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Abstract
Methylmercury (MeHg) is a global environmental contaminant that bioaccumulates and has multiple toxic modes of action.
Aquatic species have traditionally been the focus of wildlife toxicological research on mercury, but terrestrial organisms,
including passerine birds, can be exposed to similarly elevated levels of MeHg. In this study we exposed a model passerine,
the zebra finch (Taeniopygia guttata), to MeHg in ovo, as chicks only, or with a combined ‘in ovo + chick’ treatment. We
isolated exposure to specific developmental stages through the use of egg injections (3.2 µg Hg/g egg) and controlled oral
dosing of chicks (0.24 µg Hg/g bw/day from day 1 to day 30). In ovo exposure to MeHg reduced hatching success, but there
was no effect of MeHg on chick growth. We found that in ovo only or chick only exposure did not have long-term effects,
but there was some evidence for longer-term effects of combined ‘in ovo + chick’ exposure on post-fledging survival and
potentially sex-biased survival which resulted in very few ‘in ovo + chick’ exposed females surviving to breed. These
females also had lower overall breeding productivity that was mainly due to lower hatching success of their offspring, not
lower chick-rearing success. We found no effect of treatment on clutch size or latency to laying among females that did lay
eggs. Our study suggests that combined embryonic and nestling MeHg exposure has compounding latent effects on
productivity, likely through a mechanism that influences the ability of females to lay fertile eggs that hatch.
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showed a reduced ability to forage effectively (Bouton et al.
1999), and white ibis (Eudocimus albus) exposed to envir-
onmentally relevant concentrations of MeHg were more likely
to engage in same-sex pairings—a phenomenon unknown in
wild populations of this species with no exposure to the
pollutant (Frederick and Jayasena 2010).

The bulk of wildlife research on the effects of MeHg
have focused on aquatic species largely due to the tendency
of the compound to biomagnify to high concentrations in
freshwater and marine food webs (Lavoie et al. 2013), but



laying all new eggs were weighed and numbered with a
fine-tipped marker for recognition. Nest boxes were
checked twice daily (morning and afternoon) starting at
12 days post first egg to monitor for hatching. Broken eggs
were not included in fertility calculations.

At hatching, each chick was marked by plucking down
feathers on different areas of the body for individual iden-
tification within the nest. Chicks were weighed (±0.01 g)
daily, starting on the day of hatching. Plastic weigh boats
were used to weigh younger chicks, and older chicks cap-
able of flying were weighed in a felt bag. Tarsus length was
taken on day 30. Chicks were banded with an aluminium or
split plastic band on approximately day 10, enabling
recognition of individual chicks after the loss of the initial
down feathers. Once chicks reached 30 days of age they
were considered ‘independent’ and were removed from the
breeding cage. Chicks were then placed in regular non-
breeding cages (100 × 39 × 43 cm), and small dishes with
extra seed were placed at the bottom of the cages to ensure
that those chicks that had not learned to use the feeder had
access to food. Once chicks reached 60 days post-hatch,
sexual dimorphism became apparent and chicks could be
segregated and placed into single-sex cages. While chicks
were segregated by sex, they were randomly assigned to
cages so that all treatments were found in each cage. At a





and brood size at 30 days were recorded. For those that
successfully raised chicks, the resulting chicks were
weighed (±0.01 g) and tarsus measurements (±0.01 mm)
were taken 30 days post-hatch.

Statistical analysis

Statistical analyses were conducted in R (Version 3.4.1,
packages used: nlme, lsmeans, lme4, lmerTest, multcomp,
plyr, ggplot2) or SAS (Version 9.4, procedures used:
glimmix, mixed, glm, logistic). Data were tested for
normality and heteroscedasticity. Post-hoc tests for dif-
ferences between means were adjusted for multiple com-
parisons using the Tukey-Kramer method. All values are
presented as mean ± standard error of the mean (SEM),
and statistical signifi



compared with control (96%) and chick only (90%) (vehi-
cle-injected) eggs (p < 0.05). Hatching success did not vary
between the control eggs and chick only eggs (p= 0.42;
Table 1). The χ2/df ratio was close to 1 (0.92) indicating
adequate fit of the model without residual overdispersion.

Chick growth

There was no effect of treatment on growth, with no
interaction between treatment and age for chick mass
(F12,426 = 0.75, p= 0.700). Body mass significantly
increased with age (F4, 426 =4689, p < 0.001), but there was
no effect of treatment on overall mass (F3,426 = 1.76, p=







determining exposure and effects in wild birds. Other stu-
dies which have used life-long or single life-stage exposures
to MeHg have found mixed results regarding altered sur-
vival or avian fledging rates largely due to the wide range of
exposure regimes and study designs used. Frederick et al.
(2011) fed white ibises (Eudocimus albus) up to 0.3 MeHg
µg/g ww and found that survival was lower in the control
and high-dosed birds when compared to the low or
medium-dosed birds, suggesting a possible hormetic effect.
Whereas, Ackerman et al. (2008a, b) found no apparent
relationship between blood THg and survival for the first
35 days post-hatch in the Forster’s terns (Sterna forsteri),
and only weak evidence of a relationship between Hg
exposure and the survival of fledgling American avocets
(Recurvirostra americana) and black-necked stilts
(Himantopus mexicanus). Morran et al. (2018) exposed
zebra finch chicks with up to 0.15 µg/g bw−1 MeHg for
21 days post-hatch and found no significant effects on
survival between treatment groups, which suggests that in
ovo exposure coupled with chick exposure, as in our study,
might be important.

In addition to low hatching success and lower post-
fledging survival we found some evidence for sex-biased
survival: the sex ratio of birds reaching sexual maturity
(90 days) was male-biased in the ‘chick’ and ‘combined’
treatment groups when compared to the sex ratios of both
the ‘control’ and ‘in ovo’ chicks. This suggests birds may
have sex-based differences in MeHg sensitivity. However,
we cannot be certain if this sex ratio bias reflects a differ-
ence in M:F ratio at egg-laying, or sex differences in sur-
vival since we could not sex birds until 35–40 days post-
hatching. Few environmental toxicology studies have tested
for sex differences in MeHg toxicity, despite evidence
across multiple species that males and females have dif-
fering sensitivities to this organometallic compound and to
other trace metals (Haber and Jennings 1964; Hirayama and
Yasutake 1986; Vahter et al. 2007). Androgens have been
implicated in the higher levels of MeHg seen in the urine of
male mice when compared to female mice (Hirayama and
Yasutake 1986), and sex-related differences in the patterns
of nephrotoxicity have been observed in rats exposed to
MeHg (Haber and Jennings 1964). Robinson et al. (2012)



i.e. the ability to lay fertile eggs that hatch. That could be a
result of increased oxidative stress on parents (Henry et al.
2015) or through direct embryotoxicity after maternal
transfer of MeHg (Heinz et al. 2009). Elevated environ-
mental levels of MeHg have been implicated in the decline
of a range of species, and animal and human studies have
shown that MeHg has a deleterious effect on the endocrine
system and on reproductive success (Zhu et al. 2000; Tartu
et al. 2013; Varian-Ramos et al. 2014). There is some
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