894, 0.931). We
then used 7 to pool liver (L) and blood (B) effect sizes from the
same study by including this correlation in a weighted
regression model®® with the following covariance equation:

1 1
cov = L A7B La7B
JNENE L NENE

d, dy7*

+
2 (N5 + ND(NE + NP)

This covariance equation is the same as that reported in Gleser
and Olkin,>* but our covariance does not assume that sample
sizes are equal among the means of the liver and blood groups.

All meta-analyses and meta-regressions were performed using
a random-effects model integrating a DerSimonian—Laird
estimator for the between-study variance or 7 (this approach
to estimating 7 is the same as MetaWin).>® Prior analyses found
that the between-study variances for each fixed-effects
regression model were significantly nonzero. We further justify
our use of random-effects categorical and regression models
because we included both descriptive and experimental studies
in the data set and the studies were not all done using the same
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methods (i, different sampling protocols, mercury analysis
procedures). The between-study variances () were estimated
for each meta-analysis and meta-regression model with the
metaphor package in R,*® and were added to all the fixed-effects
variances for each d (as assumed in random-effects models).>’
The inverse of this sum was then used as a weighting factor in
least-squares regression models run in JMP (V.9).38 The
regression outputs of JMP are all correct for meta-analysis (e.g.,
coefficient of determination); however, to fit the assumptions
of meta-analysis the significance of regression model factors
needs to be evaluated with Chi-square (Q) tests. The regression
sums-of-squares for each model factor become these Q values.>”
The standard errors of the regression parameters are also
incorrect, and were adjusted by dividing the SE with the square
root of the mean-square residual of the regression model.*”
These adjusted SE were used to calculate 95% CI which
evaluate nonzero effects among regression slopes and/or
pooled effects (d) among moderator groupings. Finally, k
describes the number of d pooled among moderator categories.

B RESULTS

Patterns Revealed from the Meta-Analysis. A total of k
123 comparisons of male and female concentrations of
mercury from 50 studies contributed to our data set (Table SI-
1). Most of the studies represented in our meta-analysis did not
have the primary objective to study sex differences in the
concentration of mercury; instead, values were reported by sex
primarily for descriptive purposes. Thus, our data set is not
likely biased to representing only significant sex differences. In
fact, studies with positive, negative, and no difference in
Hedges’ d effect sizes (reflecting magnitude and direction of sex
differences) were represented in the data set (Figure 1).
However, there were fewer studies with negative effect sizes,
where females had higher concentrations of mercury. The six
comparisons with the greatest negative effect sizes (Figure 1,
Table SI-1) did not share any obvious similar qualities; there

were different reproductive status categories (prebreeding,
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Figure 1. Histogram representing the frequencies of the calculated
Hedges’ d effect sizes (differences between male and female
concentrations of mercury) for all comparisons of sex differences in
mercury concentration in birds used in our meta-analysis, with the
mean effect size indicated by the dashed line. Mean effect size for
breeding birds is indicated by a dotted line. Positive effect sizes
indicate that males had higher concentrations of mercury than females.
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Table 2. Results from Random-Effects Meta-Analyses on Sex Differences in the Concentration of Mercury in Birds®

data set k d 95% CI T Q df P
all data 123 0.458 0.335, 0.581 0.232
tissue 0.249 1.025 2 0.599
blood 46 0.518 0.333,0.704
blood/liver 16 0.497 0.155,0.838
liver 61 0.382 0.183, 0.580
reproductive status 0.256 11.50 2 0.003
breeding 67 0.628 0.452,0.805
prebreeding 17 0.631 0.327,0.935
nonbreeding 21 0.005 —0.327,0.332
hatchling status 0.230 223 1 0.135
altricial 16 0.222 —0.112, 0.555
precocial 107 0.495 0.363,0.628
foraging guild 0.240 14.22 S 0.014
carnivore 4 0.063 —0.643,0.769
herbivore 2 —0.200 —1.261,0.862
insectivore 4 0.143 —0.458, 0.744
invertivore 46 0.661 0.446, 0.875
omnivore 11 -0.150 —0.602, 0.301
piscivore 56 0.490 0.309, 0.662

“The number of comparisons in the analysis (k), the pooled effect size (d), the lower and upper 95% confidence interval (95% CI), a measure of the
between-study variance included in random-effects models (7), and the between-group test statistic (Q,,) with its degrees of freedom (df) and p-value

are provided for each meta-analysis

breeding, nonbreeding, and not available), different degrees of
sexual size dimorphism, and different foraging guilds (inver-
tivore, omnivore, piscivore) represented.

We first determined that the overall mean effect size (d)
when all categories were analyzed together was significantly
positive and nonzero (d = 0.438, Table 2). Therefore, overall,
male birds have a higher concentration of mercury than
females. According to Cohen,® this overall effect size is of
moderate magnitude (i.e, small effect size = 0.2, moderate
effect size = 0.5 and large effect size = 0.8). We then parsed the
data by tissue and found that the effect sizes did not depend on
the tissue categories (blood, liver, and blood/liver) suggesting
that the tissue analyzed did not alter the occurrence of male
birds having higher concentrations of mercury than females
(Table 2). The addition of this moderator variable did not
improve the amount of variation explained by the model
beyond the basic no moderator model (based on differences in
7 values; Table 2). For the remaining statistical comparisons,
liver, blood, and blood/liver categories were all analyzed
together.

We found that the reproductive status of the birds had a
significant influence on the occurrence of a significant sex
difference in the concentration of mercury in birds (Table 2).
Breeding and prebreeding birds were found to have significant
positive effects sizes, but nonbreeding birds did not have
significant sex differences in effect sizes (Table 2). The
confidence intervals for breeding and prebreeding birds
overlapped, suggesting that that they did not differ from one
another (Table 2); therefore, we combined prebreeding birds
with the breeding birds category and parsed the data by
reproductive status (ie., breeding vs nonbreeding) for the
relevant remaining analyses. First, we parsed the data by
hatchling status and found the effect sizes did not depend on
the hatchling status categories (altricial, precocial) suggesting
that the proportion of yolk and albumen in an egg does not
alter the occurrence of male birds having higher concentrations
of mercury than females (Table 2). We then used an ANCOVA
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meta-regression model and found a significant difference in
reproductive status but not in percentage of female body mass
represented by the clutch or the interaction (Reproductive
status: Q = 6.95, df = 1, p = 0.008; Clutch: Q =0.14,df = 1,p =
0.705; Reproductive status X Clutch: Q = 030, df = 1, p =
0.583). When the nonsignificant interaction term was dropped
from the model, the differences among breeding and
nonbreeding birds remained, but the clutch mass as percentage
of female body mass was still not a significant explanatory factor
in our model (Figure 2; Reproductive status: Q = 11.07, df = 1,
p < 0.001; Clutch: Q = 0.54, df = 1, p = 0.461). Furthermore, a
meta-regression found that variation in differences among male

50
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O Non-breeding

4.0 -

3.0F

20

Hedges' d effect size

40 60 80 100

Clutch mass to female body mass ratio (%)

Figure 2. Null relationships for meta-regressions between Hedges™ d
effect sizes (differences between male and female concentrations of
mercury) and the percentage of female body mass represented by a
clutch for breeding or nonbreeding birds. Regression lines based on
meta-regression ANCOVA without the interaction term. Solid line
represents meta-regression for breeding birds and dashed line
represents meta-regression for nonbreeding birds.
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and female concentrations of mercury across all effect sizes
could not be explained by the percentage of female body mass
represented by a clutch for breeding birds (k = 78, breeding
only: Q = 0.81, df = 1, p = 0.368).

We then determined if the degree of sexual size dimorphism
influenced the occurrence of a sex difference in mercury
concentration in birds. We used an ANCOVA meta-regression
model and found a significant effect of reproductive status but
not of male/female body mass ratio or the interaction
(Reproductive status: Q = 10.53, df = 1, p = 0.002; male/
female body mass ratio: Q = 0.15, df = 1, p = 0.694;
Reproductive status X male/female body mass ratio: Q = 0.01,
df = 1, p = 0.919). When the nonsignificant interaction term
was dropped from the model, the differences among breeding
and nonbreeding birds remained, but the male/female body
mass ratio was still not a significant explanatory factor in our
model (Figure 3; Reproductive status: Q = 11.03,df = 1, p <

50

®
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40k ©  Non-breeding
L [ J
g 2 .
2 ®
8 20l * °
5 * 4 s
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4 1.0 O [ ]
o
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Male to female body mass ratio (natural log transformed)

Figure 3. Null relationships for meta-regressions between Hedges” d
effect sizes (differences between male and female concentrations of
mercury) and the body size ratio between male and female birds.
Regression lines based on meta-regression ANCOVA without the
interaction term. Solid line represents meta-regression for breeding
birds and dashed line represents meta-regression for nonbreeding

birds.

0.001; male/female body mass ratio: Q = 046, df = 1, p =
0.497). Furthermore, a meta-regression found that variation in
differences among male and female concentrations of mercury
across all effect sizes could not be explained by the male/female
body mass ratio for breeding birds (k = 109, breeding only: Q =
0.29, df = 1, p = 0.588).

We also analyzed the influence of foraging guild on the
detection of a sex difference in mercury. There were marginal
nonsignificant differences between the six foraging guild
categories (Table 2). Piscivores and invertivores were the
most represented foraging guild in the data set and the only
groups to reliably detect a significant difference in effect sizes
between males and females, where males once again had higher
concentrations of mercury than females (Table 2). Using a two-
way ANOVA meta-analysis, and excluding insectivores because
we did not have any information on the reproductive status, we
found significant differences for reproductive status, but groups
between foraging guilds did not differ, as well as the interaction
term in our model (Reproductive status: Q = 0.73,df = 1, p =
0.393; Foraging guild: Q = 4.68, df = 4, p = 0.321; Reproductive
status X Foraging guild: Q = 1.31, df = 4, p = 0.859). When the

7098

nonsignificant interaction term was dropped from the analysis
there were significant differences in reproductive status (Q =
7.08, df = 1, p = 0.008), and marginal significance in foraging
guild (Q = 8.99, df = 4, p = 0.061).

B DISCUSSION

Primary Hypothesis: Depuration of Mercury to Eggs.
We found significant sex differences in the concentration of
mercury in birds, where males had higher concentrations than
females. This corroborates expectations based on the
explanation that females depurate mercury to their eggs and
thus reduce their mercury body burden because only breeding
birds were found to have significant sex differences in the
concentration of mercury. However, the nonsignificant negative
relationship between mercury differences among males and
females and percentage of female body mass represented by a
clutch is not consistent with what was expected based on the
conventional explanation. Females that invest more of their
body resources into producing a clutch should ceteris paribus
have a greater capability to reduce their mercury body burden
compared to females that do not invest as much into a clutch.
Hence a significant positive relationship between sex differences
in mercury and percentage of female body mass represented by
the clutch was expected. Another related aspect is the
occurrence of renesting by a species. We could not get
renesting propensity for specific samples in our data set,
however, some duck species, such as the mallard, Anas
platyrhynchos, are celebrated renesters and samples included
in our study do show very high effect sizes typically ranging
from 2 to >4 (see Table SI-1). We also assessed hatchling status
of a species and found it did not significantly influence the
detection of a sex difference. Altricial species have proportion-
ally more albumen in an egg*’ and therefore a greater
propensity for methylmercury depuration, given albumen has
a greater affinity for methylmercury than yolk.**** The lack of a
relationship with hatchling status strengthens the evidence that
although egg depuration might explain sex biases in mercury, it
does not explain why some species have a stronger sex bias than
others.

The egg depuration hypothesis for sex differences in the
concentration of mercury does make intuitive sense and indeed
mercury is found in eggs*® and the concentrations of mercury
in the eggs closely reflect female liver tissue concentrations in
many species;® however, the lack of support for egg depuration
to account fully for a sex difference by Monteiro and Furness''
and by our meta-analysis suggests additional mechanisms may
be operating. Importantly, there is a large amount of between-
study variation so it is possible that clutch size (i.e., clutch mass
to female body mass ratio) is important but we were unable to
detect it, in other words, failing to reject the null hypothesis.
Notwithstanding, we expected to detect a weak but significant
signal. There also are studies that suggest that mercury
depurated to eggs can be replaced within days to weeks*"**
and thus affect our ability to relate clutch size to sex differences
because we were not able to account for time of sampling
beyond the coarse categories of breeding versus nonbreeding
seasons. Our meta-analysis suggests mercury levels return to
equilibrium between the sexes during the nonbreeding season.
However, sex differences begin to be detectable again prior to
egg-laying as shown by our initial assessment of prebreeding
birds. Perhaps these prebreeding birds had initiated allocation
of resources and thus methylmercury to egg production at the
time of sampling which would support the egg depuration
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hypothesis. Alternatively, the sex difference detected during the
prebreeding stage could be an indication that something other
than egg-laying associated with breeding season (e.g.,
physiological/metabolic changes induced by hormones or
foraging differences in preparation for breeding) might be
influencing sex differences in methylmercury dynamics. Our
research suggests future work should target specific questions
within a species or within trophically related species. Of
particular importance will be determining what is the effect of
mercury depuration to a clutch on the occurrence and
magnitude of a sex difference in this contaminant and how
does time of sampling influence the detections of such sex
differences in mercury? Simply performing another study
documenting levels of mercury in males and females will not be
particularly informative.

Ancillary Hypothesis I: Sexual Size Dimorphism and
Exposure to Mercury. Another well-known explanation for a
sex difference in mercury is the occurrence and direction of
sexual size dimorphism. For example, differences in the
concentration of mercury in adult loons (where males are
larger than females) was explained by adult males consuming
larger fish than females where larger fish often have greater
body burdens of mercury than smaller fish;** hence, male loons
were likely more exposed to mercury than the females resulting
in the sex difference in mercury.** We addressed this sexual size
dimorphism explanation by determining if the effect size
(difference in concentration of mercury between males and
females) differed by the male to female body mass ratio. We
found no significant relationship between the effect size and the
male/female body mass ratio therefore we conclude that sexual
size dimorphism does not generally account for significant sex
difference in concentration of mercury in birds. A sex difference
in foraging or prey consumption, independent of sexual size
dimorphism, might still influence the sex difference in
concentration of mercury in individual species of birds. Females
might selectively forage during the breeding season which could
affect their exposure to mercury, particularly in comparison to
males.*>*® This avenue of research might be especially fruitful
in explaining some of the remaining variation in the sex
differences in the concentration of mercury in birds.

Ancillary Hypothesis II: Foraging Guild and Detox-
ification of Methylmercury. Several studies have found a
positive relationship between the concentration of mercury and
trophic level.””*® Mercury is a natural heavy metal, hence
piscivores have likely always been the most exposed and are
thought to have adapted to tolerate these toxic exposures over
evolutionary time.*” For example, albatross are one of the
longest lived aquatic birds that are highly exposed to mercury.>
Albatross have some of the highest concentrations of mercury
found in presumably healthy and reproducing birds.>® It is
thought albatross and indeed other seabirds have adapted by
detoxifying and perhaps ridding their bodies of methylmercury
more efficiently or to a greater degree than non fish-eating
birds.*”*° Egg depuration is one way of ridding a female’s body
of mercury; however, embryos are particularly sensitive to
mercury toxicity' and therefore it would be maladaptive to
dump large quantities of mercury into the eggs.

The liver is able to detoxify methylmercury by demethylating
it to inorganic mercury.”> Eagles-Smith et al.'® found
differences in the demethylation threshold and rate of
demethylation in liver tissue between two taxonomic groups
of birds (i.e., invertivores vs piscivores). Following from Eagles-
Smith et al,,'> Robinson et al.'® postulated that male and female
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cormorants might differ in their capability to demethylate based
on liver size differences between males and females. We found
little evidence to suggest that the occurrence of a sex difference
during the breeding season might be related predictably to
foraging guild and perhaps a detoxification adaptation in species
with high exposure to mercury (i.e., aquatic foragers,
particularly piscivores). However, the near significant effect of
foraging guild found detectable sex differences in mercury for
only the aquatic foragers (ie., invertivores and piscivores)
(albeit these two groups also had the largest sample size for
analyses and thus a greater ability to detect a difference). Based
on our meta-analysis, we suggest future research should focus
on physiological differences in mercury metabolism (toxicody-
namics) because the foraging guild results suggest male and
female invertivores and piscivores may be responding differ-
ently to methylmercury than male and female carnivores,
herbivores, insectivores, and omnivores. For example, future
work could focus on determining if there is sexual size
dimorphism in liver size or sex differences in liver function,
particularly for breeding birds when vitellogenesis is occurring.

We provided the first meta-analysis of avian sex differences in
mercury, where a consensus was reached that, in breeding birds,
males typically have higher concentrations of mercury than
females. Some of the variation in sex differences in the
concentrations of mercury appeared explained by moderator
variables (i.e., reproductive status) and supports the conven-
tional explanation (i.e., egg depuration of mercury burden by
breeding females). However, not all species showed male bias
in mercury burden during breeding and strength of the bias was
unrelated to a measure of degree of expected depuration to
eggs (clutch mass as a percentage of female body mass and also
hatchling status). Furthermore, prebreeding birds showed
similar sex differences in mercury to breeding birds which
brings into question the importance of depuration of mercury
into eggs for all species since prebreeding birds have not yet
laid their eggs (but may have allocated the resources for egg
production). Other moderator variables relating to exposure,
affinity, or detoxification, of methymercury (ie., sexual size
dimorphism and foraging guild, respectively) had little
explanatory power. Such factors might be deemed unimportant
generally because their influence was swamped by hetero-
geneity between studies. This study, and several of the studies
cited, suggest that sex differences in mercury burden are not
simply the result of egg depuration, even though this important
mode of excretion is restricted to one sex. Perhaps sex
differences in exposure or detoxification will prove important
for some species and not others.

It is clear that, until recently, sex of wildlife was rarely
considered during biomonitoring studies but representation of
males and females in samples likely influences variation in
contaminant levels and thus effects seen across locations and
between years. If sex is not considered, researchers might
overestimate or more importantly underestimate the risk for
toxic effects to species. Collaborations among ecologists,
evolutionary biologists, physiologists, and toxicologists will be
essential to fully understand the role for sex in the dynamics of
mercury (and indeed other contaminants) in wildlife and the
environment.

B ASSOCIATED CONTENT

© Supporting Information
A summary of the information from articles used in the meta-
analysis and the meta-regression; calculated Hedges™ d effect
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size, its variance, and the sample size for each male—female
comparison in Table SI-1. This information is available free of
charge via the Internet at http://pubs.acs.org/.
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Table SI-1. Summary of the information from articles used in the meta-analysis and meta-regression and their estimated Hedges’ d

effect size, and variance values. Note: ID represents the study source and the comparison number (i.e., source-comparison), where

some studies provided more than one comparison for the meta-analysis and meta-regression; B_L represents pooled effect sizes for
blood and liver tissues from the same individuals (see methods); Repro_stat represents reproductive status; SSD represents sexual size
dimorphism where the values presented are the natural log transformed male to female body mass ratios; %Clutch represents the ratio

of clutch mass to female body mass; Hatch_stat represents hatchling status (semi-Preco = semi-precocial and semi-Altric=semi-

altricial) and NA represents that the information was not available in the literature. Total sample sizes (n) are indicated for each study
(blood, liver n also provided for studies that measured both tissues).

ID Species Tissue Repro_stat SSD Trophic %Clutch Hatch_stat d var d n

1-1 Anas crecca Liver Non-breeding 0.095 Omnivore 25 Precocial -1.41 046 12
1-2 Bucephala albeola Liver Non-breeding 0.322 Invertivore 109.7 Precocial -0.74 0.80 6

1-3 Melanitta perspicillata Liver Non-breeding 0.072 Invertivore 63.3 Precocial 1.34 0.31 10
1-4 Melanitta fusca Liver Non-breeding 0.223 Invertivore 49.5 Precocial 0.84 0.26 17
2-5 Anas rubripes Liver  Non-breeding 0.241 Herbivore 46.35 Precocial -0.22 029 14
2-6 Aythya marila Liver Non-breeding 0.094 Invertivore 55.4 Precocial 0.34 0.34 16
2-7 Anas platyrhynchos Liver Non-breeding 0.129 Invertivore 42.9 Precocial -0.12 0.58 7

3-8 Anas platyrhynchos Liver Breeding 0.129 Invertivore 42.9 Precocial 2.17 0.64 12
3-9 Anas platyrhynchos Liver Breeding 0.129  Invertivore 42.9 Precocial 445 099 17
3-10  Anas platyrhynchos Liver Breeding 0.129 Invertivore 42.9 Precocial 281 0.64 17
4-11  Anas platyrhynchos Liver Breeding 0.129  Invertivore 42.9 Precocial 4.75 153 10
4-12  Anas platyrhynchos Liver Breeding 0.129  Invertivore 42.9 Precocial 0.96 0.45 10
4-13  Anas platyrhynchos Liver Breeding 0.129  Invertivore 42.9 Precocial 3.10 0.88 10
4-14  Anas platyrhynchos Liver Breeding 0.129 Invertivore 42.9 Precocial 4.23 1.29 10
5-15  Anas platyrhynchos Liver Breeding 0.129  Invertivore 42.9 Precocial 217 0.64 12
5-16  Anas platyrhynchos Liver Breeding 0.129  Invertivore 42.9 Precocial 2.82 0.74 13
6-17  Anas rubripes Liver Breeding 0.241 Herbivore 46.4 Precocial -0.17 0.41 16
7-18  Aythya affinis Liver Non-breeding 0.073 Invertivore 66.5 Precocial -0.09 0.08 117
8-19  Aythya valisineria Liver Non-breeding 0.082 Omnivore 47.1 Precocial -240 0.72 18
8-20  Aythya marila Liver Non-breeding 0.094 Invertivore 55.4 Precocial 0.23 0.67 8

9-21  Aythya valisineria Liver Non-breeding 0.082 Omnivore 47.1 Precocial 0.85 044 10
9-22  Aythya valisineria Liver Non-breeding 0.082  Omnivore 47.1 Precocial -1.13 0.46 10
9-23  Aythya valisineria Liver Non-breeding 0.082 Omnivore 47.1 Precocial 0.48 0.41 10
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ID Species Tissue Repro_stat SSD  Trophic %Clutch Hatch_stat d var d n
9-24  Aythya valisineria Liver Non-breeding 0.082 Omnivore 47.1 Precocial 0.68 042 10
10-25 Calonectris diomedea Blood Breeding 0.091 Piscivore 14.0 semi-Preco 0.68 0.19 22
10-26 Calonectris diomedea Blood Breeding 0.091 Piscivore 14.0 semi-Preco -0.17 0.18 22
10-27 Calonectris diomedea Blood Breeding 0.091 Piscivore 14.0 semi-Preco 0.06 0.18 22
11-28 Cathartes aura Liver  Non-breeding NA Carnivore 8.6 Altricial 042 0.41 10
12-29 Catharus bicknelli Blood NA -0.126 Insectivore NA semi-Altric  0.13 0.13 35
12-30 Catharus bicknelli Blood NA -0.126 Insectivore NA semi-Altric  -0.29 0.11 38
12-31 Catharus bicknelli Blood NA -0.126 Insectivore NA semi-Altric  0.04 0.20 38
12-32 Catharus bicknelli Blood NA -0.126 Insectivore NA semi-Altric  0.68 0.12 43
13-33 Pluvialis squatarola Liver  Non-breeding -0.006 Invertivore 54.8 Altricial -1.66 0.55 10
13-34 Catoptrophorus

semipalmatus Liver Non-breeding -0.089 Invertivore 41.1 Precocial 1.02 053 10
14-35 Tachycineta bicolor Blood NA NA Invertivore 54 Altricial 0.12 0.11 50
14-36 Ceryle alcyon Blood NA -0.054 Piscivore 44.5 Altricial -0.24 0.08 117
14-37 Gavia immer Blood NA 0.193 Piscivore 6.4 semi-Preco 0.21 0.01 770
15-38 Clangula hyemalis Liver Breeding 0.188 Invertivore 42 Precocial -0.12 045 9
15-39 Clangula hyemalis Liver Breeding 0.188 Invertivore 42 Precocial 0.51 0.64 10
15-40 Clangula hyemalis Liver Breeding 0.188 Invertivore 42 Precocial -0.28 051 8
15-41 Clangula hyemalis Liver Breeding 0.188 Invertivore 42 Precocial 0.14 042 10
15-42 Clangula hyemalis Liver Breeding 0.188 Invertivore 42 Precocial 0.80 0.7 7
15-43 Clangula hyemalis Liver Breeding 0.188 Invertivore 42 Precocial -0.66 0.73 7
15-44 Clangula hyemalis Liver Breeding 0.188 Invertivore 42 Precocial 0.39 051 8
16-45 Egretta garzetta Liver Breeding NA Piscivore 20 semi-Altric  -1.40 0.62 8
17-46 Eudyptula minor Liver Breeding 0.112 Piscivore NA Altricial 0.70 042 10
17-47 Eudyptula minor Liver Breeding 0.112 Piscivore NA Altricial 1.26 048 10
18-48 Falco sparverius B L Breeding -0.078 Carnivore 51.8 Altricial 0.06 0.91 4,4
19-49 Fulmarus glacialis Liver Breeding 0.118 Piscivore 17 semi-Preco 0.78 0.32 15
19-50 Fulmarus glacialis Liver Breeding 0.118 Piscivore 17 semi-Preco 0.77 0.29 15
20-51 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 0.49 0.19 23
20-52 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 1.64 0.55 10
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ID Species Tissue Repro_stat SSD Trophic %Clutch Hatch_stat d var d n

20-53 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 0.39 0.01 290
20-54 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 1.42 0.19 27
20-55 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 1.75 0.37 15
20-56 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 2.05 0.36 17
20-57 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco -0.01 045 9

20-58 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 1.15 0.14 35
20-59 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 0.65 0.34 13
20-60 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 0.53 0.12 35
20-61 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 0.17 0.03 117
20-62 Gavia immer Blood Breeding 0.193  Piscivore 6.4 semi-Preco 0.88 0.21 22
20-63 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 0.75 0.15 30
20-64 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco -0.08 0.15 27
21-65 Gavia immer Liver Breeding 0.193 Piscivore 6.4 semi-Preco 0.49 0.04 107
21-66 Gavia immer Liver Breeding 0.193  Piscivore 6.4 semi-Preco -0.31 0.18 23
22-67 Gavia immer Liver NA 0.193 Piscivore 6.4 semi-Preco 0.23 0.22 21
23-68 Gavia immer Blood Breeding 0.193  Piscivore 6.4 semi-Preco 0.90 0.06 74
23-69 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco -0.36 0.12 34
24-70 Gavia immer Blood Breeding 0.193  Piscivore 6.4 semi-Preco 1.39 040 13
24-71 Gavia immer Blood Breeding 0.193  Piscivore 6.4 semi-Preco 2.36 1.39 5

24-72 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco -0.14 0.20 20
24-73 Gavia immer Blood Breeding 0.193  Piscivore 6.4 semi-Preco 0.08 0.10 42
25-74 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 0.90 0.37 12
26-75 Gavia immer Blood Breeding 0.193  Piscivore 6.4 semi-Preco 0.65 0.24 18
26-76 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 0.42 0.11 40
27-77 Gavia immer Blood Breeding 0.193  Piscivore 6.4 semi-Preco 0.92 0.38 12
27-78 Gavia immer Blood Breeding 0.193 Piscivore 6.4 semi-Preco 0.91 043 11
28-79 G@Grus japonensis Liver NA NA Omnivore 7.2 Precocial 0.42 0.08 52
29-80 Haematopus ostralegus Blood Breeding NA Invertivore 24 semi-Preco 1.17 0.13 37
29-81 Haematopus ostralegus Blood Breeding NA Invertivore 24 semi-Preco 1.27 0.22 22
30-82 Recurvirostra americana Blood Pre-breeding 0.015  Invertivore NA Precocial 0.34 0.01 371
30-83 Himantopus mexicanus Blood Pre-breeding 0.010 Invertivore 49.8 Precocial 0.14 0.08 157
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ID Species Tissue Repro_stat SSD Trophic %Clutch Hatch_stat d var d n
31-84 Sterna forsteri B L Pre-breeding NA Piscivore 40 semi-Preco 0.33 0.04 76,20
31-85 Sterna forsteri B_L Pre-breeding NA Piscivore 40 semi-Preco 0.13 0.20 21,15
31-86 Sterna forsteri B L Pre-breeding NA Piscivore 40 semi-Preco 0.21 0.16 24,20
31-87 Sterna forsteri B_L Breeding NA Piscivore 40 semi-Preco 0.78 0.15 29,29
31-88 Sterna forsteri B L Breeding NA Piscivore 40 semi-Preco 2.16 0.48 13,13
31-89 Hydroprogne caspia B_L Pre-breeding -0.019 Piscivore 24 semi-Preco -0.0040.76 5,5
31-90 Hydroprogne caspia B L  Pre-breeding -0.019 Piscivore 24 semi-Preco -1.13 0.92 5,5
31-91 Hydroprogne caspia L Pre-breeding -0.019 Piscivore 24 semi-Preco 0.85 0.26 20
31-92 Hydroprogne caspia B L  Breeding -0.019 Piscivore 24 semi-Preco 0.19 0.76 5,5
31-93 Hydroprogne caspia B_L Breeding -0.019 Piscivore 24 semi-Preco -0.12 0.76 5,5
31-94 Hydroprogne caspia B L  Breeding -0.019 Piscivore 24 semi-Preco 0.97 0.41 10,10
31-95 Himantopus mexicanus B_L  Pre-breeding 0.010 Invertivore 49.8 Precocial 0.01 0.03 108,25
31-96 Himantopus mexicanus B_L  Pre-breeding 0.010  Invertivore 49.8 Precocial 0.52 0.25 20,20
31-97 Himantopus mexicanus Blood Pre-breeding 0.010 Invertivore 49.8 Precocial 0.26 0.14 34
31-98 Recurvirostra americana B L Pre-breeding 0.015  Invertivore NA Precocial 0.75 0.009 336,42
31-99 Recurvirostra americana Liver Pre-breeding 0.015  Invertivore NA Precocial 1.79 046 22
31-100 Recurvirostra americana B_L  Pre-breeding 0.015  Invertivore NA Precocial 1.37 0.16 45,23
32-101 Larus argentatus Liver Breeding 0.114  Omnivore 33 semi-Preco 0.16 0.14 37
33-102 Larus atricilla Liver Non-breeding 0.124  Omnivore 41.5 semi-Preco -0.17 0.10 40
34-103 Alle alle Liver NA 0.047 Invertivore 19.2 semi-Preco -0.99 0.73 8
34-104 Larus hyperboreus Liver NA 0.237  Omnivore 26.7 semi-Preco -4.25 264 5
34-105 Larus hyperboreus Liver NA 0.237 Omnivore 26.7 semi-Preco 0.39 0.71 7
35-106 Macronectes halli Blood Breeding 0.291  Carnivore 7 semi-Preco 0.71 0.15 29
35-107 Macronectes giganteus Blood Breeding 0.249  Carnivore 7 semi-Preco -0.65 0.13 34
36-108 Pelecanus erythrorhyncos Liver  NA 0.242  Piscivore 6.3 Altricial 1.07 0.23 20
37-109 Phalacrocorax auritus Liver Breeding 0.132  Piscivore 10.8 Altricial 1.44 0.14 36
38-110 Phalacrocorax

carbo sinensis Liver Non-breeding 0.165  Piscivore 12.3 Altricial 0.11 025 16
39-111 Plegadis chihi Liver Breeding 0.218 Invertivore 24.1 Altricial 062 0.23 18
40-112 Podiceps cristatus Liver Breeding 0.192  Piscivore NA Precocial -0.86 0.31 16
41-113 Podiceps cristatus Liver Breeding 0.192  Piscivore NA Precocial -0.40 0.22 20
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Table SI-1 (Continued)

ID Species Tissue Repro_stat SSD Trophic %Clutch Hatch_stat d vard n
42-114 Podiceps nigricollis B L Non-breeding 0.121 Invertivore 18.3 Precocial 0.21 0.14 30, 30
43-115 Rallus longirostris Liver Breeding 0.225 Invertivore 55.5 semi-Preco 0.001 0.29 14
44-116 Somateria spectabilis Blood Pre-breeding 0.062 Invertivore 19.2 Precocial 0.89 046 10
44-117 Somateria fischeri Blood Pre-breeding -0.083 Invertivore 23.3 Precocial 1.87 0.33 20
45-118 Somateria fischeri Blood Breeding -0.083 Invertivore 23.3 Precocial 0 0.12 56
46-119 Somateria

mollissima borealis Liver Non-breeding 0.147  Invertivore 23.5 Precocial 0.08 0.17 24
47-120 Somateria spectabilis Liver NA 0.062 Invertivore 19.2 Precocial 1.16 048 10
48-121 Sterna forsteri Blood Pre-breeding NA Piscivore 40.0 semi-Preco 0.35 0.03 122
49-122 Uria aalge Liver NA NA Piscivore 10.3 semi-Preco -0.69 0.10 44
50-123 Vanellus leucurus Liver NA NA Invertivore NA semi-Preco 0.88 0.73 6
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