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a b s t r a c t

Ecotoxicologists often implicitly assume that populations are homogenous entities in which all in-
dividuals have similar responses to a contaminant. However, genetically variable responses occur within
populations. This variation can be visualized using doseeresponse curves of genetically related groups,
similar to the way that evolutionary biologists construct reaction norms. We assessed the variation in
reproductive success of full-sibling families of captive zebra finches (Taeniopygia guttata) experimentally
exposed to methylmercury. We found significant variation among families in the effects of methyl-
mercury on several reproductive parameters. This variation suggests that there may be strong responses
to selection for resistant genotypes in contaminated areas. This has important implications for the
evolution of tolerance as well as risk assessment and wildlife conservation efforts on sites with legacy
contamination.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Human-induced rapid environmental change (HIREC) is the
greatest threat to wildlife populations (Wilcove et al., 1998). HIREC
encompasses many environmental disruptions, including habitat
loss, species introductions, climate change, and pollution (Sih et al.,
2010). Inability of species to respond to these changes increases
their probability of extinction (Chevin et al., 2010). Some pop-
ulations respond to HIREC through evolutionary adaptation, while
others do not (Gomulkiewicz and Holt, 1995). Mounting evidence
suggests that evolutionary responses to HIREC are becoming
increasingly prevalent on a global scale (Smith and Bernatchez,
2008). Evolutionary adaptation requires standing genetic varia-
tion in individual resistance to the adverse effects of HIREC (Hendry
et al., 2011). Evolutionary responses may be particularly important
in the case of pollutants, which can have strong fitness effects
(Bickham, 2011). Environmental exposure to pollutants is often
chronic and multigenerational, rather than short lived, and can
result in an increased probability of extirpation of affected pop-
ulations if fitness impacts are large and variation in the response to
the pollutant is minimal.

Toxicologists generally measure response to a pollutant with a
doseeresponse curve. The response to the toxicant is typically

averaged across all individuals in the population, masking within-
population variation in resistance to the pollutant. We suggest
that we can capture information about heritable variation within a
population using doseeresponse curves made for groups of
genetically related individuals, much in the same way as reaction
norms are constructed and interpreted (Weltje, 2003). Reaction
norms are the set of phenotypes that can be produced by a given
genotype when submitted to an environmental gradient (Stearns,
1992), in this case exposure to a pollutant. Reactions norms can
be visualized by plotting the phenotypic response of each genotype
across the environmental gradient with a separate curve for each
genotype. Parallel reaction norms indicate that despite genetic
variation, all genotypes react in the sameway to the environmental
gradient. Conversely, crossed reaction norms indicate a genotype
by environment interaction (i.e. genotypes are responding differ-
ently to the environmental gradient) and selection will favor
different genotypes in different environments (Stearns, 1989).
Ideally these curves would be constructed for genetically identical
individuals, but in the case of non-clonal species, such as most
vertebrates, it is impossible to obtain genetically identical in-
dividuals. In these cases reaction norms can be created for full-
sibling (i.e. sharing the same father and mother) families. In-
dividuals in full-sibling families are expected to share approxi-
mately half of their genes and are more genetically similar to each
other than to other members of the population. Dose-response
curves are analogous to reaction norms and can be used to assess
genetic variation in the response to contaminants (Weltje, 2003). If
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there is a heritable basis to the reaction of related groups to a
contaminant, we would expect family-derived doseeresponse
curves to be loosely bundled (i.e., not entirely overlaying each
other), and their slopes to be significantly different from one
another, perhaps leading to crossing lines (van Noordwijk, 1989). If
genetic variation exists, selection could drive adaptation to the
pollutant, resulting in a greater proportion of resistant genotypes in
populations withmulti-generational exposure (Weltje, 2003). If the
slopes of family-derived doseeresponse curves cross it would
mean that, potentially, there is selection for different families (and
their genotypes) at different levels of contamination. That is, at
lower levels of contamination selection may favor a different set of
genotypes than at higher levels of contamination. Such a pattern
could result in opposing selection for genotypes in contaminated
versus uncontaminated areas, potentially constraining the evolu-
tion of resistance to toxins if there is gene flow among contami-
nated and uncontaminated sites. Hence, exploring the patterns of
family-derived doseeresponse curves can elucidate how pop-
ulations might adapt to contaminant exposure since the genes
within families that can resist contaminants can be expected to be
over represented in subsequent generations.

Here we constructed family-derived doseeresponse curves of
breeding parameters using a model avian system, the zebra finch
(Taeniopygia guttata), exposed tomethylmercury, which suppresses
reproductive success in a number of vertebrate species, including
birds (reviewed in Scheuhammer et al, 2007). Anthropogenic
sources of inorganic mercury, notably coal-fired power plants,
legacy industrial point sources, and artisanal gold mining, have
increased the amount of available mercury in the environment at
least three-fold (Mason et al., 1994). Once in aquatic systems, mi-
croorganisms methylate the inorganic mercury, rendering it
bioavailable and allowing it to bioaccumulate and biomagnify
(Wiener et al., 2002). Mercury is not restricted to aquatic systems
and crosses into terrestrial food webs (Cristol et al., 2008). We
compared the effects of methylmercury on breeding success of
families of full siblings (i.e. individuals with the same mother and
father). If genetic variation exists in the response to mercury, we
would expect families to show different doseeresponse curves.
Nearly all studies of genetic variation in response to pollutants have
been focused on aquatic invertebrates (e.g. Coutellec et al., 2011;
Haap and Köhler, 2009; Pease et al., 2010), with only a few on
aquatic vertebrates (e.g. Semlitsch et al, 2000; Athrey et al., 2007;
Lind and Grahn, 2011) or terrestrial invertebrates (e.g. Fisker
et al., 2011; Fritsch et al, 2011). Despite the fact that many terres-
trial vertebrates are affected by pollutants such as mercury (Smith
et al., 2007), studies of genetic variation in response to pollutants
are lacking in this group, perhaps because of the difficulty of
obtaining individuals of known genetic makeup. This is to our
knowledge the first study investigating the possibility of a familial
genetic basis for resistance to pollutants in a terrestrial vertebrate.

2. Materials and methods

2.1. Study design

We used young, sexually mature (150e400 days old), zebra finches that were
captive-bred at the College of William & Mary. All birds used for this study were
reproductively inexperienced. None of the birds in this study or their parents had
previously been exposed to mercury. All birds were maintained indoors at
approximately 20 �C on a 14:10 h light:dark cycle. Food, vitamin-enrichedwater, and
grit were provided ad libitum. The birds for this study were bred from an existing
population of captive zebra finches and were of known parentage. Because this
study was part of a larger reproductive study and we wanted to avoid pseudo-
replication caused by siblings, we used a random number generator (random.org)
to assign 90 males and 90 females equally to five treatment groups, with the
exception that more than four full siblings could not be assigned to any treatment
group. Each group was fed a diet containing a constant concentration of methyl-
mercury cysteine (MeHgCys) at 0.0, 0.3, 0.6, 1.2 or 2.4 ppm (fresh weight). The lower

mercury doses (0.3 and 0.6 ppm) are at a level similar to the mercury content of
common songbird prey items (i.e. spiders) found in the South River watershed, an
industrially contaminated site in western Virginia (Cristol et al., 2008). The next
higher dose (1.2 ppm) is representative of the highest levels of mercury levels found
in prey items on the South River, whereas the highest dose (2.4 ppm) was included
to help detect subtle differences at the lower doses. We maintained the birds in
single sex cages from the start of dosing until blood mercury levels had plateaued (c.
10 weeks). Because there is wide individual variation in the blood mercury level
produced by a given dose of dietarymercury, these discretemercury doses produced
a continuous range of blood mercury levels that we used for analyses (Table 1).

Once the blood mercury levels had stabilized, we used a random number
generator (random.org) to pair the birds (18 pairs per treatment group) while
avoiding pairings of known relatives. Pairs remained on dosed food for the duration
of the study. Each pair was housed in a cage (46� 46� 76 cm)with a plastic nest box
and ad libitum nesting material. We allowed the pairs to reproduce for one year,
monitoring reproduction each day. Eggs were labeled on the day they were laid,
newly hatched chicks were marked on the day of hatching, and nestlings were leg-
banded at 10 days to determine offspring fate from laying to independence (50
days). Upon independence, young were removed from parental cages. Hence, we
gathered accurate data about the reproductive performance of each pair, including
hatching success, fledging success, and total reproductive output. We also sampled
blood of adults monthly to monitor their blood total mercury concentrations. In-
dividual mercury levels were determined from the average of all blood samples for
each individual throughout the year of breeding (N ¼ 13 blood samples per indi-
vidual). This experiment and all animal handling and care associated with it was
approved and overseen by the Institutional Animal Care and Use Committee at the
College of William & Mary.

2.2. Food preparation

All food (Zupreem FruitBlend) was dosed with methylmercury cysteine as this is
the form of mercurymost likely inwild avian diets (e.g. fish and insects, Harris et al.,
2003). We added to the pelletized commercial diet an aqueous solution of meth-
ylmercury cysteine, representing 10% of the weight of the food. Each batch was
assayed to ensure that it fell within 10% of the target mercury concentration. Control
(0.0 ppm) food contained only an aqueous solution of cysteine. Food was stored
at �20 �C until use to prevent spoilage.

2.3. Mercury analysis

Total mercury levels in food and blood were analyzed using a direct mercury
analyzer (Milestone DMA 80), which measures total mercury content. Both food and
blood were assayed fresh (i.e. mercury values are not on a dry weight basis). All
samples were analyzed using the quality control procedures standardized in our lab
(Varian-Ramos et al., 2011). Briefly, standard reference samples (DORM-3, DOLT-4)
and machine and sample blanks were run every 20 samples to check calibration
and contamination. The machine was recalibrated every two months or as neces-
sary. Duplicate and spiked samples were run throughout the study to verify
repeatability (relative percent differences <10%) and recovery rates (>95%).

2.4. Statistical analyses

The 180 birds included in the study belonged to 33 different full-sibling families.
Many families contained too few individuals to assess the familial response to
mercury accurately, so we only included families with 7 or more individuals. To
ensure a good distribution of data from each family across the range of mercury
levels, we only included families inwhich therewas at least one individual in at least
4 of the 5 treatment groups. These restrictions resulted in the inclusion of 105 in-
dividuals from the 11 most populous families (Table 2). All families had the same
male and female parents and shared neither parent with another family (i.e. none
were half siblings or had half siblings in any other family). To assess the mercury
level for each individual, we used the average concentration of all blood samples for
that individual taken over the breeding period; individual blood mercury concen-
trations remained relatively consistent over time (Buck, 2013). We employed
generalized linear models to explain reproductive parameters by average blood
mercury, family, and age, as well as the interaction between blood mercury and
family. The reproductive parameters we considered were: number of clutches

Table 1
Blood mercury concentrations at each dietary treatment level.

Dose Mean blood mercury Range

0.0 ppm 0.09 ppm 0.01e0.18 ppm
0.3 ppm 3.95 ppm 2.58e5.99 ppm
0.6 ppm 7.93 ppm 6.21e10.76 ppm
1.2 ppm 16.88 ppm 11.54e22.88 ppm
2.4 ppm 30.61 ppm 23.00e45.93 ppm
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