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Abstract Although songbirds accumulate mercury at

rates equivalent to better-studied aquatic avian species,

effects of mercury bioaccumulation in songbirds remain

understudied. Little is known about the effects of mercury

on endocrine physiology, but recent evidence indicates that

mercury may disrupt the function of the hypothalamic–

pituitary–adrenal axis. Both field-based correlational stud-

ies and a recent dosing experiment suggest that mercury

exposure alters levels of the primary avian stress hormone,

CORT. We sampled zebra finches that had been dosed with

0, 0.5, or 1.0 ppm dietary methylmercury for baseline

CORT twice; once during pairing and once after success-

fully fledging young. Circulating levels of CORT were not

significantly affected by mercury exposure. However, our

findings indicate potentially important differences in

CORT responses between the sexes when exposed to

environmentally relevant doses of mercury across the

nesting cycle.
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Mercury is a ubiquitous and increasing pollutant with well

documented effects on the physiology of fish-eating and

aquatic birds (Hoffman et al. 2005). Mounting evidence

suggests that mercury exposure may be associated with

reduced reproductive output in terrestrial songbirds (Brasso

and Cristol 2008; Hallinger and Cristol 2011; Varian-Ra-

mos et al. 2014); however, the mechanisms behind

observed reproductive impairment remain to be fully

described. Abnormal steroidogenic activity has been

associated with mercury exposure in both mammals (Bur-

ton and Meikle 1980; Friedmann et al. 1998) and fish

(Hontela et al. 1992; Leblond and Hontela 1999). However,

few studies have investigated the endocrine effects of

mercury exposure in birds. Inorganic mercury accumulates

in the pituitary gland in primates (Cornett et al. 1998;

Vahter et al. 1995). If mercury accumulates similarly in the

avian pituitary, exposure may result in compromised

function and abnormal synthesis and/or release of endo-

crine secretions such as corticosterone (hereafter CORT).

The primary function of CORT is to facilitate glucose

release during fasting and under challenging situations

(Schoech et al. 2008). Mercury may act as a physiological

stressor (Adams et al. 2009), resulting in an increase in

baseline CORT concentrations. Chronic elevations of

CORT are associated with the delay or complete arrest of

physiological and behavioral reproductive activity (Scho-

ech et al. 2008). Thus, mercury may have the potential to

deregulate the hypothalamic–pituitary–adrenal (HPA) axis,

inhibiting successful reproduction.

Conflicting reports have been published from field-

based studies of CORT in mercury-exposed birds. Wada

et al. (2009) documented reduced responsiveness of the

HPA axis in 13–17 day-old tree swallow (Tachycineta

bicolor) nestlings at a mercury-contaminated site in Vir-

ginia. Late-stage nestlings in the contaminated area had

baseline CORT levels 103 % greater and stress-induced

levels 27 % lower than nestlings of the same age from

reference sites (Wada et al. 2009). Contrary to results

obtained from nestlings in Virginia, both adult and nestling

tree swallows in mercury-contaminated sites in Massa-

chusetts showed a significant negative relationship between

blood mercury level and baseline CORT (Franceschini
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et al. 2009). Similarly, Herring et al. (2012) measured

baseline CORT in recently hatched (\3 days) and older

(15–37 days) Forster’s terns (Sterna fosteri). Across the

range of feather mercury concentrations in recently hatched

chicks, there was an 81 % reduction in fecal CORT con-

centrations. Observed blood mercury concentrations of the

older chicks were correlated with a 45 % reduction in

CORT concentrations. As each of the aforementioned

studies was conducted in the field, researchers were unable

to determine the exact length or degree of mercury expo-

sure. CORT concentrations exhibit significant diurnal

fluctuations and levels change rapidly with the onset of

stressors such as adverse weather, prolonged fasting,

predator avoidance, and territorial disputes. Therefore,

carefully controlled captive dosing studies are needed to

better understand how exposure affects circulating hor-

mone concentrations in wild passerines. One such study

has recently been published (Moore et al. 2014) and indi-

cates that while baseline CORT was not significantly

altered in domestic zebra finches (Taeniopygia guttata)

nesting in captivity, there was a trend towards an increase

in baseline CORT and a significant reduction in the

expected stress-response of increased CORT.

The purpose of our study was to investigate the rela-

tionship between mercury exposure, baseline (i.e., resting)

CORT concentration, and reproductive condition in a

model avian species, the zebra finch. Our captive study

allowed for the control of dose and duration of mercury

exposure, and enabled us to control subject age and most

environmental variables of the housing facility. We dosed

adult zebra finches with two environmentally relevant

levels of dietary methylmercury and sampled for baseline

CORT at two intervals during the breeding cycle. If mer-

cury acts as a physiological stressor and increases baseline

CORT, disruption of the HPA axis may be a mechanism

behind the well-documented mercury-associated repro-

ductive impairments in birds.

Materials and Methods

Zebra finches were housed in an indoor aviary at The

College of William and Mary in Williamsburg, VA. Birds

were assigned to one of three rooms according to treatment

group; control, 0.5 or 1.0 ppm methylmercury. Twenty

birds were assigned as controls and each of the treatment

groups had 28 birds. Finches were given mercury-dosed

food (ad libitum), which was prepared by adding an

aqueous solution of methylmercury equal to 10 % of the

weight of the food to obtain the appropriate concentration.

The methylmercury solution was thoroughly homogenized

with finch feed (ZuPreem Avian Maintenance Fruitblend

Premium, Mission, KS, USA) – using a large tumbler.

Food dose was confirmed to be within 10 % of the nominal

dose for each batch by testing mercury concentration on a

Direct Mercury Analyzer-80 (Milestone, Shelton, CT,

USA).

For the first 10 weeks of dosing, birds were housed in

single sex cages. Each room was maintained at 21 ± 2�C

and a light:dark photoperiod of 14:10 h. Birds were sam-

pled biweekly to monitor increases in blood mercury

concentration. Blood samples were collected from the

cutaneous ulnar vein, which was pricked using a 30-gauge

needle. Approximately 50 lL of blood was collected from

each bird in a 70 lL heparinized capillary tube and frozen

until analysis.

Upon plateau of blood mercury levels at week 10, birds

were randomly paired within treatment group. Breeding

pairs were allowed to produce at least two clutches. The

first clutch of eggs was collected for another study and the

offspring from the second clutch were raised until the late

fledging stage. Birds that failed to produce offspring from

the second clutch were allowed to re-nest until successful.

All blood samples were analyzed for mercury using a

Direct Mercury Analyzer. Average method detection limit

over the study period was 0.0033–0.0042 lg/g. The DMA-

80 was calibrated regularly throughout the experiment to

ensure a standard reference material value within 7.5 % of

certified values. A sample blank (no sample or container),

methods blank (empty container), and two samples of

standard reference material (DORM-3 and DOLT-4) were

run before and after each batch of approximately 20 sam-

ples. Recovery of total mercury was 102.6 % ± 4.91 % for

DORM-3 and 99.6 % ± 3.85 % for DOLT-4. Relative

percent difference between 24 duplicate blood samples was

16.1 % ± 16.0 %.

After a 3-day mate acclimation period, birds were

sampled for baseline CORT. The 3-day interval before

sampling was intended to avoid effects of changes in HPA

axis activity associated with pair bonding (Remage-Healey

et al. 2003). Birds experienced no prior disturbance on the

day that samples were taken, ensuring that the resting basal

or baseline CORT was not artificially elevated. Two pairs

from both sides of each treatment room were sampled for 3

consecutive days, with the final 2 pairs sampled on day 4.

After the collection of pre-nesting baseline serum CORT,

pairs were allowed to breed for 12–25 weeks. This time

period was dependent on the number of weeks pairs needed

to successfully raise offspring until independence. To

control for the effect of breeding stage on stress physiol-

ogy, the second baseline CORT sample was taken while

offspring were in the late fledgling stage (*50 days).

Each bird was sampled within 140 s of the onset of

disturbance (entrance to housing room) to minimize any

disturbance-related changes in circulating CORT. Sam-

pling began 3 h after the start of the light phase, as basal
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CORT in a passerine bird peaks prior to dawn, decreases

with the onset of activity, and stabilizes for several hours

(Breuner et al. 1999). All samples were completed between

0800 and 0830. Blood samples were collected as previ-

ously described for measurement of blood mercury

concentration.

Upon sample completion, whole heparinized blood was

stored on ice until returned to the laboratory, where it was

centrifuged at 9,000g to separate plasma from cells. Plasma

was frozen at -80�C until analysis. CORT 125I-double

antibody radioimmunoassay (RIA) kits (MP Biomedicals,

Salon, OH, USA) were used to measure serum CORT. The

manufacturer’s protocol was followed, with the exception

that 10 lL serum samples were diluted in 220 lL of ste-

roid diluent rather than 300 lL in order to bring the sample

hormone concentration into the range of the standard curve.

All kit standards (range 25–1,000 ng/mL), samples, and

controls were run in duplicate. Two controls (provided by

the manufacturer, Control I = 63–93 ng/mL, Control

II = 440–668 ng/mL) with known concentrations were

used as a check on reliability criteria. For each assay, a

standard curve was created using the logit of the B/B0 of

the standards versus the log concentration of the standards,

from which sample CORT concentrations were deter-

mined. Radioimmunoassay kit was validated using zebra

finch plasma, as well as the plasma of another passerine,

the European Starling Sturnus vilgaris. Validation was

confirmed by demonstrating that the slope of the logit/log-

transformed serial dilution of authentic corticosterone

(Sigma-Alrich; chromatographed and recrystallized)

reconstituted in a pool of baseline finch plasma was not

significantly different from the standard curve. Intra-assay

variation was calculated as the average coefficient of var-

iation of sample duplicates within each assay. Inter-assay

variation was calculated as the average coefficient of var-

iation of Control I and II across all assays. Intra- and inter-

assay coefficients of variation were 3.0 % and 21.3 %,

respectively. The manufacturer reports 0.34 % cross-reac-

tivity for deoxycorticosterone and 0.10 % for testosterone.

All other reported steroid cross-reactivity is below 0.05 %.

All values for zebra finch plasma were at or above the

assay limit of detection, which was determined using an

assay in which a charcoal-stripped zebra finch plasma pool

was spiked with a serial dilution (25.0–2.5 ng/mL) of

authentic corticosterone. The lowest spiked sample that

was shown to be different than the 0 ng/mL standard

provided by the kit manufacturer was the 5.0 ng/mL

duplicate sample. We elected to use a more conservative

estimate, which was the value obtained by subtracting 2

times the standard deviation of the 0 tube duplicates from

the mean value of the 0 tube (limit of detection 5.7 ng/mL).

Linear regression analysis was used to determine the

relationships between time since initial disturbance and

CORT, as well as the relationship between blood mercury

and CORT. CORT levels were modeled using a general

linear model with repeated measures where the samples at

pairing and during the fledgling period were the two

measures and individual sex, mercury treatment level, and

their interaction were fixed effects. We used IBM SPSS

(version 19.0, IBM Corp, Armonk, NY, USA) statistical

software for all analyses.

Results and Discussion

CORT did not significantly increase with increasing time

since onset of disturbance for pre-nesting (n = 49,

R2 = 0.005, p = 0.624) or post-nesting birds (n = 49,

R2 = 0.065, p = 0.077). All baseline CORT samples were

completed within 140 s of the onset of disturbance. No

relationship was detected between blood mercury and cir-

culating baseline CORT levels in pre-nesting birds

(n = 49, R2 = 0.009, p = 0.516) or post-nesting birds

(n = 49, R2 = 0.000, p = 0.900). To control for the effect

of reproductive condition on the breeding baseline CORT

concentration, unsuccessful breeding pairs (n = 4) were

eliminated from analyses.

There were no statistically significant effects of mercury

treatment group (F2, 43 = 1.261, p = 0.294), sex (F1, 43 =

0.742, p = 0.394), or the interaction of sex-by-treatment

(F2, 43 = 0.229, p = 0.796) on the overall baseline CORT

(Fig. 1). There was no effect of mercury treatment

(F2, 43 = 1.089, p = 0.346)or sex (F1, 43 = 1.498, p = 0.288)

on change in baseline CORT over the breeding cycle (Fig. 2).

There was a significant interaction of sex-by-treatment

(F2, 43 = 3.841, p = 0.029; Fig. 2) on the change in CORT

between the two samples, indicating that the change in baseline

CORT between the beginning and end of the breeding cycle

was not the same for males and females. This was largely

driven by a decrease in CORT in males on the 0.5 ppm treat-

ment across the breeding cycle and contrasting increase in

Fig. 1 Mean baseline serum CORT (CORT) concentrations (ng/mL)

of mercury treated male and female zebra finches. Values are

mean ± standard error (n = 49)
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CORT in females on the 0.5 ppm treatment over the same

period (Fig. 3).

Our results indicate that mercury did not drastically

disrupt HPA axis function. No statistically significant

relationship between mercury treatment group and baseline

CORT was found for pre-nesting birds, post-nesting birds,

or over the course of the breeding cycle.

Previous studies of basal CORT in mercury-exposed

wild songbirds have reported conflicting effects of mercury

exposure. Although results from the current study do not

indicate that mercury exposure affected baseline CORT,

several confounding factors should be considered. Both

doses of mercury were environmentally relevant, particu-

larly the low dose, but it is possible that exposure was not

of long enough duration to produce statistically significant

effects. As the organizational and activational pathways are

established early in embryonic development, mercury may

exert effects on the HPA axis only when birds are exposed

in ovo. Wada et al. (2009) showed significant effects of

mercury exposure on both basal and stress-induced CORT

levels in developmentally exposed nestling tree swallows.

Birds in the current study were dosed as adults, which

raises the possibility that endocrine pathways that may be

susceptible during development are more resistant in

adults. In a recent study on captive zebra finches, adults

exposed to dietary mercury from the embryonic stage to

adulthood showed a statistically significant suppression of

the stress response (Moore et al. 2014). Adults also had a

minimal or nonexistent elevation of baseline CORT

(Moore et al. 2014), a finding consistent with the present

results.

Among low-dose birds there was a significant interac-

tion between sex and mercury treatment across the breed-

ing period, such that baseline CORT declined across the

breeding cycle in males and increased in females (Figs. 2,

3). This sex-based difference in response to an environ-

mentally relevant concentration of mercury suggests the

need for further investigation. The lack of a similar

response in high dose birds could be a non-linear effect of

mercury, similar to responses to mercury observed in for-

aging behavior and hatching success (Adams and Frederick

2008; Heinz et al. 2011). The multiple biological processes

involved in glucocorticoid regulation may also be targets

for alteration by mercury, each with potentially variable

thresholds; thus complex responses are unsurprising

(Adams et al. 2009). Mercury has the potential to act via

many mechanisms, including action as a hormone agonist

or antagonist, alteration of hormone production at the

endocrine source, interference with the release of stimu-

latory or inhibitory hormones from the pituitary or hypo-

thalamus, alteration of biosynthetic pathways via

disturbance of enzyme activity, and/or the disruption of

serum-binding proteins (Guillette et al. 2000). Presently,

there is insufficient data to determine the mechanisms

behind the observed sex-based patterns in low-dose

finches.

The present study is the first to our knowledge in which

measurements of basal CORT have been made in a mer-

cury-exposed songbird at two distinct intervals in the

breeding cycle. Sampling birds at both pre-and post-nesting

stages allowed the potential change in baseline CORT with

increasing duration of mercury exposure to be quantified.

There are multiple pathways by which mercury may

interfere with endocrine processes, some of which may be

synergistic and therefore, difficult to determine without

further study. It is likely that mercury affects avian

reproductive physiology and existing research indicates

that endocrine function may be compromised at exposure

levels lower than levels currently known to cause adverse

Fig. 2 Change in mean baseline plasma CORT (CORT 1 = pre-

nesting and CORT 2 = post-nesting) concentrations (ng/mL) of male

and female zebra finches on different dietary mercury doses. Values

are mean ± standard error (n = 49)

Fig. 3 Net change in mean baseline plasma CORT concentrations

(ng/mL) of individual male and female zebra finches on different

dietary mercury doses. Values are mean ± standard error (n = 49)
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effects in this species (Moore et al. 2014). Research that

involves careful monitoring of hormone levels in mercury-

dosed individuals and the establishment of a threshold level

of environmental mercury exposure to protect wild passe-

rines from endocrine disruption is a priority.
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