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Abstract—We assessed methylmercury (MeHg) demethylation in the livers of adults and chicks of four waterbird species that
commonly breed in San Francisco Bay: American avocets, black-necked stilts, Caspian terns, and Forster’s terns. In adults (all
species combined), we found strong evidence for a threshold model where MeHg demethylation occurred above a hepatic total
mercury concentration threshold of 8.51 � 0.93 �g/g dry weight, and there was a strong decline in %MeHg values as total mercury
(THg) concentrations increased above 8.51 �g/g dry weight. Conversely, there was no evidence for a demethylation threshold in
chicks, and we found that %MeHg values declined linearly with increasing THg concentrations. For adults, we also found taxonomic
differences in the demethylation responses, with avocets and stilts showing a higher demethylation rate than that of terns when
concentrations exceeded the threshold, whereas terns had a lower demethylation threshold (7.48 � 1.48 �g/g dry wt) than that of
avocets and stilts (9.91 � 1.29 �g/g dry wt). Finally, we assessed the role of selenium (Se) in the demethylation process. Selenium
concentrations were positively correlated with inorganic Hg in livers of birds above the demethylation threshold but not below.
This suggests that Se may act as a binding site for demethylated Hg and may reduce the potential for secondary toxicity. Our
findings indicate that waterbirds demethylate mercury in their livers if exposure exceeds a threshold value and suggest that taxonomic
differences in demethylation ability may be an important factor in evaluating species-specific risk to MeHg exposure. Further, we
provide strong evidence for a threshold of approximately 8.5 �g/g dry weight of THg in the liver where demethylation is initiated.
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INTRODUCTION

Mercury (Hg) contamination of wetlands and waterbodies
throughout the world is increasingly causing concern because,
in its methylated form, Hg is a highly potent neurotoxin [1]
that readily bioaccumulates to elevated and potentially toxic
levels in wildlife such as waterbirds [2–5]. Methylmercury
(MeHg) exposure in wildlife occurs through diet and is rapidly
distributed in the blood to target organs, including liver, brain,
kidney, and muscle, where it accumulates over time [6] and
may elicit a toxic response [3,4,7]. Assessing the toxic re-
sponse of wildlife to MeHg in the field can be hampered by
the complex pharmacodynamics of mercury [8] that often re-
sults in tissue-specific accumulation, depuration, sequestration,
and detoxification [9]. Thus, it is important to consider the
cycling and speciation of mercury in tissues such as liver to
facilitate the interpretation of toxic risk.

The liver is the primary site of xenobiotic detoxification in
wildlife. Consequently, several studies have suggested that
MeHg may be detoxified in the liver of waterbirds [10–13].
These studies have shown that the proportion of Hg in liver
comprised of MeHg (hereafter %MeHg) declines as the amount
of total Hg (THg) in liver increases. These results indicate that
MeHg detoxification in the liver occurs through a process of
demethylation where MeHg is converted to inorganic Hg
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(IoHg) [10]. Recent evidence also suggests there may be a
threshold value of THg concentrations in liver below which
%MeHg values remain high and above which demethylation
occurs and produces a larger proportion of IoHg [13]. How-
ever, the response of liver %MeHg in relation to liver THg
levels remains unclear, and robust estimates of thresholds
where MeHg begins to be demethylated are not known. More-
over, it is untested whether there are differences in demeth-
ylation thresholds between chicks and adult birds or among
different species.

Selenium (Se) has long been thought to have a protective
effect against MeHg toxicity [14,15] and has been proposed
to play an important role in MeHg demethylation in avian
livers, where both contaminants have been shown to coac-
cumulate [12,16]. However, the mechanism for the Hg–Se in-
teraction is still not well understood. Previous research sug-
gests that Se may act either as an initiator of demethylation
[15] or as a receptor to bind IoHg after it has been demeth-
ylated, thus making it toxicologically inert [17].

In the present study, we examined liver demethylation in
adults and chicks of four waterbird species that commonly
breed in San Francisco Bay. Using an information theoretic
approach, we evaluated the strength of several different model
structures in describing the response of %MeHg values to
increasing THg concentrations in liver. Specifically, for adults
and chicks separately, we assessed whether %MeHg values
were related to THg concentrations in a linear or nonlinear
dose-dependent fashion. We compared several different model
structures in which waterbirds might exhibit demethylation,
including four changepoint models that depict a threshold. Our
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first model type was the null (Fig. 1a) and illustrates no MeHg
demethylation in birds. In this model, the slope is zero and
%MeHg values are unrelated to THg concentrations in liver.
Our second model type was a straight-line model (linear re-
gression, Fig. 1b) where the slope can be either positive or
negative. Both straight-line responses could occur because
MeHg may be demethylated with higher Hg exposure, or it
may accumulate at a relatively higher rate than IoHg at higher
exposures. Our third model type was a quadratic relationship
(Fig. 1c) where %MeHg values increased smoothly with in-
creasing THg values to a maximum, after which point the two
variables were inversely related and the slope smoothly re-
versed with higher THg concentrations. Our fourth model type
was a straight-line (or flat-line) changepoint model where
%MeHg values increased or decreased with THg concentra-
tions in a linear fashion (Fig. 1d) or were independent of THg
levels (Fig. 1e) up to some threshold THg concentration, at
which point the slope abruptly changed and %MeHg values
decreased relatively more with each unit increase in THg. This
model suggests that liver MeHg accumulates to a threshold
concentration above which a demethylation response is initi-
ated. Our fifth model type was a quadratic changepoint model
(Figs. 1f and 1g), which is similar to previous changepoint
models except that the post-threshold response followed a
smoothly declining (quadratic) pattern rather than a sudden
linear response. For threshold models, we also tested whether
there were taxonomic differences in threshold concentrations
or demethylation slopes. In summary, our objectives were to
examine whether waterbirds can demethylate MeHg in the
liver, describe the relationship between THg and MeHg in the
liver, determine the threshold where demethylation begins, and
assess the influence of Se on the demethylation process.

MATERIALS AND METHODS

Sample collection

In 2005 and 2006 we collected American avocet (Recur-
virostra americana, hereafter avocet), black-necked stilt (Hi-
mantopus mexicanus, hereafter stilt), Caspian tern (Hydro-
progne caspia, formerly Sterna caspia), and Forster’s tern
(Sterna forsteri) adults and avocet, stilt, and Forster’s tern
chicks at various locations throughout San Francisco Bay
(37.8�N, 122.3�W), California, USA. We collected adults be-
tween February and July using shotguns with steel shot or
high-powered air rifles as well as self-triggered treadle traps
or remotely detonated bow nets (Northwoods, Rainer, WA,
USA) and net launchers (Coda Enterprises, Mesa, AZ, USA).
We collected chicks on or near their nesting colonies between
July and August using hand nets during routine nest-moni-
toring activities or shotguns with steel shot. We excised livers
using clean, acid-rinsed, stainless steel scalpels, scissors, and
forceps, placed all tissue samples in polyethylene or glass
containers, and stored them at �20�C until processing and
analysis. Further details of necropsy methodology can be found
in Eagles-Smith et al. [9]. All birds were captured and collected
under the guidelines of U.S. Fish and Wildlife Service migra-
tory bird and California Department of Fish and Game sci-
entific collecting permits as well as the Animal Care and Use
Committee, Western Ecological Research Center, U.S. Geo-
logical Survey.

Sample processing and chemical determination

We thawed livers at room temperature, rinsed them with
deionized water to remove any surface contamination, and

blotted them dry with lint-free wipes. We oven-dried the liver
samples at 50 to 60�C for 48 h, or until they reached a constant
mass, and weighed them before and after drying to determine
their moisture content. Once dried, we homogenized the sam-
ples to a fine, uniform consistency using a Wiley mill (Thomas
Scientific, Swedesboro, NJ, USA) or by hand using a porcelain
mortar and pestle.

We analyzed all samples for THg at the Davis Field Station
Mercury Lab, U.S. Geological Survey, following the protocol
described in Eagles-Smith et al. [9]. Quality assurance mea-
sures included analysis of two certified reference materials
(either dogfish muscle tissue [DORM-2; National Research
Council of Canada, Ottawa, ON, Canada], dogfish liver
[DOLT-3; National Research Council of Canada], or lobster
hepatopancreas [TORT-2; National Research Council of Can-
ada, Ottawa, ON, Canada]), two system and method blanks,
two duplicates, one matrix spike, and one matrix spike du-
plicate per batch. Recoveries averaged (� standard error [SE])
103.63 � 2.08% (n �116) and 98.84 � 1.53% (n�116) for
certified reference materials and calibration checks, respec-
tively. Matrix spike recoveries averaged 95.1 � 2.6%, N �
31. Absolute relative percent difference for duplicates aver-
aged 2.6 � 0.7%, and absolute relative percent difference for
matrix spike duplicates averaged 3.7 � 1.0%.

A subset of livers also was analyzed for MeHg at Battelle
Marine Sciences Laboratory (Sequim, WA, USA) and Se at
the Trace Elements Research Laboratory (Texas A&M Uni-
versity, College Station, TX, USA). Methylmercury values
were determined using cold vapor atomic fluorescence follow-
ing U.S. Environmental Protection Agency method 1630 (www.
epa.gov/waterscience/methods/method/mercury/1630.pdf), and
Se was determined using hydride generation, followed by
atomic fluorescence. To provide an assessment of accuracy
and precision, certified reference materials for MeHg and Se
in tissues (DOLT-2 and National Institute of Standards and
Technology 2976), matrix spikes, duplicate samples, and
blanks were analyzed for quality control purposes. Recoveries
for certified reference materials averaged 106.2 � 1.83% (n
� 57) and 106.31 � 3.07% (n � 11) for MeHg and Se, re-
spectively. Matrix spike recoveries were also within acceptable
limits for both MeHg (98.80 � 1.35%, n � 50) and Se (102.02
� 7.04%, n � 11). Absolute relative percent difference for
duplicates averaged 7.8 � 1.5% (n � 42) for MeHg and 3.75
� 1.22% (n � 11) for Se.

We report all tissue concentrations on a dry weight basis
to control for differences in moisture content among individ-
uals. However, to compare our results to wet-weight values
reported in the literature we estimated the average moisture
content (� SE) in livers for all species to be 65.82 � 0.13%.

Statistical analysis

We conducted a tiered analysis separately by adults and
chicks to assess mercury demethylation. Specifically, we first
determined the best model explaining the relationship between
%MeHg and THg concentrations for all species pooled and
whether the best model indicated a threshold THg concentra-
tion at which %MeHg declined with increasing THg concen-
trations. Next, we evaluated whether the response in %MeHg
to changes in THg differed among species. Third, we tested
whether Se was related to changes in %MeHg.

We evaluated the response of %MeHg in liver to THg con-
centrations in liver using Akaike’s information criterion (AIC)
to select the most parsimonious model from an a priori set of
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Fig. 1. Conceptual diagrams of modeled percent methylmercury (%MeHg) responses to total mercury (THg) concentrations compared for livers
of American avocets, black-necked stilts, Caspian terns, and Forster’s terns. Dashed lines indicate that a variable response is possible.

candidate models. We considered candidate models for bio-
logical importance when the difference between the second-
order AIC (AICc) of candidate models and the AICc of the
best model (�AICci) was �2.0. We calculated Akaike weights
(wi � exp[��AICci/2]/	i exp[��AICci/2]) to assess the like-
lihood that the model with the lowest �AICci was actually the
best model in the candidate set.

For the first-tier analysis, we used all species pooled to
identify the overall model structure. We considered seven dif-
ferent a priori models using linear and nonlinear regression
(PROC NLIN) with SAS version 9.1.2 [18]. The first response
was a flat-line model (Fig. 1a) where the slope is zero, indi-
cating that %MeHg is not related to changes in liver THg
concentrations. The second response was a straight-line model
(Fig. 1b) where the slope is any constant, corresponding to a
pattern where the %MeHg in liver changes (either increases
or decreases) at a linear rate as accumulation or exposure
increases. The third response was a nonlinear quadratic line
(Fig. 1c) where the slope changes smoothly with THg con-
centrations. The fourth response was a threshold broken
straight-line model (Fig. 1d) where two lines are joined using
changepoint regression (also called segmented regression
[19]), resulting in a threshold where the slope of the relation-
ship between %MeHg and THg changes. The fifth response
type was a broken flat-line (Fig. 1e) model, which is similar
to the preceding model, except that the initial slope is zero.
The sixth and seventh response types were straight-line
change to quadratic (Fig. 1f) and flat-line change to quadratic
(Fig. 1g) threshold models, respectively. These two responses
are similar to the preceding broken-line models, except that
the threshold is followed by a quadratic function.

Using the selected model structure, we performed the sec-
ond-tier analysis to assess differences among species by com-
paring various expansions of this model based on species-
specific estimates of intercept, slope, and/or threshold (if ap-

plicable). Commonly, the default intercept in regression anal-
ysis is the value of y when x � 0. However, because we
log-transformed our data prior to analysis, the default intercept
is the %MeHg when THg concentration is 1 �g/g (log THg
� 0). Therefore, we rescaled the x axis and defined the inter-
cept as %MeHg where x is the minimum value in our dataset
(0.32 �g/g).

For adult birds, the species-specific-estimates models failed
to be properly estimated because we had inadequate data for
at least one species. Therefore, we grouped species into two
guilds (recurvirostrids: stilts and avocets; and terns: Forster’s
tern and Caspian tern) based on their phylogeny and foraging
ecology, and we assessed differences in the response variable
(%MeHg) between guilds. Because the most parsimonious,
first-tier model for all adults (broken flat line) contained a
changepoint (see Results section), we further evaluated the
importance of guild by comparing six additional models. The
first model structure was no guild differences where both
guilds show the same demethylation response. We also eval-
uated the complete differences model where the intercept,
threshold, and post-threshold slope all differed between guilds.
Third, we examined a parallel lines model with different in-
tercepts between guilds but the same slope. Finally, we as-
sessed three variations of models in which both guilds were
similar at low THg (same intercept) but diverged at higher
THg concentrations. These variations included models where
thresholds and post-threshold slopes differed, only thresholds
differed, and only post-threshold slopes differed.

For chicks, the most parsimonious model from the first-tier
analysis was linear and did not include a threshold (see Results
section). We further considered species differences by com-
paring four different models that included either no species
differences; different intercepts, parallel slopes where slopes
are similar but intercepts differ among species; common in-
tercepts, uneven slopes where intercepts are similar but slopes
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Table 1. Ranking of candidate models describing response in liver percent methylmercury to changing liver total mercury concentrations in
American avocet, black-necked stilt, Caspian tern, and Forster’s tern adults and chicks from San Francisco Bay, California, USAf

Model no. Model structure N RSSa kb Log-likelihood AICcc �AICcd
Akaike
weighte

Adults—all models
1 Flat line 309 59,179.9 2 �1,122.00 2,248.04 36.29 0.00
2 Straight line 309 50,751.4 3 �1,111.69 229.46 17.71 0.00
3 Quadratic line 309 44,446.7 4 �1,102.79 2,213.81 1.96 0.17
4 Broken straight line 309 43,683.9 5 �1,101.63 2,213.45 1.71 0.19
5 Straight line change to quadratic 309 44,305.5 5 �1,102.58 2,215.35 3.60 0.07
6 Broken flat line 309 43,801.5 4 �1,101.51 2,211.45 0.00 0.44
7 Flat line change to quadratic 309 44,852.6 4 �1,102.99 2,214.12 2.37 0.13

Chicks—all models
1 Flat line 131 23,437.5 2 �424.91 853.91 3.06 0.09
2 Straight line 131 21,405.8 3 �422.33 850.85 0.00 0.41
3 Quadratic line 131 21,074.3 4 �421.89 852.09 1.24 0.22
4 Broken straight line 131 21,158.0 5 �422.0 854.48 3.63 0.07
5 Straight line change to quadratic 131 21,068.9 5 �421.88 584.24 3.39 0.07
6 Broken flat line 131 21,405.8 4 �422.33 852.98 2.13 0.14
7 Flat line change to quadratic** 131 – 4 – – – –

a Residual sum of squares from the analysis of covariance model.
b The number of estimated parameters in the model including the variance.
c Akaike’s Information Criterion.
d The difference in the value between AICc of the current model and the value for the most parsimonious model.
e The likelihood of the model given the data, relative to other models in the candidate set (model weights sum to 1.0).
f Italicized rows indicate competing models with �AIC values suggestive of biological importance. Hypthens represent no data for those fields

because the associated model failed to converge.
** Model failed to converge.

Fig. 2. Modeled mercury demethylation response (solid changepoint
line) � 95% confidence limits (dashed changepoint lines) in livers of
adult American avocet, black-necked stilt, Caspian tern, and Forster’s
tern with all species combined. Vertical dashed line and shaded region
indicate estimated mean (� standard error) demethylation threshold
value. THg � total mercury.

differ among species; and complete differences where both
the slopes and intercepts differ among species.

Last, we examined the correlations between Se and resid-
uals of the regression of %MeHg on THg to determine whether
Se was associated with %MeHg when controlling for THg
levels. We also examined correlations between Se and THg
below and above the threshold, the ratio of Hg to Se in relation
to the threshold, and the correlations between Se and IoHg
separately for livers with THg below and above the threshold.

RESULTS

Demethylation threshold concentrations

We found that the most parsimonious models explaining
the response of liver %MeHg to changing liver THg concen-
trations differed between life stages (Table 1). In adults, we
found strong evidence for a threshold value at which the
%MeHg in liver declined with increasing THg concentrations.
The broken flat-line model was the best model, with an Akaike
weight of 0.44 (Table 1). This model contains a changepoint
estimated (�1 SE) at 8.20 � 1.02 �g/g THg and suggests that
for all species combined, a threshold existed at this concen-
tration above which %MeHg declined with increasing liver
THg concentrations (Fig. 2). There were two other competing
models for adult birds (broken straight line and quadratic line),
but the best model was 2.31 and 2.59 times as likely as each
of these competing models, respectively (Table 1).

For chicks, the ‘‘flat-line change to quadratic’’ threshold
model failed to converge due to the lack of this pattern in the
data (Fig. 1f) and thus was excluded from further analyses.
Of the remaining models, the straight-line model was 1.86
times as likely as the next-best model (quadratic line), and
there was little evidence for the threshold models where the
relationship between THg and %MeHg changed abruptly (Ta-
ble 1). However, THg values in chick livers only ranged from
approximately 0.3 to 15.3 �g/g dry weight, and most values

were between 1 and 10 �g/g. Thus, our data may not have
ranged enough to detect a threshold similar to that of adults
whose THg concentrations ranged from 0.3 to 88.5 �g/g dry
weight. Regardless, %MeHg values in chick livers of all spe-
cies declined with increasing THg values at a rate of 5.51 �
1.57% per log unit.

Species and guild differences

We tested whether the response of %MeHg to changes in
liver THg concentrations differed among species or guilds. We
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Table 2. Ranking of candidate models comparing species differences in response of liver percent methylmercury to changing liver total mercury
concentrations in American avocet, black-necked stilt, Caspian tern, and Forster’s tern adults, and chicks from San Francisco Bay, California,

USAf

Model
no. Model structure n RSSa kb Log-likelihood AICcc �AICcd

Akaike
weighte

Adults
1 No guild differences 309 43,801.5 4 �1,101.81 2,211.75 2.10 0.15
2 Different intercepts, thresholds, and slopes 309 42,232.4 7 �1,099.36 2,213.09 3.45 0.08
3 Parallel lines (intercepts differ) 309 43,740.8 5 �1,101.72 2,213.63 3.98 0.06
4 Only thresholds and slopes differ 309 42,304.4 6 �1,099.48 2,211.23 1.58 0.19
5 Only thresholds differ 309 43,439.1 5 �1,101.25 2,212.70 3.05 0.09
6 Only slopes differ 309 42,461.3 5 �1,099.72 2,209.64 0.00 0.43

Chicks
1 No species differences 131 21,405.8 3 �422.33 850.85 1.70 0.19
2 Parallel slopes (intercepts differ) 131 19,557.3 5 �419.76 850.00 0.86 0.30
3 Common intercepts (slopes differ) 131 19,264.8 5 �419.33 849.15 0.00 0.45
4 Complete differences (intercepts and slopes differ) 131 19,195.6 7 �419.23 853.37 4.23 0.06

a Residual sum of squares from the analysis of covariance model.
b The number of estimated parameters in the model including the variance.
c Akaike’s Information Criterion.
d The difference in the value between AICc of the current model and the value for the most parsimonious model.
e The likelihood of the model given the data, relative to other models in the candidate set (model weights sum to 1.0).
f Italicized rows indicate competing models with �AIC values suggestive of biological importance.
** Model disqualified because it either failed to converge, or not all parameters could be estimated for at least one species.

Fig. 3. Comparative demethylation responses in (a) American avocet
and black-necked stilts and (b) Caspian and Forster’s tern adults.
Vertical dashed line and shaded region indicate estimated mean (�
standard error) demethylation threshold value. Refer to Figure 2 for
symbol key.

found strong evidence for differences between guilds in the
rate of demethylation once the threshold was reached, as well
as evidence for differences in the actual threshold values. The
best two models (different slopes; different thresholds and
slopes) had a combined Akaike weight of 0.62, and the ‘‘dif-
ferent slopes’’ model was 2.26 times as likely as the ‘‘different
thresholds and slopes’’ model (Table 2). On the basis of the
top model (different slopes), the %MeHg value was 87.76 �
0.89% for both guilds when THg concentrations were low and
began to decline when THg concentrations in the liver reached
a common threshold concentration of 8.51 � 0.93 �g/g. This
threshold was slightly higher than that estimated with the first-
order model (8.20 �g/g) because of the different structure
associated with varying slopes between guilds. Subsequent to
the threshold value, avocets and stilts had a steeper postbreak-
point slope (�21.18 � 3.12, Fig. 3a) than that of terns (�12.71
� 1.86, Fig. 3b). This indicated that nearly twice the proportion
of MeHg was demethylated to IoHg in recurvirostrids than
that in terns with each log unit increase in liver THg concen-
tration.

Similar to the top model, the second-best model also had
a common intercept with 87.72 � 0.88% of the THg in the
MeHg form at low THg concentrations and a steeper post-
threshold slope for avocets and stilts (�24.94 � 3.78) than
that for terns (�11.35 � 2.21). However, unlike the top model,
the second-best model indicated that the threshold for terns
occurred at a lower liver THg concentration (7.48 � 1.48 �g/
g) than that for avocets and stilts (9.91 � 1.29 �g/g). These
results suggest that active demethylation may have occurred
with lower exposure levels in terns than that in avocets and
stilts but that avocets and stilts were better able to demethylate
Hg once the threshold was reached.

For chicks, there was little support for a threshold where
the demethylation rate changed abruptly (Table 1). However,
there was strong evidence for differences in the linear response
of %MeHg to changing THg concentrations among species.
The two top models (common intercept and parallel slopes)
were close competitors and were 2.37 and 1.58 times as likely
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Fig. 4. Modeled mercury demethylation responses (solid line) � 95%
confidence limits (dashed lines) in livers of American avocet, black-
necked stilt, and Forster’s tern chicks. Refer to Figure 2 for symbol
key. MeHg � methylmercury; THg � total mercury.

Fig. 5. Relationship between selenium (Se) and total mercury (THg)
concentrations in livers of adult American avocets, black-necked stilts,
Caspian terns, and Forster’s terns. Open symbols represent birds with
liver THg concentrations below the demethylation threshold; shaded
symbols represent birds with liver THg concentrations exceeding the
demethylation threshold. Vertical dashed line indicates estimated de-
methylation threshold derived from top changepoint model. Refer to
Figure 2 for symbol key.

as the other competing model (no species differences, Table
2), respectively. The top model (common intercept) suggested
that at the lowest liver THg concentrations (0.32 �g/g) liver
THg was comprised of 101.88 � 3.32% MeHg among all
species. However, as liver THg concentrations increased, the
%MeHg values changed at different rates among species. Av-
ocets had the steepest decline with a decrease of 8.18 � 1.67%
MeHg per log unit of liver THg (Fig. 4), whereas stilts and
Forster’s tern %MeHg values declined by only 4.53 � 1.89%
and 3.56 �1.59% per log unit, respectively (Fig. 4).

The common intercept model was 1.50 times as likely as
the next-best model (parallel slopes), which indicated that there
could be differences in %MeHg among species at the inter-
cepts, but the relative differences in %MeHg among species
remained consistent with increasing THg concentrations. Ac-
cording to this model, Forster’s terns had the highest initial
%MeHg value (106.00 � 3.77%), followed by stilts (104.10

� 3.37%), then avocets (96.37 � 3.99%), and %MeHg de-
clined commonly for all species by 5.57 � 1.56% per log unit
of liver THg. Finally, the third-best model suggested that there
were no differences in slopes or intercepts among species, but
there was substantially less support for this model. According
to this model, %MeHg values started at 103.10 � 3.39% and
decreased by 5.51 � 1.58% with each log unit increase in liver
THg.

Selenium effects

We found no correlation between Se and the residuals from
either of our top two threshold models for adults (linear re-
gression; best model, r2 � 0.004, p � 0.42, n � 158; second-
best model, r2 � 0.003, p � 0.99, n � 158), indicating that
Se concentrations in the liver explained no additional variation
in %MeHg after accounting for the variation associated with
THg. We also found only a weak linear correlation between
Se and THg concentrations in our liver samples with all species
pooled (linear regression, r2 � 0.07, p � 0.001, n � 158).
However, when we assessed the relationship between Se and
THg concentrations separately for data where THg was below
and above the threshold (using the 8.51 �g/g threshold value
derived when guild-specific values were allowed to differ, Ta-
ble 2), we found strong relationships. Selenium concentrations
were inversely related to THg levels at concentrations below
our modeled demethylation threshold (r2 � 0.19, p 
 0.0001,
n � 96), whereas they were positively correlated with THg at
concentrations above the threshold (r2 � 0.12, p � 0.007, n
� 62, Fig. 5).

The molar ratio of Hg to Se ranged from 0.009 to 2.83 and
increased with THg concentrations (Fig. 6). All liver samples
with THg levels less than the demethylation threshold had Hg:
Se molar ratios less than 1, indicating a molar excess of Se.
As THg concentrations increased above the demethylation
threshold, the ratio of most samples approached or exceeded
1, indicating molar equivalence between the two elements or
even excess Hg. Using linear regression, we found that the
slope was substantially lower (0.75 � 0.09) for birds with THg
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Fig. 6. Relationship between Hg:Se molar ratios and liver total mer-
cury (THg) concentrations in adult American avocets, black-necked
stilts, Caspian terns, and Forster’s terns. Vertical dashed line and
shaded region indicate estimated mean (� standard error) demeth-
ylation threshold value. Refer to Figure 2 for symbol key.

Fig. 7. Relationship between inorganic mercury and selenium of adult
(a) American avocets and black-necked stilts and (b) Caspian and
Forster’s terns.

concentrations above the threshold than the slope for those
with concentrations below the threshold (1.35 � 0.07).

Consistent with these results, we also found that concen-
trations of IoHg in livers of birds with THg concentrations
below the demethylation threshold were not correlated with
levels of Se in the livers in either guild (avocets and stilts, r2

� 0.04, p � 0.05, n � 77; Forster’s and Caspian terns, r2 �
0.06, p � 0.31, n � 19; Fig. 7). In contrast, IoHg concentra-
tions were positively correlated with levels of Se in liver for
both guilds when liver THg concentrations exceeded the
threshold level (avocets and stilts, r2 � 0.54, p 
 0.0001, n
� 23; Forster’s and Caspian terns, r2 � 0.15, p � 0.01, n �
39; Fig. 7).

DISCUSSION

Our results indicate a strong propensity for MeHg detox-
ification in adult avian livers through a process of demethyl-
ation, in which MeHg is converted to less toxic IoHg. In adults
of all four species studied, we found that at low concentrations
of THg in livers the proportion of Hg composed of MeHg was
high (�88%) and remained constant, whereas there was a
steep, linear decline in %MeHg with increasing THg concen-
trations in excess of approximately 8.20 �g/g dry weight. In-
terestingly, we found a different response in chicks, where
%MeHg declined linearly with increasing THg concentrations
in livers. We found no evidence for a threshold THg concen-
tration where the rate of demethylation changed in chicks,
although this lack of a threshold may have been due, at least
in part, to a lack of higher Hg concentrations above the thresh-
old that were more common in adults. For example, less than
7% of all chicks sampled had liver THg concentrations over
8.20 �g/g dry weight. Although we lacked sufficient data to
model the adult biphasic response for each individual species,
we did find evidence for a difference in demethylation response
between the two guilds. Our best model indicated that at con-
centrations above the common threshold (8.51 �g/g when ac-
counting for slope differences) avocets and stilts had a much
steeper decline in %MeHg than terns. Moreover, a competing
model suggested that the demethylation threshold in terns also
may occur at a lower THg concentration (7.48 �g/g) than that
in avocets and stilts (9.91 �g/g).

Selenium concentrations in the liver did not account for
any additional variability in liver %MeHg values. Selenium
concentrations also were not strongly correlated with THg con-
centrations across our entire range of THg values as has been
reported in many other bird species [11–13,20,21]. Instead,
we found a negative correlation between Se and THg below
the demethylation threshold and a positive correlation above
the threshold. Additionally, Hg:Se molar ratios were directly
related to liver THg concentrations, and ratios approached one
as THg concentrations approached our THg threshold for de-
methylation, indicating that demethylation may be initiated
when molar equivalencies or excesses of Hg occur relative to
Se. We also found that IoHg concentrations were poorly related
with Se concentrations in birds with liver THg concentrations
below the demethylation threshold, whereas birds with THg
concentrations exceeding the demethylation threshold showed
positive correlations between liver IoHg and liver Se concen-
trations. These results suggest that Se may be important for
binding IoHg once it has been demethylated, thus making it
unavailable for further tissue damage.

Our findings are consistent with studies on other seabirds
[10] and piscivorous waterbirds [12,13], which have found that
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at elevated THg concentrations the proportion of mercury in
the liver that was comprised of MeHg (%MeHg) was relatively
low despite the fact that much of their dietary mercury ex-
posure was almost completely in the organic MeHg form. The
ability to demethylate MeHg in the avian liver has long been
proposed as a protective mechanism for reducing the toxicity
of MeHg to the avian neurological system. However, few stud-
ies have assessed the variation of %MeHg values in liver over
a wide range of liver THg concentrations. Most of those studies
have also shown declines in liver %MeHg with increasing liver
THg concentrations in birds. For example, Scheuhammer et
al. [12] found that %MeHg concentrations in common loons
(Gavia immer) and common mergansers (Mergus merganser)
declined from 67 and 53%, respectively, in livers with THg
concentrations between 0 and 5 �g/g dry weight to 45 and
38% between 6 and 10 �g/g, 34 and 28% between 11 and 20
�g/g, 25 and 21% between 21 and 30 �g/g, 8 and 17% between
31 and 40 �g/g, and 3 and 14% at concentrations greater than
40 �g/g. Similarly, several seabird species including the At-
lantic petrel (Pterodroma incerta) [10], black-footed albatross
(Diomedea nigripes), and Laysan albatross (Diomedea im-
mutabilis) exhibited sharp declines in %MeHg values with
increasing THg concentrations in their livers [11]. Alterna-
tively, there was little relationship between %MeHg and THg
in livers of adult double-crested cormorants (Phalacrocorax
auritus), black-crowned night-herons (Nycticorax nycticorax),
and snowy egrets (Egretta thula) when concentrations were

8 �g/g (wet wt), whereas %MeHg values were substantially
lower and declined in a dose-dependent fashion as THg con-
centrations in the liver exceeded approximately 8 �g/g wet
weight [13]. The apparent discrepancy between those studies
is likely due to the fact that the seabird studies consisted of
birds with exceptionally high THg concentrations (�50 �g/g
dry wt) and likely did not capture the prethreshold levels,
whereas the data from Henny et al. [13] cover a wide range
of concentrations (1.12–222.16 �g/g wet wt). Our results also
span a wide range of Hg concentrations (0.32–88.5 �g/g dry
wt) and agree most closely with those of Henny et al. [13],
suggesting that the energetic costs of initiating demethylation
do not outweigh the costs of MeHg accumulation until con-
centrations become sufficiently elevated to cause toxicity.

Demethylation in chicks appeared to occur consistently
across our range of THg concentrations, and unlike in adults
we found little evidence for a THg threshold in chicks where
the slope between %MeHg and THg changed abruptly. How-
ever, fewer than 7% of the THg concentrations in chick livers
sampled exceeded the demethylation threshold level deter-
mined for adults, whereas THg concentrations in nearly half
of the adult birds exceeded the demethylation threshold. Thus,
we believe that Hg concentrations in the chicks that we sam-
pled were likely too low to robustly assess the presence of a
threshold. At low THg concentrations where we had overlap
in levels between adults and chicks, the chick response in
%MeHg did not agree with that in adults. We found a decline
in %MeHg with increasing THg in chicks but not for adults.
Similar findings were reported for fledgling wading birds in
comparison to adults from Carson River, Nevada, USA [13].
Evidence of MeHg demethylation in livers of juvenile birds
has also been reported for common loons [22], osprey (Pan-
dion haliaetus) [23], and great egrets (Ardea alba) [24]. How-
ever, there are striking differences in the response among spe-
cies. Percent MeHg values in loon chicks averaged 70% [22],
and median values for osprey were 52% [23]. Despite this,

there was little evidence of changes in %MeHg with increasing
exposure. In MeHg-dosed great egret chicks, however, average
%MeHg values in liver increased from 56% in birds fed control
diets to 61 and 73% in the low (0.5 �g/g wet wt) and high (5
�g/g wet wt) dose groups, respectively [24]. These results
suggest that chicks actively demethylate MeHg even at low
exposure levels, and their ability to demethylate at high MeHg
doses may be overwhelmed by excessive intake rates. Our
results for chicks concur with these other studies showing that
demethlyation occurs at low exposure levels and is consistent,
without an abrupt change in demethylation rates, and that rates
differ among species.

We found taxonomic differences in the demethylation re-
sponse in adults. At THg concentrations above the demeth-
ylation threshold, we found that the slope of %MeHg versus
THg for recurvirostrids (avocets and stilts) was steeper than
that for terns (Forster’s and Caspian terns). We also found
evidence that demethylation was initiated at higher liver THg
concentrations in avocets and stilts (9.91 �g/g dry wt) than
that in terns (7.48 �g/g dry wt). These results suggest that
MeHg demethylation may occur more rapidly in avocets and
stilts than in terns but that avocets and stilts may not initiate
demethylation until they reach relatively higher THg concen-
trations. Alternatively, avocets and stilts are likely exposed to
MeHg at a lower rate than terns because they primarily forage
at a lower trophic level on invertebrates [25,26], as opposed
to fish, which are the main prey of terns [27,28]. Additionally,
avocets and stilts are likely exposed to a relatively greater
amount of dietary IoHg than terns due to their foraging ecol-
ogy. For example, %MeHg levels in invertebrates such as those
fed upon by avocets and stilts are highly variable [29], and a
substantial proportion of invertebrate THg may be IoHg [30].
Conversely, nearly all of the Hg in fish is in the methyl form
[31,32]; thus, terns and other fish-eating birds likely have very
little dietary IoHg exposure. As a result, the MeHg pool in
tern livers may be continually replenished at a relatively higher
rate in comparison to that in avocets and stilts, which would
likely result in a dampened response in declining %MeHg
values even if demethylation was occurring at the same rate.
This interpretation is also supported by the lower demethyl-
ation threshold level in terns than that in avocets and stilts,
suggesting that terns may respond to their elevated exposure
levels more readily than recurvirostrids, which likely accu-
mulate MeHg more slowly.

Although little is known regarding the physiological mech-
anisms of MeHg demethylation in the avian liver [17,33], it
is suspected to be an active, energy-dependent process. This
hypothesis is consistent with the biphasic response in %MeHg
relative to liver THg concentrations found in adults. At con-
centrations below toxicity thresholds, there is little benefit to
expending energy in demethylation processes, whereas at Hg
concentrations approaching or exceeding toxicity thresholds it
becomes increasingly advantageous to direct energy to pro-
tective mechanisms. However, it is currently unclear whether
differences in demethylation thresholds among species are due
to differing species sensitivities to the toxic effects of MeHg
or instead that species differ in their physiological ability to
expend energy in the demethylation process. Recent studies
have shown species differences in sensitivity to Hg through
various endpoints such as embryo survival [34]; thus, it is
unsurprising that we would find taxonomic differences in de-
methylation. Henny et al. [13] estimated that a dose-dependent
relationship between %MeHg and THg in pooled livers of
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double-crested cormorants, snowy egrets, and black-crowned
night-herons was apparent at liver THg concentrations of about
7 to 8 �g/g wet weight (20–25 �g/g dry wt, assuming 66%
moisture), and the slope of the relationship was �14.56. Sim-
ilarly, Scheuhammer et al. [33] suggested that for wildlife in
general IoHg species dominate hepatic Hg levels at concen-
trations above about 10 �g/g wet weight (30 �g/g dry wt).
These values are substantially higher than those that we found
(8.51 �g/g dry wt or 2.89 �g/g wet wt), indicating that those
less sensitive to the toxicological effects of MeHg than the
species studied here. Alternatively, the species studied here
may be less able to utilize the protective abilities of Se at
lower THg concentrations than other species in the literature.

Selenium has long been linked as an antagonist to the toxic
effects of mercury in adult birds and other wildlife [15]. Se-
lenium’s role in MeHg detoxification has generally followed
two hypotheses. One suggests that Se may enhance or enable
detoxification processes by freeing methylmercury from its
protein bonds, potentially making it available for demethyla-
tion [15]. The other hypothesis is that Se acts as a receptor
for IoHg after it has been demethylated in the liver and binds
with IoHg to form toxicologically inert Hg–Se compounds
[17,35–38]. Our results generally support the latter hypothesis
that Se does not enhance demethylation but instead provides
a binding site after MeHg has been converted to IoHg for the
formation of nontoxic, nonlabile Hg–Se compounds that are
stored in the liver. Specifically, we found that little variation
in our MeHg demethylation models was explained by Se. How-
ever, we found a significant, positive relationship between Se
and IoHg concentrations in the livers of birds with high Hg
concentrations, whereas there was no relationship between Se
and IoHg concentrations in the livers of birds with low THg
concentrations in liver. This suggests that once the threshold
for demethylation is reached Se is important for receiving and
potentially detoxifying the free IoHg. Henny et al. [13] found
an even stronger positive correlation than our study between
liver IoHg concentrations and Se in wading birds from Carson
River, Nevada, USA. However, there was no comparison of
pre- and post-threshold correlations.

Few other studies have assessed relationships between Se
and IoHg, instead comparing Se with THg concentrations. In
general, Se concentrations show strong linear correlations with
THg [12,20,39]. These results are in sharp contrast to ours
where we found that Se was negatively correlated with THg
below the demethylation threshold and positively correlated
with THg above the threshold. We are unaware of other ex-
amples where Se declines with increasing THg concentrations,
and the mechanism for such a negative correlation is unclear.
This trend may perhaps be due to routing of hepatic Se to
other organs or merely the result of different foraging habitats
among individuals, where some birds were feeding in high-
Se, low-Hg sites. Recent work with common loons and bald
eagles suggests that Se concentrations are poorly correlated
with liver THg concentrations at THg values below 10 �g/g
dry weight, whereas once THg concentrations exceed 10
�g/g dry weight they are strongly positively correlated [33].
Kim et al. [39] reported similar results for several seabird
species. However, their results indicated that birds with THg
concentrations 
100 �g/g dry weight had a shallow slope and
a poor correlation coefficient between THg and Se, whereas
birds �100 �g/g THg dry weight had a steep slope and a high
correlation coefficient. Together, these studies implicate Se as
a very important component in the demethylation–sequestra-

tion process, particularly post-threshold. However, they also
highlight that discrepancies among taxa still cannot be fully
explained.

The results of our study are consistent with the hypothesis
that MeHg toxicity can be reduced in livers of birds, that
demethylation occurs across broad taxonomic groups, and that
demethylation follows a dose–response threshold model. To
our knowledge this is the first time that demethylation thresh-
olds have been quantitatively modeled and compared to other
potential functional response trajectories and compared among
several species. Consequently, we showed that demethylation
rates can differ among taxa and that there is evidence of tax-
onomic differences in the THg concentration threshold at
which demethylation is initiated in the liver. Our study addi-
tionally lends further support to the role of Se as a Hg se-
questration mechanism that works in concert with demethyl-
ation. However, our data suggest that, at least in some species
of birds, the efficacy of selenium in this role may not always
be as strong as that in other species and more research is needed
to better understand these differences among taxa. Finally, our
results suggest that assessments of avian risk to MeHg ex-
posure should incorporate taxon-specific analysis of demeth-
ylation abilities.
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