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ABSTRACT: Mercury exposure has been associated with a
wide variety of negative reproductive responses in birds,
however few studies have examined the potential for chick
impairment via the hypothalamic-pituitary-adrenal (HPA) axis.
The HPA axis regulates corticosterone levels during periods of
stress. We examined the relationship between baseline fecal
corticosterone metabolite concentrations and mercury concen-
trations in down feathers of recently hatched (<3 days) and
blood of older (15−37 days) Forster’s tern (Sterna forsteri)
chicks in San Francisco Bay, California. Baseline fecal
corticosterone metabolite concentrations were negatively
correlated with mercury concentrations in blood of older
chicks (decreasing by 81% across the range of observed
mercury concentrations) while accounting for positive correlations between corticosterone concentrations and number of
fledgling chicks within the colony and chick age. In recently hatched chicks, baseline fecal corticosterone metabolite
concentrations were weakly negatively correlated with mercury concentrations in down feathers (decreasing by 45% across the
range of observed mercury concentrations) while accounting for stronger positive correlations between corticosterone
concentrations and colony nest abundance and date. These results indicate that chronic mercury exposure may suppress baseline
corticosterone concentrations in tern chicks and suggests that a juvenile bird’s ability to respond to stress may be reduced via the
downregulation of the HPA axis.

■ INTRODUCTION
Mercury contamination has been associated with myriad of
negative reproductive consequences in birds. Established effects
of mercury exposure on breeding birds vary from sublethal
effects on adults,1 impaired breeding behavior,2 decreased
clutch size,3 decreased hatching rates,4 and an increased chance
of embryos being malpositioned.6 There also are effects on
chicks, including altered behavior,7 reduced growth rates,8

impaired immune function,9 and decreased survival.10 One area
that has received relatively little attention is how mercury
contamination may produce deleterious effects via the
hypothalamic−pituitary−adrenal (HPA) axis in birds. There
are a limited number of studies that have assessed effects of
mercury exposure on the HPA axis in birds and the results are
mixed ranging from no effect11,12 to both positive13 and
negative effects.14,15

The HPA axis regulates circulating concentrations of
corticosterone in individuals during periods of stress.16,17 The
physiological and behavioral modifications that are mediated by
increased concentrations of circulating corticosterone make it
possible for individuals to limit the negative effect of short-term
environmental stressors, such as inclement weather, risk of
predation, and starvation.16,18 Beneficial over the short-term,
elevated corticosterone concentrations in juvenile birds can

have long-term negative consequences including impaired
cognitive abilities,19 reduced mate attractiveness,20 and
decreased survival.21

We evaluated the influence of mercury exposure on
corticosterone levels in Forster’s tern (Sterna forsteri, hereafter
tern) chicks in San Francisco Bay, California. Recent studies
have found elevated concentrations of mercury in waterbirds
breeding in San Francisco Bay.1,22 We focused our cortico-
sterone research on juvenile birds, and we expected the greatest
stress response (either positive or negative) during the time
periods when mercury concentrations are highest: (1) recently
hatched chicks and (2) older chicks just prior to fledging.23

Mercury concentrations in recently hatched chicks represent
maternal mercury exposure and deposition during egg
development.24 Shortly after hatching, chicks grow rapidly
and dilute their body burden of mercury through both mass
dilution and depuration into actively growing feathers.23 Near
the time of fledging, mercury concentrations begin to increase
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in body tissues again as both somatic growth and feather
production slows.23

We therefore used separate indices of mercury exposure for
either recently hatched or old chicks. For recently hatched
chicks (<3 days of age), we used mercury concentrations in
down feathers as an index of mercury exposure to the
developing embryo. Down feathers in Forster’s terns are
grown in ovo,25 and their mercury concentrations are highly
correlated with egg mercury concentrations.24 Therefore, down
feathers represent maternal exposure to mercury and its
subsequent deposition into eggs. For older chicks (15−37
days of age), we measured mercury concentrations in whole
blood because it more accurately reflects internal tissue changes
in mercury concentrations that are associated with mass
dilution and feather growth, and blood is not subject to the
high degree of variability in mercury concentrations observed in
fully grown feathers.23 To measure baseline stress levels in both
recently hatched and old chicks, we used fecal corticosterone
concentrations because it reflects an integrated baseline
measure of plasma corticosterone concentrations and asso-
ciated stress over a period of 1−3 days.26,27 Therefore, in our
study, fecal corticosterone concentrations in recently hatched
chicks was used to indicate stress associated with in ovo
mercury levels caused by maternal exposure to mercury and
depuration into the egg. For older chicks, fecal corticosterone
concentrations were used to indicate potential stress associated
with circulating blood mercury concentrations from within 1−3
days of sampling the chick.

■ EXPERIMENTAL SECTION
Study Area. We examined the physiological condition of

tern chicks in relation to mercury exposure at eight colony sites
within the Don Edwards San Francisco Bay National Wildlife
Refuge, San Francisco Bay, California (37°26′N 121°58′W)
between 23 May and 1 August 2010. Terns predominantly nest
on islands within former salt evaporation ponds, with nesting
colonies ranging in size from 14 to 266 nests in 2010 (mean,
129 nests).
Chick Sampling. We conducted routine nest monitoring

and chick banding during visits to each colony once a week. We
sampled tern chicks when they were at two different
developmental stages: recently hatched (<3 days old, n = 22)
and older fledglings that were 15−37 days of age (mean = 22
days, n = 43; hereafter old chicks). We estimated tern chick age
following the methods and models of Ackerman et al.23

Specifically, we either observed the chick hatching, and thus
calculated the chick’s age when it was sampled by subtracting
the date the chick was sampled from its observed hatching date,
or, if we did not observe the hatching date, we used a model23

to estimate the chick’s age when it was first found and then
added the number of days between the date when it was
sampled and the date when it was found to calculate the chick’s
age when it was sampled.
To measure mercury concentrations in recently hatched

chicks, we collected 15−20 down feathers from each chick’s
rump. Down feathers were stored in labeled Whirl-paks (Nasco,
Modesto, California, USA) until mercury analysis. To measure
mercury concentrations in old chicks, we collected whole blood
from the brachial vein using a 27 gauge syringe, stored it in
labeled cryovials, placed it on wet ice in the field, and later froze
it in the lab at −20 °C until mercury analysis was conducted.
We used noninvasive fecal sampling to measure cortico-

sterone metabolite concentrations in tern chicks. Cortico-

sterone metabolite concentrations in fecal material represent an
integrated baseline measure of steroid concentrations from
within 1−3 days of sampling27 and takes 2−8 h to become
elevated after an individual stress event.28 Baseline fecal
corticosterone metabolites have been shown to be effective
biomarkers of mercury-associated stress in birds.13,29 We did
not use corticosterone concentrations in blood plasma because
of the short time frame that blood samples represent and the
logistical difficulties associated with sampling all chicks within 3
min of breeding colony disturbance.30

For each sampled chick, we measured exposed culmen, short
tarsus, and flattened wing lengths (to the nearest 0.01 mm
using digital calipers) and mass (to the nearest 0.1 g using a
digital scale; Ohaus model Scout Pro, Ohaus Parsippany New
Jersey, USA). Chicks were held in shaded and screen-lined
poultry cages until processing within 30 min of capture (model
5KTC, Murray McMurray Hatchery, Webster City, Iowa,
USA). From each chick, we collected approximately 1 mL of
fecal material. For recently hatched chicks we placed each chick
on a clean piece of tin foil until they defecated and then
transferred the defecation using a clean pipet, whereas we
extracted fecal material directly from the cloaca of older chicks
using a 2 mL pipet. We sampled chicks within the same 4 h
time period each day to minimize any diel variation in
corticosterone metabolite concentrations.31 Each chick was
banded with a uniquely numbered aluminum U.S. Geological
Survey leg band to facilitate identification if recaptured and
prevented sampling the same chick multiple times. Fecal
samples were stored in labeled cryovials, placed on wet ice in
the field, and later frozen in the lab at −20 °C until
corticosterone analysis was conducted within 78 days.

Mercury Determination. We processed and analyzed
whole blood and entire feathers for total mercury as described
in Ackerman et al.22 Typically, 95% of the total mercury in
avian blood and feathers is in the methylmercury form.32 We
pipetted 50 μL of blood into a quartz sample vessel and
weighed it (to the nearest 0.0001 g; Ohaus Adventurer Balance,
model AR0640, Ohaus Corporation, Parsippany, New Jersey,
USA). For feathers, we washed each feather in a 1% Alconox
solution (Alconox, White Plains, New York, USA) while
manually scrubbing each feather to remove surface debris. We
then dried feathers at 60 °C for 24 to 48 h, weighed them to the
nearest 0.0001 g (Mettler Toledo, Model AT201, Greifensee,
Switzerland), and transferred each feather into a quartz sample
vessel.
Following U.S. Environmental Protection Agency method

7473,33 we analyzed each blood or feather sample for total
mercury at the U.S. Geological Survey, Davis Field Station’s
Mercury Lab on a Milestone DMA-80 direct mercury analyzer
(Milestone, Monroe, Connecticut, USA). Quality assurance
measures included analysis of two certified reference materials
per batch (either dogfish muscle tissue [DORM-2], dogfish
liver [DOLT-3], or lobster hepatopancreas [TORT-2] by the
National Research Council of Canada, Ottawa, Canada).
Recoveries for certified reference materials and matrix spikes
in feathers averaged 101.3 ± 1.8% (n = 20) and 99.1 ± 0.3% (n
= 8), respectively. Recoveries for certified reference materials
and matrix spikes in blood averaged 97.6 ± 1.3% (n = 27) and
97.7 ± 0.6% (n = 12), respectively. Absolute relative percent
difference for all duplicates averaged 2.4% ± 1.5% (n = 8) for
feathers and 2.1 ± 1.5% (n = 10) for blood.

Validation Study. To validate the determination of
excreted corticosterone metabolites in our Correlate-EIATM
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Corticosterone Enzyme Immunoassay kit (EIA), we used a
capture-and-handling stress protocol.34 Briefly, five tern chicks
were held for an additional 60 min after their initial handling for
measurements and fecal sampling before release to increase
their potential for elevated fecal corticosterone metabolite
concentrations in response to stress. We then recaptured each
of these chicks separately at 8 and 24 h after the initial capture
and stress event. At each of the two subsequent recaptures, we
resampled their fecal material to measure corticosterone
metabolite concentrations. Chicks were released at their
capture location.
Corticosterone Metabolite Determination. Cortico-

sterone concentrations were measured following procedures
outlined by Möstl et al.35 and Palme.36 Briefly, wet fecal
samples were dried to constant mass at 40 °C and then ∼0.50 g
subsamples were homogenized for 1 min and then mixed with
5.0 mL of 95% ethanol and vortexed for 30 min. To reduce bias
associated with differences between fecal and urinary cortico-
sterone concentrations,35 we excluded samples that were
exclusively urinary liquids. Further, variation in fecal samples
was likely minimal because the forms of excreta are mixed in
the cloaca of birds.37 Samples were then centrifuged (15 min,
2500 × g), the supernatant was transferred to a new vial, and
was then evaporated under nitrogen gas. Corticosterone
metabolites were then resuspended in diluted extraction buffer
and measured using the EIA following the manufacturer’s
instructions (Assay Design, Inc., Ann Arbor, Michigan, USA).
The Correlate-EIATM Corticosterone kit used a donkey
antisheep IgG microtiter plate, and a sheep polyclonal
corticosterone EIA antibody as a standard. Cross reactivity
for these EIA kits are considered low and reported for
desoxycorticosterone (12.3%), progesterone (0.2%), tetrahy-
drocorticosterone (0.7%), aldosterone (0.6%), cortisol (0.4%),
progesterone (0.2%), cortisone (<0.1%), and estradiol (<0.1%;
Assay Design, Inc., Ann Arbor, Michigan, USA). The minimum
detectable level of corticosterone metabolites as reported in the
manufacturer’s manual was 0.02 ng/g (Assay Design, Inc., Ann
Arbor, Michigan, USA).
We conducted a standard assay validation, which included an

assessment of parallelism, recovery of exogenous cortico-
sterone, and intra- and interassay precision to confirm that
the EIAs accurately measured corticosterone metabolites in
fecal samples.38 All fecal samples were analyzed within 78 days
of collection to avoid any issues with changes in metabolite
concentrations associated with longer storage times.39

Statistical Analyses. To validate ELISA test kits for fecal
corticosterone metabolites, we performed a serial dilution of
fecal corticosterone metabolites from tern chicks and tested for
equality of slopes (parallelism) between the tern fecal
corticosterone metabolites and the corticosterone standards
using a general linear model. Similar slopes between serially
diluted samples and standards demonstrated that the EIA kits
were in fact measuring the parameter as purported by the
manufacturer (Results).
We used an information-theoretic approach40 and general

linear models in R41 to determine which variables influenced
Forster’s tern chick fecal corticosterone metabolite concen-
trations. We built and ranked competing candidate a priori
models for recently hatched and old chicks separately. Recently
hatched chick candidate models included rump feather mercury
concentration, date, colony nest abundance (the total number
of nests at this colony site over the entire 2010 breeding
season), culmen length (a measure of chick size and age), chick

mass, and colony site (island). We included colony nest
abundance as a potential measure of colony-induced stress to
females during egg laying when they deposit corticosterone into
the egg.42,43 We included culmen length in all models that
included mass to account for variation in a recently hatched
chick’s structural size; therefore the mass variable should be
interpreted as an index of the chick’s body condition relative to
its size. Similarly, candidate models for old chicks included
blood mercury concentration, date, number of chicks (from
recently hatched to fledged) in the colony during the specific
time-period (visit) when a chick was sampled, chick age, chick
mass, and colony site (island). We included the number of
chicks in a colony as a potential measure of colony-induced
stress to chicks. For models within the candidate model set for
older chicks, we included age in all models that included mass
to account for variation in a chick’s structural size. Therefore,
the mass variable should be interpreted as an index of the
chick’s body condition relative to its size. For both young and
old chick model candidate sets, we also included an intercept
only model and global model that included all variables and all
possible two-way interactions. We loge-transformed cortico-
sterone metabolite concentrations to improve normality.
Mercury concentrations are reported as micrograms per gram
fresh weight (μg/g fw) in feathers and as wet weight (μg/g ww)
in whole blood. Fecal corticosterone metabolite concentrations
are reported as nanograms per gram dry weight (ng/g dw).
We used Akaike’s Information Criterion adjusted for small

samples sizes (AICc) and considered the model with the lowest
AICc value to be the most parsimonious.40 We determined the
relative ranking of each model by subtracting the AICc value
from the best model from each candidate model’s AICc value
(ΔAICc). Candidate models were considered to be important
when ΔAICc ≤ 2.0. We calculated Akaike weights (wi) to assess
the weight of evidence that the selected model was the best
candidate model.40 We also calculated variable weights by
summing Akaike weights across all models that included the
variable to assess the relative importance of each variable. We
calculated model-averaged beta coefficient estimates from all
candidate models.40

■ RESULTS

Mean mercury concentrations in recently hatched chick down
feathers was 20.8 μg/g fw (95% confidence interval [CI] =
17.26−23.68, n = 22), and 0.45 μg/g ww (95% CI = 0.38−0.52,
n = 43) in blood of older chicks. Mean fecal corticosterone
concentrations for recently hatched chicks was 2.38 ng/g dw
(95% CI = 1.45−3.51, n = 22) and 3.22 ng/g dw (95% CI =
2.18−4.39, n = 43) for older chicks.

Corticosterone Metabolite Validation Studies. Serial
dilutions of tern chick fecal corticosterone metabolite extracts
yielded displacement parallel to the standard corticosterone
curve (F3,9 = 3.15, P = 0.11) demonstrating that the EIA kits
were measuring metabolites correctly. Mean recovery of the
added exogenous corticosterone spike was 89.5 ± 8.1% (SE).
Inter- and intra-assay coefficients of variation for corticosterone
internal standards were 7% and 9%, respectively. Cortico-
sterone metabolite concentrations of chicks captured and
handled to induce a stress response (following our stress
induction protocol) all increased over baseline metabolite
concentrations after 8 h and then returned to near baseline
concentrations after 24 h from their initial capture (Figure S1 of
the Supporting Information) .
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Factors Influencing Fecal Corticosterone Concentra-
tions. Recently Hatched Chicks. The most parsimonious
model explaining differences in recently hatched chick fecal
corticosterone metabolite concentrations included down
feather mercury concentrations, colony nest abundance, and
date, with a model Akaike weight of 0.35 (Table 1). A second
model containing the variables colony nest abundance and date
also had reasonable support (<2 ΔAICC units, Table 1). The
weight of evidence suggested that the model containing down
feather mercury concentrations, date, and colony nest
abundance was 1.2 times more likely than the next model
with colony nest abundance and date (Table 1). Using variable
weights to assess variable importance,40 we found that models
containing date had a combined AICC weight of 0.98, followed
by colony nest abundance (0.80), and down feather mercury
concentrations (0.56), with little evidence for effects of culmen
length (0.18), chick mass (0.02), or colony site (0.00). The
model averaged beta coefficient estimate indicated some
evidence that down feather mercury concentration (β =
−0.024 ± 0.016 SE) was negatively correlated with fecal
corticosterone metabolite concentrations. However, the 95%

confidence interval overlapped zero, and thus this hypothesis
was not strongly supported. However, model-averaged
coefficients for covariates such as date (β = 0.043 ± 0.012)
and colony nest abundance (β = 0.004 ± 0.002) had stronger
support for influencing corticosterone metabolite concentra-
tions. Model-averaged estimates for the effect of mercury on
fecal corticosterone metabolite concentrations indicated a
decrease in corticosterone concentrations of 45% over the
observed range of down feather mercury concentrations (range
= 11.16−35.75 μg/g dw, parts A−C of Figure 1). Fecal
corticosterone metabolite concentrations also increased with
date by 519% between 1 June and 13 July, 2010, and colony
nest abundance by 153% across the range of colony sizes
observed (41−249 nests, parts A−C of Figure 1).

Older Chicks. Candidate models for older chicks were similar
to those for younger chicks, except that culmen length was
replaced by chick age in the candidate models, and season-long
colony nest abundance was replaced by weekly chick
abundance. The most parsimonious model explaining differ-
ences in older chick fecal corticosterone metabolite concen-
trations included blood mercury concentrations, the number of

Table 1. Ranking of Candidate Models Describing Variables Influencing Fecal Corticosterone Metabolite Concentrations in
Recently Hatched and Old Forster’s Tern Chicks.f

model structure n Ka −2 Log L AICC
b ΔAICC

c wi
d evidence ratioe

Recently Hatched Tern Chicks
mercury + nest abundance + date 22 5 42.820 56.570 0.000 0.35 1.00
nest abundance + date 22 4 46.563 56.916 0.346 0.30 1.19
mercury + date 22 4 48.499 58.852 2.283 0.11 3.13
nest abundance + date + culmen 22 5 45.931 59.681 3.112 0.07 4.74
mercury + nest abundance + date + culmen 22 6 42.676 60.276 3.707 0.06 6.38
date 22 3 53.716 61.050 4.480 0.04 9.39
mercury + date + culmen 22 5 48.436 62.186 5.617 0.02 16.58
nest abundance + date + culmen + mass 22 6 45.907 63.507 6.938 0.01 32.10
intercept 22 2 61.116 65.748 9.178 0.00 98.41

Old Tern Chicks
mercury + number of chicks + age 43 5 118.488 130.109 0.000 0.28 1.00
mercury + number of chicks + age + mass 43 6 117.864 132.197 2.088 0.10 2.84
mercury + age 43 4 123.291 132.344 2.234 0.09 3.06
mercury + number of chicks + age + date 43 6 118.428 132.761 2.652 0.07 3.77
number of chicks + age + mass 43 5 122.101 133.723 3.613 0.05 6.09
mercury + age + date 43 5 123.086 134.708 4.598 0.03 9.97
mercury + number of chicks + age + mass + age × mass 43 7 117.516 134.716 4.606 0.03 10.01
mercury + age + mass 43 5 123.269 134.891 4.781 0.03 10.92
number of chicks + age 43 4 125.897 134.949 4.840 0.02 11.25
mercury + number of chicks + age + date + mass 43 7 117.841 135.041 4.931 0.02 11.77
mercury + number of chicks + age + date + number of chicks × date 43 7 117.917 135.117 5.007 0.02 12.23
mercury + number of chicks + age + date + age × date 43 7 118.049 135.249 5.140 0.02 13.06
age 43 3 129.029 135.645 5.535 0.02 15.92
number of chicks 43 3 129.166 135.781 5.672 0.02 17.04
number of chicks + age + date + age × mass 43 6 121.802 136.135 6.026 0.01 20.35
number of chicks + age + date + mass 43 6 121.901 136.234 6.124 0.01 21.38
mercury + number of chicks 43 4 127.354 136.407 6.297 0.01 23.30
age + mass 43 4 127.381 136.434 6.325 0.01 23.62
number of chicks + colony 43 12 102.656 137.056 6.947 0.01 32.25
intercept 43 2 137.501 141.801 11.692 0.00 345.82

aNumber of estimated parameters in the model including the intercept and variance. bSecond-order Akaike’s information criterium (AICc).
cThe

difference in the value between AICc of the current model and the value of the most parsimonious model. dLikelihood of the model given the data,
relative to models in the candidate set. eThe weight of the evidence that the top model is better than the selected model, given the candidate model
set. fChicks were sampled at eight nesting colonies in San Francisco Bay, California. Variables considered for recently hatched chicks included rump
feather mercury concentrations, nest abundance, date, chick mass, culmen length, and colony site. For old chicks variables considered included blood
mercury concentrations, number of chicks in colony, date, chick age, chick mass, and colony site. Models presented include only those that were
within 7 AICC units of the top model (ΔAICC = 0) and the null (intercept) models.
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chicks during weekly visits in the colony, and chick age, with a
model Akaike weight of 0.28 (Table 1). No other models were
found to be competitive (>2 ΔAICC units) in explaining fecal
corticosterone concentrations in old chicks, and all of the top
four models had blood mercury concentrations in them (Table
1). The weight of evidence suggested that the model containing
blood mercury concentrations, number of chicks in the colony,
and chick age was 2.8 times more likely than the next model
with blood mercury concentrations, number of chicks, mass,
and age (Table 1). Using variable weights to assess variable
importance, we found that models containing chick age had a
combined AICC weight of 0.93, followed by chick blood
mercury concentrations (0.77), and number of chicks in the
colony (0.75), with little evidence for effects of chick mass
(0.33), date (0.29), or colony site (0.03). Fecal corticosterone
metabolites in older chicks decreased by 81% across the
observed range of blood mercury concentrations (range =
0.13−1.08 μg/g ww, part D of Figure 1). Although the number
of chicks in a colony and chick age had high variable weights,
the model averaged beta coefficient estimates for these variables
had 95% confidence intervals that overlapped zero indicating

that both the number of chicks in a colony (β = 0.025 ± 0.037)
and chick age (β = 0.073 ± 0.181) had much smaller effects on
an older chick’s fecal corticosterone metabolite concentrations
than did its blood mercury concentrations (β = −1.765 ±
0.884, parts D−F of Figure 1).

■ DISCUSSION

We found strong support for a negative relationship between
fecal corticosterone metabolite concentrations and blood
mercury concentrations in older Forster’s tern chicks and
some support for a similar negative relationship between
corticosterone concentrations and down feather mercury
concentrations in recently hatched chicks as well. Across the
observed range of blood and down feather mercury
concentrations, we found an 81% and 45% reduction in fecal
corticosterone metabolite concentrations in old and recently
hatched chicks, respectively. Similarly, Franceschini et al.15

observed a negative correlation between baseline plasma
corticosterone concentrations and whole blood mercury
concentrations in both nestling and breeding adult tree

Figure 1. Relationship between partial residuals of corticosterone concentrations (ng/g dw) and (A) down feather mercury concentrations (μg/g
fw), (B) colony nest abundance, and (C) date in recently hatched chicks (≤3 days), and (D) blood mercury concentrations (μg/g ww), (E) chick
abundance at colony sites, and (F) chick age (days) in older chicks (15−37 days) for Forster’s terns in San Francisco Bay, California.
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swallows (Tachycineta bicolor). Jayasena29 also observed
decreased baseline fecal corticosterone concentrations during
reproduction in experimentally dosed adult white ibis
(Eudocimus albus). Wada et al.14 observed decreased stress-
induced plasma corticosterone concentrations relative to
control sites in late stage nestling tree swallows. Adams et
al.13 found more equivocal results in juvenile white ibis that
were experimentally dosed with mercury. Baseline fecal
corticosterone concentrations were higher for birds in each of
three dosing treatment levels relative to birds in the control
group after 50 days, but before 50 days of treatment results
varied in a nonlinear dose−response relationship.
Baseline fecal corticosterone concentrations may be reduced

by mercury exposure due to the down-regulation of
adenocorticotropin (ACTH) receptors, followed by a decreased
ability to produce the hormone, and result in a reduction in
corticosterone concentrations.44 A controlled down-regulation
of the HPA response to chronic stress may function to
minimize any negative effects of chronic corticosterone release.
44 Lower baseline corticosterone concentrations may also be
due to mercury impairing the endocrine system.45 For example,
an experimental study that injected mercury into rats found that
mercury accumulated in the adrenal gland, produced alterations
in heme and hemoprotein metabolism, and resulted in
abnormal steroidogenic activities and decreased corticosterone
production.46 Impairment of the endocrine system could also
lead to down-regulation of the ACTH hormone receptors
resulting in a decrease in hormone production.47 Regardless of
the mechanism, our results support a growing body of evidence
that indicates that chronic mercury exposure may actually
suppress baseline corticosterone concentrations and, poten-
tially, the ability of birds to respond to stress.
The long-term consequences of reduced baseline cortico-

sterone concentrations are unclear because there is a paucity of
studies that have demonstrated this negative HPA response in
association with mercury exposure, particularly in juvenile birds.
Baseline corticosterone concentrations reflect the naturally
circulating concentrations of corticosterone hormone available
for basic metabolic functions, which include sustaining standard
concentrations of blood glucose and maintaining anti-
inflammatory and immunosuppressant functions.48,49 In the
case of fecal corticosterone, concentrations reflect an integrated
measure of baseline corticosterone levels from a period of time
lasting up to 3 days.27 Our results suggest that mercury
exposure suppresses the HPA stress response in juvenile birds
and indicates the potential for altering basic metabolic
functions. When birds are faced with a stressful event, the
body responds by elevating circulating corticosterone concen-
trations. Whereas short-term increases in corticosterone
concentrations are considered to be immune enhancing,
chronic elevation of corticosterone concentrations are consid-
ered to be an immune suppressant.50 Therefore, any substantial
chronic reduction in baseline corticosterone concentrations
would also be expected to impair the ability of juvenile birds to
resist and overcome infections. A reduction in baseline
corticosterone may limit the ability of juvenile birds to mount
the appropriate level of stress response to environmental
stimuli and could impact survival.49

In addition to the effects of mercury on baseline cortico-
sterone concentrations, we also found that colony size and date
influenced fecal corticosterone metabolite concentrations.
Interestingly, these other variables were more important factors
(based on parameter weights) than mercury influencing

corticosterone concentrations in recently hatched chicks,
whereas they were less important than the effect of mercury
on older chicks. For example, in recently hatched chicks, we
observed a positive relationship between corticosterone
concentrations and date while accounting for the negative
effects of mercury and positive effects of colony nest
abundance. Egg laying date is often correlated with
physiological condition in birds; subsequently females that lay
eggs later in the season are often in inferior physiological
condition51 and subsequently are stressed.52 Stressed females
deposit more corticosterone into eggs42,43 resulting in chicks
with elevated corticosterone levels.53 Increased corticosterone
concentrations at a young age can decrease chick growth
rates,42 reduce the aggressiveness of chick begging behaviors,54

and increase activity of the HPA axis in response to stress as
adults.42

We also observed a positive relationship between cortico-
sterone concentrations and nest abundance (colony size) in
recently hatched chicks while accounting for the effects of
mercury and date. Other studies of birds have found both
positive and negative relationships between corticosterone
concentrations and colony size, although it is unclear if these
relationships had any effect on chicks. Silverin55 found that
corticosterone concentrations in breeding male pied flycatchers
(Ficedula hypoleuca) increased with breeding numbers, whereas
Love et al.56 found that corticosterone concentrations
decreased in European starling (Sturnis vulgaris) egg yolks in
colonies with large nest numbers. Elevated concentrations of
corticosterone in recently hatched chicks may be associated
with increased stress levels in females during egg develop-
ment,42,43 who are exposed to increased territorial chal-
lenges54,55 and competition for food (terns forage close to
breeding colonies57) when breeding in large colonies).
However, colonial nesting is a common life history strategy
that often can increase reproductive success via several
mechanisms, including colony attentiveness to predators,58

minimizing the threat of predation59 and supplying foraging
information.60 Thus, an apparent trade-off may exist between
the benefits of colonial nesting and the increased baseline
corticosterone levels in recently hatched and, to a lesser extent,
older chicks that may have longer-term consequences.
However, the response of increased corticosterone concen-
trations in juvenile birds being raised in larger colonies may be
within the normal range for this life history strategy and may
not necessarily signify an impaired state.48 Regardless of the
influence of colony size and date on corticosterone
concentrations in chicks, exposure to mercury contamination
appears to have an additional effect on corticosterone levels
such that polluted wetlands may suppress the baseline
corticosterone concentrations of juvenile birds.
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Figure S1.  Baseline (0 hours) and stress-induced (>0 hours) fecal corticosterone metabolite 

concentrations (ng/g dw) of Forster’s tern chicks in San Francisco Bay, California.  Chicks were 

stressed by capturing and holding them for 1 hr, then releasing and re-capturing them at 8 and 24 

hrs after their initial capture.   

 

 


