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ABSTRACT: In oviparous vertebrates, trace elements transfer from mother to
oﬀspring during egg production. For animals that produce eggs slowly, like
turtles, the trace element concentration of each egg reﬂects an integration of
dietary and stored accumulation over the duration of vitellogenesis. Because
turtles also produce eggs synchronously, all eggs within a clutch should exhibit
uniform trace element concentrations. In contrast, for animals that produce
eggs in sequence and primarily from current dietary resources, like many birds,
the trace element concentrations of eggs should be less uniform within a clutch,
and likely reﬂect short-term changes in dietary exposure. We tested the
hypothesis that stinkpot turtle (Sternotherus odoratus) clutches exhibit lower
variability and higher repeatability in barium, selenium, strontium, and thallium concentrations than those of tree swallows
(Tachycineta bicolor) from a site impacted by a recent coal ash spill. All four trace elements exhibited signiﬁcantly lower variability
and signiﬁcantly higher repeatability in stinkpot clutches than in swallow clutches. Mean trace element concentrations of stinkpot
eggs were also signiﬁcantly higher than those of swallow eggs although both species feed primarily on aquatic invertebrates.
Variability in swallow egg trace element concentrations was partially due to signiﬁcant laying order eﬀects. Our results support
the hypothesis that interspeciﬁc variation in the source of resources and in the synchronicity and rate of egg production can lead
to interspeciﬁc diﬀerences in the variability of egg trace element concentrations.

■

INTRODUCTION

Among oviparous amniotes (birds and most reptiles),
contaminants are maternally transferred during egg production,
which proceeds in three stages: vitellogenesis (yolk production), albumin deposition, and eggshell formation. During
vitellogenesis, phospholipoprotein yolk precursors are produced in the liver, shuttled via the bloodstream to the ovary,
and deposited within ovarian follicles prior to ovulation.24
Because yolk is a complex of protein, lipid, and inorganic
nutrients, 24 vitellogenesis may be a route of maternal transfer
for contaminants that incorporate into amino acids,25 or fatty
acids,26 or replace inorganic ions.27 In addition, yolk provides
the vast majority of nutrition for embryogenesis24 and is likely
to be the primary route of maternal transfer for these
contaminants.24,25 After ovulation and fertilization, albumin
and eggshell are secreted around the ova in consecutive layers
by the oviduct.28−30 Albumin is a proteinaceous complex that
can be an additional source of amino acids during embryogenesis31 and may be a route of maternal transfer of
contaminants that incorporate into amino acids.32 Eggshell
can be a major source of Ca and Mg during embryogenesis in
some species,29,33 so may be a route of maternal transfer of
contaminants with chemical properties similar to these ions.27

Maternal transfer is a signiﬁcant source of exposure to
bioaccumulative contaminants in oviparous vertebrates.1−3
Maternally transferred contaminants can aﬀect reproductive
success by reducing hatching success4−6 and by inducing
developmental malformations that reduce oﬀspring viability.6−9
However, interspeciﬁc variation in reproductive traits like
clutch size, egg size, egg production synchronicity and rate,
frequency of reproduction, and resources utilized during
reproduction could result in interspeciﬁc diﬀerences in
maternal transfer and reproductive eﬀects that have been
relatively unexplored. Furthermore, studies of maternal transfer
often examine the contaminant contents of single eggs10−15 or
pooled egg samples16 and assume they are representative of the
entire clutch. Studies demonstrating laying order eﬀects on egg
contaminant concentrations in birds suggest that this
assumption is not always valid.17−21 Within-clutch variation in
egg contaminant concentrations could be the result of dietary
shifts caused by heterogeneity in prey availability or nutritional
needs, foraging across areas with heterogeneous contaminant
“hot spots”, or interspeciﬁc variability in egg production.22,23
Because maternally transferred contaminants can strongly
impact reproductive success, understanding how among-species
diﬀerences in egg production arise and aﬀect embryonic
exposure is critical for assessing health risks in vertebrate
assemblages exposed to bioaccumulative contaminants.
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All collections occurred in spring, 2011, about 2.5 years after
the spill.
Study Species. Tree swallows are one of the primary model
species used to address the movement of contaminants from
aquatic to terrestrial ecosystems.53 They are secondary cavity
nesters and readily use nest boxes.54 Both sexes remain close to
their nest site throughout the breeding season and typically
forage within 300−500 m of their box.50,51,55,56 They are aerial
insectivores and feed primarily on emerging aquatic insects
when nesting in riparian habitats,57 which makes them
susceptible to accumulating contaminants originating from
aquatic food webs.
Stinkpot turtles share several traits with tree swallows that
make between-species comparisons of contaminant eﬀects
feasible. Stinkpots are small aquatic turtles that forage primarily
on aquatic invertebrates, including emerging insects,58 and are
thus susceptible to exposure to trace elements in aquatic food
webs.59 Stinkpots have small home ranges, are easily trapped,
and are densely populated in many aquatic habitats.
Tree Swallow Egg Collection. We installed swallow nest
boxes in March 2011 and collected eggs for this study in April
and May. We checked nest boxes every four days for signs of
clutch initiation. If a nest contained a single egg, we numbered
the egg using a nontoxic marker and returned to the box daily
to mark new eggs until we collected all eggs on day 6 of egglaying. Female swallows initiating nests in late-April typically lay
5−6 eggs per clutch and begin incubating after laying the
penultimate egg.54 We transported eggs to the lab, weighed
each egg to the nearest 0.01 g, and measured its length and
width to the nearest 0.01 mm. Eggs were frozen at −20 °C until
preparation for trace element analysis.
Stinkpot Egg Collection. From May to June 2011, we
captured gravid stinkpots using baited hoop traps. We palpated
female turtles to determine their reproductive state and
randomly selected 11 (of 32) gravid females for this study.
We weighed each female and then induced oviposition via
subcutaneous injection of 20 mg/kg of oxytocin dissolved in
deionized water.60,61 We placed injected females in plastic tubs
with ∼2 cm of dechlorinated water,60 and placed the tubs in a
dark room at ∼25 °C. We checked females for deposited eggs
every two hours. When eggs were present, we gently dried and
weighed them to the nearest 0.01 g. We could not determine
laying order because multiple eggs were often laid between
checks. Every egg from each clutch was frozen at −20 °C. We
palpated females to ensure they had deposited all eggs in their
clutches, and then released them at the site of capture the day
after completing oviposition.
Egg Preparation. While frozen, we removed eggshells from
all eggs, deposited the yolk and albumin into autoclaved plastic
scintillation vials, and allowed them to thaw. We then
homogenized thawed egg contents with Teﬂon spatulas or by
vortexing with Teﬂon beads. We lyophilized egg contents to a
constant mass, and stored them in a desiccator. Moisture
content of stinkpot eggs averaged 72.39 ± 0.01%, while
moisture content of swallow eggs averaged 77.6 ± 0.01%. We
transferred at least 50 mg into microcentrifuge tubes, and
stored subsamples at −20 °C prior to shipment for trace
elements analysis.
Trace Elements Analysis. Preliminary analyses showed
that only Ba, Se, Sr, and Tl concentrations were signiﬁcantly
elevated in stinkpot and swallow eggs at the spill site compared
to reference locations,62,63 so we did not consider other
elements. Trace element concentrations were quantiﬁed at the

Whereas the molecular mechanisms of egg production are
largely conserved among oviparous amniotes,24,34 the synchronicity and rate of egg production vary enormously, especially
between birds and turtles. Furthermore, nutrients allocated to
egg production may be derived from those recently assimilated
from food (income) or mobilized from long-term storage
(capital), the proportions of which diﬀer among species.32,33
Turtles provision ovarian follicles synchronously over 3−5
months35,36 and ovulate all eggs within a clutch together.37
Because turtles often feed throughout vitellogenesis but also
maintain large fat stores,38 they likely provision eggs with
nutrients derived from income and capital sources.39 After
ovulation, albumin and eggshell are deposited on all eggs
simultaneously in turtles, usually over days or weeks.40,41
Utilization of income and capital resources, in conjunction with
a very long egg production cycle, suggests that egg contaminant
concentrations should reﬂect a long-term integration of
maternal dietary exposure to contaminants. In contrast, birds
establish a follicular hierarchy during vitellogenesis; yolk is
deposited in follicles in a rapid and sequentially overlapping
manner and ova are ovulated sequentially as they mature,
usually within days of recruitment.42−45 In addition, many
passerine birds (but not all)46,47 primarily provision income
resources, and little capital, to eggs.48,49 Birds deposit albumin
and eggshell on each egg individually and oviposit one egg at a
time, usually within 24 h of ovulation.42,43 Thus, avian egg
production should represent short-term contaminant exposure
from primarily income resources, and to a lesser extent capital
resources.44
The diﬀerences between birds and turtles in egg production
synchronicity, rate, and resources provisioned should result in
diﬀerences in maternal transfer of contaminants. In birds, diet
heterogeneity, coupled with rapid and asynchronous follicular
development, should result in variable contaminant concentrations within clutches. In contrast, the synchronous and
extended pattern of egg production used by turtles means each
egg should exhibit similar contaminant concentrations. Taken
together, these considerations led us to hypothesize that in
turtle and bird species foraging in the same area with
overlapping dietary compositions, egg contaminant concentrations should be signiﬁcantly more variable in bird clutches
than in turtle clutches. We tested this hypothesis by comparing
within-clutch variability of contaminant concentrations between
tree swallows (Tachycineta bicolor) and stinkpot turtles
(Sternotherus odoratus) inhabiting an area contaminated by
trace elements from a recently remediated coal ﬂy ash spill.

■

METHODS
Field Site Description. We examined variability in trace
element concentrations in tree swallow and stinkpot eggs at the
site of the Tennessee Valley Authority’s Fossil Plant, Kingston,
TN, U.S.A. coal ﬂy ash spill. In December, 2008, 4.12 million
cubic meters of coal ﬂy ash were accidentally discharged into
the Emory River,50 and were swept downstream to the Clinch
and Tennessee Rivers. Remediation eﬀorts removed most ash
by May 2010 (∼1 year prior to our study) but 400 000 m3 of
ash remain in the system.51 Fly-ash contains elevated
concentrations of many trace elements, including arsenic
(As), barium (Ba), cadmium (Cd), selenium (Se), strontium
(Sr), thallium (Tl), and vanadium (V).52 We colocated our
collection eﬀorts for both species in the Emory River within 4
km of the spill to reduce eﬀects of spatial variability in exposure.
13764
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signiﬁcantly greater than zero for each trace element within
both species, and we compared trace element R values between
species using two-tailed F-tests calculated following McGraw
and Wong.69
Because swallow eggs were collected in order of laying, we
were able to determine whether laying order aﬀected within
clutch variability in trace element concentrations, as well as egg
mass and volume. We used repeated-measures ANOVA and
posthoc Tukey Tests to examine changes in trace element
concentrations in the ﬁrst ﬁve eggs laid in each tree swallow
clutch. We omitted the sixth egg because we had an insuﬃcient
sample size of six egg clutches (n = 4). If the data violated the
assumption of sphericity, we used Greenhouse−Geisser
corrections to reduce the chances of committing Type 1
errors. We also ranked egg trace element concentrations from
lowest concentration to highest for visual comparison.
In all statistical tests, we assessed univariate normality and
homoscedasticity of variance using Levene’s Tests, ShapiroWilk Tests, and normal probability plots. Sample sizes were not
large enough to test for violations of multivariate normality, so
we used Pillai’s Trace as a test statistic in all multivariate
analyses because it is the most robust to violations of
multivariate normality.70 We followed MANOVAs with
posthoc univariate ANOVAs to examine within-element
diﬀerences between species. We judged two-way statistical
tests at α = 0.05 and one-way statistical tests at α = 0.025, and
presented means ±1 SE.

Trace Element Analysis Core at Dartmouth College. Each egg
sample was weighed in VWR trace metal clean polypropylene
centrifuge tubes and 0.5 mL of 9:1 HNO3/HCl (Optima grade,
Fisher Scientiﬁc) was added. Individual egg subsample masses
were variable but approximated 0.03 g for both species, and for
standard reference materials. Egg samples were prepared for
acid digestion in batches of 100 samples along with ﬁve each of
blank, certiﬁed reference material, and fortiﬁed blank quality
control samples. We also digested and analyzed matrix
duplicates and matrix duplicate spikes at a frequency of one
each per 20 samples. All tubes were lightly capped and placed
into a CEM MARS Express (Mathews, NC) microwave
digestion unit for an open vessel digestion. A ﬁber optic
temperature probe was placed into a sample tube to provide
temperature feedback to the MARS unit and the samples were
heated to 95 °C for 45 min. The samples were allowed to cool,
and 0.1 mL of H2O2 (Optima grade, Fisher Scientiﬁc) was
added, and the microwave digestion was repeated. The samples
were then diluted to 10 mL with 18 MΩ deionized water. All
measurements were recorded gravimetrically.
Digested samples were analyzed for Ba, Se, Sr, and Tl by
collision cell Inductively Coupled Plasma-Mass Spectrometry
ICP-MS (7700x, Agilent, Santa Clara, CA). Concentrations of
Ba, Se, Sr, and Tl, were measured in He collision mode (4.5
mL/min) and Se (78) was also measured in hydrogen mode
(2.5 mL/min). Analytical procedures followed the general
protocols outlined in EPA 6020A; the instrument was
calibrated with NIST-traceable standards (DORM-2) and
conﬁrmed with NIST Oyster Tissue. Quality control measures
included running one empty, metal-free falcon tube as a blank
for every twenty samples. All of the samples used in this study
were above detection limits (mean recoveries reported in
Supporting Information Table S1).
Statistical Analysis. We compared egg concentrations of
Ba, Se, Sr, and Tl between stinkpots and swallows using
MANOVA, with maternal ID as a random eﬀect to account for
clutch eﬀects. We compared egg trace element concentration
variability directly by calculating within-clutch unbiased
coeﬃcients of variation (COV)64 for each trace element in
each clutch making clutch the experimental unit in our analysis.
Following Sokal and Braumann,65 we log-transformed each
COV to normalize the data, and compared mean log-COV of
each trace element between stinkpots and tree swallows using a
MANOVA.
We also calculated repeatability (R) for each trace element in
stinkpot and swallow clutches. Repeatability has recently been
used to examine changes in variability of blood trace element
concentrations in arctic birds.66 Therefore, R should indicate
whether the trace element concentration of a single egg is
representative of the concentrations of all eggs within a clutch.
Repeatability can be expressed as the intraclass correlation
coeﬃcient (ICC):64
R=

Sa

■

RESULTS
Stinkpot clutch sizes averaged 3.36 ± 0.31 (range 2−5 eggs),
while swallow clutch sizes averaged 5.42 ± 0.19 (range 4−6
eggs). Total clutch mass in stinkpots averaged 15.62 ± 1.52 g
(range 9.56−24.33 g), while swallow total clutch mass averaged
9.88 ± 0.34 g (range 8.20−11.29 g). Mean egg trace element
concentrations were signiﬁcantly higher in stinkpots than in
tree swallows (Figure 1; Pillai’s Trace = 3.543, F88,316 = 27.82, p

Figure 1. Mean trace element concentrations (mg/kg, dry mass) in
stinkpot (white bars) and tree swallow (gray bars) egg contents from
females colocated near a remediated coal ﬂy ash spill in Kingston, TN,
U.S.A. Asterisks indicate signiﬁcant diﬀerences between species.

2

2

S + Sa 2

where Sa2 is the among-groups variance component and S2 is
the within-groups variance component. We followed Hendricks67 in deriving species-speciﬁc R values for each trace
element from one-way random-eﬀects ANOVAs run in SAS 9.3
(SAS Corporation, Cary, NC). We then calculated standard
errors for R following Becker68 in Excel (Microsoft, Redmond,
WA). We used one-tailed F-tests to determine whether R was

< 0.001; Posthoc univariate ANOVAs Ba F22,79 = 70.39, p <
0.001; Se F22,79 = 34.57, p < 0.001; Sr F22,79 = 70.26, p < 0.001;
Tl F22,79 = 419.38, p < 0.001). Mean clutch coeﬃcients of
variation (COV) also diﬀered signiﬁcantly between species
(Figure 2; Pillai’s Trace = 0.922, F4,18 = 53.38, p < 0.001), and
posthoc ANOVAs showed that the COV of all four elements
were signiﬁcantly higher in swallow clutches than in stinkpot
13765

dx.doi.org/10.1021/es401406c | Environ. Sci. Technol. 2013, 47, 13763−13771

Environmental Science & Technology

Article

Mean Ba, Se, and Sr concentrations changed with laying
order in tree swallow eggs (Figure 4). Barium and Sr
concentrations increased with laying order (Ba F2,13 = 65.281,
p < 0.001; Sr F2,12 = 13.478, p = 0.001). In contrast, Se
concentrations were signiﬁcantly higher early in the laying
order (F4,32 = 19.275, p < 0.001) while Tl concentrations did
not change with laying order (Figure 4, F4,32 = 2.301, p = 0.08).
Laying order eﬀects on mean ranked concentrations were
similar to those on raw concentrations. Barium and Sr
concentration rank increased consecutively, while Se concentration rank decreased from egg 1 to egg 4, and Tl
concentration rank did not change among eggs (Figure 4).
Egg mass increased signiﬁcantly with laying order (F4,32 =
13.478, p = 0.001) and the ﬁrst two eggs laid were signiﬁcantly
lighter than eggs 4 and 5 (Figure 5A; all p ≤ 0.004). We
detected a similar pattern for egg volume (F2,14 = 8.846, p =
0.005) though the ﬁrst two eggs in the clutch were only
signiﬁcantly lower in volume than the ﬁfth egg (Figure 5B; both
p ≤ 0.004).

Figure 2. Mean coeﬃcients of variation (COV) of clutch trace
element concentrations in stinkpot (white bars) and tree swallow (gray
bars) eggs. Asterisks indicate signiﬁcant diﬀerences between species.

Table 1. F-Statistics and P-Values from One-Tailed Tests of
the Hypothesis That Repeatability (R) Was Signiﬁcantly
Greater than Zero for All Four Trace Elements in Both
Species (α = 0.025)a
element
Stinkpot
Ba
Se
Sr
Tl
Tree Swallow
Ba
Se
Sr
Tl

F

df

P

61.8*
39.4*
19.72*
318.57*

10
10
10
10

<0.001
<0.001
<0.001
<0.001

2.16
7.03*
9.42*
167.31*

11
11
11
11

0.031
<0.001
<0.001
<0.001

■

DISCUSSION
Our study demonstrated that trace element concentrations are
signiﬁcantly more variable within clutches of tree swallow eggs
than in stinkpot eggs collected from the same site near a
recently remediated coal ﬂy ash spill, and that the variability
diﬀers among elements measured. We found that contaminant
concentrations were signiﬁcantly higher in stinkpot eggs than in
swallow eggs, and that laying order eﬀects diﬀered among trace
elements in swallows. The concentrations of Ba, Se, Sr, and Tl
in both stinkpot and swallow eggs were below known toxic
thresholds (data from birds)23,71 and are unlikely to have severe
developmental consequences. However, mean concentrations
of Ba, Se, and Sr, but not Tl, were higher in the eggs of
swallows and stinkpots than in some tissues of ﬁsh collected
from the same location.72 Our results highlight how diﬀerences
in egg production synchronicity and rate, as well as dietary
heterogeneity during egg production, may result in amongspecies diﬀerences in maternal transfer.
Mechanisms of maternal transfer should be conserved in
stinkpots and swallows. Both species use homologous
physiological mechanisms of egg production, although reptiles
and birds may diﬀer in relative proportion of speciﬁc fatty acids
allocated to yolk.73 However, mechanisms of maternal transfer
likely diﬀer among the trace elements; thus there was no a
priori reason to expect that diﬀerent trace elements should
exhibit similar patterns of concentration variability. Barium and
Sr can both substitute for Ca, and are likely to be incorporated
into yolk precursors instead of Ca during vitellogenesis.33,74
Selenium can substitute for S in cysteine and methionine,75,76
both of which have been isolated from yolk and albumin of
chicken eggs31,77,78 and this is likely how Se enters stinkpot and
tree swallow eggs. Thallium has not been studied as extensively
as other trace elements, but is known to bind to sulfhydryl
groups of cysteine79 and thus may be transferred to eggs in yolk
and albumin. Thallium ions also easily cross biological
membranes9 and might be passively absorbed into eggs.
Egg Variability. Barium, Se, Sr, and Tl were signiﬁcantly
more variable and less repeatable in tree swallow eggs than in
stinkpot eggs. Despite species diﬀerences, repeatabilities of all
elements except Ba in swallow eggs were signiﬁcantly greater
than zero. Taken together, these results are consistent with our
hypothesis that sequential egg production in tree swallows
results in greater within-clutch variation for these elements than

a

Asterisks (*) indicate whether the associated R-values (Fig. 3) were
signiﬁcantly greater than zero.

Figure 3. Repeatabilities (R) of clutch trace element concentrations in
stinkpot (white bars) and tree swallows (gray bars) eggs. Asterisks
indicate signiﬁcant diﬀerences between species.

clutches (Ba F1,22 = 196.59, p < 0.001; Se F1,22 = 6.48, p =
0.019; Sr F1,22 = 18.22, p < 0.001; Tl F1,22 = 14.68, p = 0.001).
Within-clutch repeatabilities (R) were signiﬁcantly greater than
zero in all species-element combinations except Ba in tree
swallows (Table 1). Within-clutch R of all four elements were
signiﬁcantly higher in stinkpots than in swallows (Figure 3; Ba
F10,11 = 43.29, p < 0.001; Se F10,11 = 12.20, p < 0.001; Sr F10,11 =
4.80, p = 0.008; Tl F10,11 = 5.10, p = 0.006).
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Figure 4. Egg mean concentrations (white bars, left y-axes) and mean ranks of concentrations (gray bars, right y-axes) of Ba, Se, Sr, and Tl in tree
swallow eggs. Eggs are ordered from ﬁrst laid (1) to last laid (5). Letters indicate signiﬁcant diﬀerences among eggs. Ranks were not statistically
compared.

trations21,82 and studies on waterbirds have reported more
pronounced laying order eﬀects at higher Se23 and Hg19
concentrations. Other studies that have examined the eﬀects
of laying order on the deposition of Se and other trace elements
in avian eggs have found that trace elements may increase,53
decrease,53,83 or not change with laying order.20,82,84−87 The
inconsistency of laying order eﬀects among studies may be due
to diﬀerential availability of contaminants during egg
production,84,88,89 diﬀerences among contaminants in how
they are incorporated into maternal tissue and eggs,90 or
interactions among co-occurring contaminants.85,91 Other
studies indicated that small clutch sizes seem more likely to
produce a laying order eﬀect than large clutches.21,53 When and
if stored resources are utilized in egg production may also aﬀect
contaminant deposition and produce laying order eﬀects.90
Methodological diﬀerences among studies may have contributed as well, because some of these studies inferred laying
order or only sampled a portion of the clutch.86,88 Many of the
diﬀerences we detected occurred only between the ﬁrst eggs
and the last eggs laid and would have been missed had we
examined only a portion of the clutch.
Egg mass and volume increased with laying order in our
population of tree swallows as has been found in other
populations,44,92 but see Whittingham et al.93 One of these
studies found that later-laid eggs contained larger yolks, though
changes in albumin with laying order were not addressed.44 An
increase in yolk mass could contribute to the observed increase

synchronous egg production in stinkpots. In addition to
sequential egg production, variability in egg trace element
concentrations in swallows was likely enhanced by greater
heterogeneity in their diet. As birds, tree swallows are more
mobile than stinkpots, and are more likely to forage on
contaminated and uncontaminated prey during egg production.
Diet heterogeneity likely causes the relative amounts of trace
elements maternally transferred to eggs to vary on a daily
basis.76 In contrast, stinkpots produce all eggs in a clutch
synchronously,35,36 so short-term changes in diet should aﬀect
the trace element concentrations of all eggs similarly.
Laying Order. In tree swallows, within-clutch variability was
related to signiﬁcant laying order eﬀects in Ba, Se, and Sr
concentrations, but not in Tl concentrations. Barium and Sr
concentrations increased with laying order, while Se decreased
with laying order. The coincident increase of Ba and Sr with
laying order may be because both elements can replace Ca
during vitellogenesis.33,74 In other species, Se is incorporated
into proteins in both yolk and albumin17,80,81 while minerals
like Ca, and hence Ba and Sr, are incorporated into yolk. This
could contribute to the laying order eﬀect we detected if the
proportions of yolk and albumin change with laying order,
which has been suggested for tree swallows.44 Thallium
concentrations were low in all swallow eggs and this may
have inhibited our ability to detect a laying order eﬀect if one
existed. Other studies have suggested that laying order eﬀects
were more diﬃcult to detect at low contaminant concen13767
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In summary, our study suggests that in birds sequential egg
production and greater use of heterogeneous income resources
results in greater within-clutch variation in contaminant
concentrations than does synchronous egg production and
consumption of more homogeneously contaminated prey in
turtles. In turtles, this may also contribute to higher mean egg
contaminant concentrations than those found in birds. From a
purely practical perspective, our results indicate that contaminant concentrations in a single egg are more likely to be
representative of the mean contaminant concentrations of the
entire clutch in turtles than in income-breeding birds. As a
result, bird embryos may experience variable exposure to
contaminants within a clutch, while turtle embryos will
experience relatively similar exposure within a clutch. These
diﬀerences may be especially pronounced in systems where
turtles’ entire home ranges are contaminated and they can
forage only on contaminated prey, while birds can forage on
both contaminated and uncontaminated prey. Furthermore, our
results suggest that contaminant eﬀects on reproduction in
oviparous vertebrates may not be generalizable among species
that diﬀer in reproductive phenology. Further experimentation
is needed to determine whether the species diﬀerences in
maternal transfer we observed result in diﬀerential risks of
adverse eﬀects to developing embryos.

■
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* Supporting Information
S

Table S1 summarizes percent recovery and percent diﬀerences
between duplicates from reference materials and blanks used
for quality control during trace element analysis. This
information is available free of charge via the Internet at
http://pubs.acs.org/.

Figure 5. Egg mean wet mass (A) and volume (B) in tree swallow
eggs. Eggs are ordered from ﬁrst laid (1) to last laid (5). Letters
indicate signiﬁcant diﬀerences among eggs.

■

in Ba and Sr concentrations with laying order if concentrations
of minerals increased concomitantly with yolk size. While Se is
incorporated into yolk proteins, it is also found in
albumin.17,80,81 If increased yolk size is associated with a
reduction in the amount of albumin in the egg, that could lead
to the observed reduction in Se with laying order that we
detected.
Mean Clutch Concentrations. In addition to diﬀerences
in clutch variability, we found that Ba, Se, Sr, and Tl
concentrations were all signiﬁcantly higher in stinkpot eggs
than in tree swallow eggs. Because vitellogenesis in particular,
and egg production in general, occurs over multiple months in
turtles,35,36 it is possible that turtles maternally transfer more
contaminants to their eggs simply because they consume and
assimilate more contaminants during egg production than do
swallows. Most of the swallow clutches used in this study were
obtained from a colony where ∼35% of their diet consists of
terrestrial uncontaminated prey,94 which further suggests that
swallows may not consume as many contaminants during egg
production as do stinkpots. Furthermore, as small songbirds,
tree swallows likely do not rely heavily on capital resources for
reproduction,44,84 and should maternally transfer fewer
previously bioaccumulated contaminants than do turtles
which rely heavily on capital resources during vitellogenesis.
For migratory passerines like tree swallows, this pattern of egg
formation likely limits the sources of contaminants in their eggs
to local origin. In contrast, turtles likely transfer previously
bioaccumulated contaminants from long-term storage in
addition to contaminants recently assimilated from diet.
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