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Abstract—Based on a literature review of avian data for polybrominated diphenyl ethers (PBDEs), ecologically relevant doses, low
(10 ng/egg), medium (100 ng/egg), and high (1,000 ng/egg) of the 2,20,4,40,5-pentabromodiphenyl ether (BDE-99) congener along with
dimethylsulfoxide (DMSO) control were injected into the yolk sac of un-incubated eggs of zebra finch, Taeniopygia guttata. Offspring
development and adult phenotype were followed over three generations. No effects of in ovo PBDE exposure on hatching success, chick
growth, thyroid hormone levels, or hematological traits were measured at sexual maturity (90 d posthatching). However, the authors did
detect significant effects of BDE-99 treatment on adult phenotype of in ovo–exposed birds by breeding observations, in which clutch size
was significantly smaller in all PBDE-dosed birds (low, medium, and high) compared with controls. A trend was also seen for longer
laying intervals in PBDE-dosed birds (13–14 d) compared with control birds (8 d). In addition, a significant effect of PBDEwas found on
growth of the second-generation offspring of in ovo–treated females; body mass was significantly lower in the high-PBDE dosed birds
compared with controls from hatch through to fledging (day 30). The authors found no evidence of effects over the longer term and in
successive generations, whether in adult, reproductive phenotype of the second-generation offspring of in ovo–treated birds, or in the
growth of their (third-generation) offspring. Their results suggest that egg levels as low as 10 ng/g BDE-99 may affect reproduction in
small passerines by reducing clutch size. Environ. Toxicol. Chem. 2013;32:562–568. # 2012 SETAC
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INTRODUCTION

Polybrominated diphenyl ether (PBDEs) compounds are
persistent, bioaccumulative, and potentially toxic to humans
and wildlife [1,2]. Polybrominated diphenyl ethers and other
chemical flame retardants are added to high-impact polystyrene,
electronic housings, furniture foams, and fabrics to increase the
temperature of combustion [3]. Until recent restrictions on their
usage, PBDEs belonged to the largest market group of flame
retardants because of their low cost and effectiveness [1]. Being
physically blended but not bonded chemically to polymeric
materials, PBDEs can leach into nearby systems. Like poly-
chlorinated biphenyls (PCBs) and organochlorine pesticides
before them, PBDEs have now pervaded the global environ-
ment, being found far from industrial or urban centers of
production and use. Over the past two decades, concentrations
in environmental samples from many locations have increased
rapidly [4–7], but at least the pentabrominated components may
now be decreasing in some systems subsequent to decreased
usage [8,9].

Of the 209 PBDE congeners, the most common reported in
wildlife samples are BDE-47, -99 (also known as penta-PDE),
and -153 [10,11]. In the present study we focused on a major



schedule. Experiments and animal husbandry were carried out
under a Simon Fraser University Animal Care Committee
permit no. 864B-08 in accordance with guidelines from the
Canadian Committee on Animal Care.



variation based on two quality standards across each type of
assay were 1.85 to 4.14% for TT4, 5.48 to 1.96% for TT3, 3.70
to 7.59% for fT4, and 1.10 to 4.35% for fT3. Intra-assay
coefficients calculated as an average coefficient of variation
based on samples from the same plate were 6.97 to 8.66% for
TT4, 6.46 to 7.08% for TT3, 5.50 to 6.23% for fT4, and 5.22 to
5.85% for fT3. All sample tests were done in duplicates.
Readings with a coefficient of variation greater than 15% were
excluded from the final data set [21].

Statistical analysis

All statistical analyses were conducted using the SAS stat-
istical computing system, Version 9.1.3 (SAS Institute 2003).
Effect of treatment on egg fate and hatchability was tested using
x2 (proc Freq), with the Fisher’s exact test for small sample
sizes. Treatment effects on chick growth were analyzed using



for some cells). We pooled data to compare hatched versus all
not hatched eggs, but no significant effect of treatment was
found on overall hatching success (x2¼ 0.37, df¼ 3, p> 0.90).
Pooling all treatments, overall hatching success was 61.7%. No
effect was seen of treatment on offspring sex ratio (x2¼ 3.15,
df¼ 3, p> 0.35). Overall, 44 males (51.2%) and 42 females
(48.8%) were hatched. Finally, no effect was seen of maternal
treatment on brood size at hatching ( F3,31¼ 0.22, p> 0.80) or
brood size at fledging ( F3,31¼ 0.19, p> 0.85; Table 2).

Growth and reproductive phenotype of offspring of in ovo–treated
females (generation 2)

Chick growth. In an overall analysis of chick growth in
relation to maternal treatment, with sex, age, and treatment
as main factors and brood and band number as random effects,
a significant effect of sex ( F1,74.4¼ 5.52, p¼ 0.021), a
treatment�age interaction ( F9,231¼ 2.03, p¼ 0.037), and a
marginally significant treatment�sex�age interaction ( F12,231¼
1.76, p¼ 0.057). We therefore analyzed each sex separately for
an effect of maternal treatment on chick growth.

In female offspring no effect was seen of maternal treatment
of growth ( F3,16¼ 0.83, p> 0.4) and no treatment�age inter-
action ( F9,111p946m
3p



No effect was found of maternal treatment on egg or embryo
fate of eggs laid by female offspring of in ovo–treated females
(x2¼ 8.78.0, df¼ 9, p> 0.40, n¼ 176 eggs total; although
samples sizes were small for some cells). We pooled data to
compare hatched versus all not hatched eggs, but no significant
effect of treatment on overall hatching success was found
(x2 ¼2.38, df¼ 3, p> 0.40). Pooling all treatments, overall
hatching success was 52.6%. No effect was seen of maternal
treatment on the sex ratio of their offspring’s chicks (x2¼ 0.52,
df¼ 3, p> 0.90): overall 48 males (57.8%) and 35 females



for the exposed generation. Therefore, we do not know whether
thyroid hormone levels in the exposed group were affected at an
earlier developmental stage. Future studies should consider
possible interactions between BDE-99 and bird reproductive
hormones, such as estradiol and prolactin, because many of
thyroid-active environmental chemicals do not solely target the
thyroid system [32–34].

We found no effect of in ovo PBDE exposure on hematocrit
or on hemoglobin, which is consistent with van der Steen et al.’s
[29] study on European starlings but in contrast with some
previous studies on mammals. Leijs et al. [35] reported a
positive correlation between serum levels of hemoglobin and
serum concentrations of PBDEs. Hematocrit in ranch mink
(Mustela vison) exposed to a PBDE mixture was reported to
be significantly lower compared with control mink [36]. Neale
et al. [37] found erythrocyte level to be inversely correlated to
PBDE concentrations in harbor seal (Phoca vitulina). Based on
those contradictory results for birds and mammals, we suggest
that the blood system of a bird may be less sensitive to the
effects of PBDE exposure, possibly because of hematological
differences between those taxa [29].

A principle aim was to investigate possible longer-term,
intergenerational effects of embryonic exposure to BDE-99.We
found an effect of BDE-99 exposure on adult reproductive
phenotype, as well as an effect on chick growth in the
second-generation offspring of PBDE-exposed females. All
treatment groups, regardless of the BDE-99 dose, showed
significantly lower average clutch size (1.8–1.2 eggs less) than
the control group. Clutch size and laying interval are negatively
correlated in zebra finches: the longer the time between pairing
and laying of the first egg, the smaller the clutch size [38]. The
mean laying interval within our control group of approximately
8 to 9 d corresponds to the typical laying interval for a three-
month inexperienced bird [39], whereas mean laying intervals
for all PBDE-exposed groups fell into the range of 13 to 14 d.
The typical clutch size for an inexperienced three-month zebra
finch female is 5.7 eggs [40], close to the control group clutch in
our experiment, and one egg larger on average than those of
PBDE-exposed birds. The reduced clutch size effect was robust
when we controlled for laying interval. At the same time, a trend
was seen for delayed laying interval in all exposed groups. We
believe that the reduced clutch size in our experiment may be
related to a delay in egg laying, and that a shorter laying interval
is also a possible treatment effect. Possibly PBDE-dosed birds
were less sensitive to male courtship behavior or needed a
longer time to develop their reproductive system in response to
male courtship. Consistent with that idea, Eng et al. [40] found
that early exposure of zebra finch chicks to BDE-99 had
significant effects on male mating behavior and the response
of clean experienced females to exposed males.

Blight [41] reported a significant decline in clutch size of the
glaucous-winged gull (Larus glaucescens) at colonies in the
Salish Sea region of the Pacific coast of Canada. Declines in
the availability and quality of prey were thought to be the primary
cause. Contaminants, including PBDEs, were judged not to be a
factor because of the lack of coincidence in timing of an increase
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