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Abstract—Eggs from four aquatic bird species nesting in the Lower Laguna Madre, Texas, were collected to determine differences
and similarities in the accumulation of congener-specific polychlorinated biphenyls (PCBs) and to evaluate PCB impacts on reproduction.
Because of the different toxicities of PCB congeners, it is important to know which congeners contribute most to total PCBs. The
predominant PCB congeners were 153, 138, 180, 110, 118, 187, and 92. Collectively, congeners 153, 138, and 180 accounted for 26
to 42% of total PCBs. Congener 153 was the most abundant in Caspian terns (Sterna caspia) and great blue herons (Ardea herodias)
and congener 138 was the most abundant in snowy egrets (Egretta thula) and tricolored herons (Egretta tricolor). Principal component
analysis indicated a predominance of higher chlorinated biphenyls in Caspian terns and great blue herons and lower chlorinated
biphenyls in tricolored herons. Snowy egrets had a predominance of pentachlorobiphenyls. These results suggest that there are differences
in PCB congener patterns in closely related species and that these differences are more likely associated with the species’ diet rather
than metabolism. Total PCBs were significantly greater (p , 0.05) in Caspian terns than in the other species. Overall, PCBs in eggs
of birds from the Lower Laguna Madre were below concentrations known to affect bird reproduction.
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were similar and that this similarity reflected generalities in
the assimilation or metabolism of PCBs by birds. In light of
these apparently different results, one objective of my study
was to further the understanding of congener-specific PCB
patterns among related aquatic bird species and to compare
my findings with those from other studies. Congeners 153,
138, and 180 are often reported as the most common in bird
tissues [4,6–9]; however, more information is needed to understand differences and similarities in PCB congener patterns among species.
Polychlorinated biphenyls have been linked with embryonic
abnormalities and teratogenic effects in birds [3,10]. During
1992 and 1993 two reddish egret (Egretta rufescens) chicks and
one laughing gull (Larus atricilla) chick were found with deformities on the National Audubon Society Sanctuary Islands
of the Lower Laguna Madre, Texas. Consequently, a second
objective of my study was to determine total concentrations of
PCBs in eggs of birds from the Lower Laguna Madre and to
evaluate their possible detrimental effects on birds nesting in
this aquatic ecosystem.

INTRODUCTION

Congener-specific polychlorinated biphenyl (PCB) patterns
in birds are not well defined. Generalities in the predominance
of some PCB congeners in eggs of wild birds have been pointed
out [1]; however, assessments of differences or similarities
among species in the contribution by various congeners to total
PCBs are still few. Because birds inhabit diverse ecosystems
and feed on a variety of prey, their exposure may vary widely
in degree and type of PCBs. Polychlorinated biphenyl congeners differ in their biodegradation and bioaccumulation patterns and are of different toxicities to wildlife [2]. Some known
effects of PCBs include embryo deformities, edema, weight
loss, and thymic atrophy [3]. Understanding differences and
similarities in congener patterns among related species is important in determining differences in exposure, metabolism,
or both.
Differences in congener-specific PCB patterns among organisms have been associated with differences in diet and
metabolic capacities. For example, the accumulation of PCB
congeners 153, 138, and 180 (IUPAC numbers) was different
among herons (Ardea cinerea) from several locations in Great
Britain and the differences in congener patterns were associated with the diets of the herons rather than metabolism
[4]. Eggs of several water birds from Italy showed different
congener-specific PCB patterns, which reflected differences
in diets: lower chlorinated biphenyls were predominant in
birds feeding on invertebrates and plant material and higher
chlorinated biphenyls were predominant in fish-eating birds
[5]. In contrast, Ormerod and Tyler [1] suggested that the
PCB congener patterns in eggs of birds from Italy and Canada

MATERIALS AND METHODS

Egg collection
Eggs were collected during 1993 from four aquatic bird species nesting on the National Audubon Sanctuary Islands of Lower Laguna Madre (Fig. 1). Eggs from tricolored herons (Egretta
tricolor) and snowy egrets (Egretta thula) were collected from
Green Island and eggs from great blue herons (Ardea herodias)
and Caspian terns (Sterna caspia) were collected from dredgespoil islands near Laguna Vista. Both Green Island and the
dredge-spoil islands are part of the National Audubon Sanctuary
Islands. Most eggs (great blue herons, tricolored herons, and
snowy egrets) had recently been laid; however, eggs from Caspian terns were at intermediate or late stages of development.
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Table 1. Percent moisture, percent lipids, and total PCB
concentrations (mean, ng/g wet wt. 6 standard error) in eggs (N 5
4) of aquatic bird species from the Lower Laguna Madre, Texas
Species
Tricolored heron
(Egretta tricolor)
Snowy egret
(Egretta thula)
Great blue heron
(Ardea herodias)
Caspian tern
(Sterna caspia)

Moisture

Lipid

Total PCBs

80.9 6 0.5

4.2 6 0.1

71 6 18

80.9 6 0.6

4.5 6 0.5

74 6 16

82.1 6 0.1

4.2 6 0.2

246 6 87

75.1 6 0.7

6.1 6 0.2

1,265 6 680

conjunction with ANOVA of the ranked data [14] was used to
determine which means were different. The level of significance
for each test was set a priori at 0.05.
Fig. 1. Map of the Laguna Atascosa National Wildlife Refuge and
National Audubon Sanctuary Islands, Lower Laguna Madre, Texas.

One egg was collected from each of 10 nests from each species
for organochlorine and trace element analyses. Eggs were
wrapped in aluminum foil and taken to the laboratory where
the contents were transferred to chemically cleaned glass jars
and stored at 2208C until chemical analysis could be performed.
Chemical analysis
Sixteen eggs (four from each species) were analyzed for
congener-specific PCBs at the Geochemical and Environmental
Research Group (GERG), Texas A & M University, College Station, Texas. The eggs were extracted by the NOAA status and
trends method [11] with some modifications [12,13]. A portion
of the egg homogenate (0.5 g) was mixed with Na2SO4 anhydrous and extracted with methylene chloride. The extract was
then concentrated and purified with a silica gel/alumina column
and then with HPLC to reduce matrix interferences. The egg
extracts were analyzed with a gas chromatograph, Hewlett Packard 5880A, with split/splitless injection system, 63Ni electroncapture detector, and a DB-5 (30 3 0.25 mm i.d.) fused silica
capillary column (J & W Scientific). Helium was used as carrier
gas. The injector and detector temperatures were 2758C and
3258C, respectively. The column temperature was programmed
from 100 to 1408C at 58C/min, then from 140 to 2508C at 1.58C/
min, and from 250 to 3008C at 108C/min, with a holding time
of 1 min at the beginning of the program and at each rate change.
Eighty-seven PCB congeners were identified and quantified.
Polychlorinated biphenyl congeners were confirmed by gas
chromatography/mass spectrometry in 10% of the samples.
Spike recoveries were above 80% in all cases; variation between
duplicates was within 15%.
Statistical analysis
The PCB congener patterns were compared by principal
component analysis of the 20 most common congeners with the
use of procedure PRINCOMP of SAS version 6.08 software
program [14]. Concentrations of congener-specific and total
PCBs, the contributions of 20 congeners (explaining over 80%
of the total PCB concentrations) that appeared in the four species, and congeners grouped by chlorobiphenyls were all compared by Kruskal–Wallis tests. When significant differences
were observed, the Tukey multiple comparisons procedure in

RESULTS

Total PCBs were significantly greater (p , 0.01) in eggs of
Caspian terns than in eggs of tricolored herons and snowy egrets,
but were not different from eggs of great blue herons (Table
1). Polychlorinated biphenyls were similar in eggs of great blue
herons, tricolored herons, and snowy egrets. Lipid percent was
also greater in eggs of Caspian terns than in eggs of the other
three species. Moisture percent, however, was less in Caspian
terns than in the other species. Congener-specific PCB profiles
for each species (percent contribution to total PCBs, N 5 4)
are shown in Figure 2. The predominant PCB congeners in the
four species were 153, 138, 180, 110, 118, 187, and 92. Congener 153 was the most abundant in Caspian terns and great
blue herons and congener 138 was the most abundant in snowy
egrets and tricolored herons. Congeners 153, 138, and 180 contributed from 26% (snowy egrets) to 42% (great blue herons
and Caspian terns) of total PCB concentrations in eggs (Fig.
3). Of the chlorobiphenyls, pentachlorobiphenyls and hexachlorobiphenyls were the most common and contributed from 61
to 79% of total PCBs (Fig. 4).
Principal component analysis of the percent contribution of
individual congeners to total PCBs indicated that the first three
components explained only just over 50% of the variation and
five components explained 75% of the variation (Table 2). The
first component explained only 25% of the variance and seemed
to be a measure of the most significant contributors to total
PCBs and a contrast between common and uncommon significant contributors. Thus, congeners 118, 153, 180, 187, 146,
and 196 had the highest positive loadings and congeners 60,
82, 92, and 49 had the most negative loadings (Table 3). The
second principal component was not as clear as the first; however, it seemed to represent a measure of the uncommon significant contributors (lower chlorinated congeners) with high
positive loadings for congeners 129, 105, 110, 118, and 49 and
high negative loadings for congeners 82, 92, and 99 (Table 3).
Congener 118 had high loadings in both components 1 and 2.
The third component was a contrast between congeners 138 and
183 with high negative loadings and the rest of the congeners.
Loadings for species sorted according to principal component 1 revealed that Caspian terns and great blue herons had
the highest loadings on component 1 whereas snowy egrets and
tricolored herons had the least. Sorting by the second component
showed tricolored herons with the highest positive loadings followed by snowy egrets. The plot of the first two components
(Fig. 5) demonstrated more clearly the distribution of species
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Fig. 2. Congener-specific PCB patterns (percent contribution to total PCBs) in four aquatic bird species of the Lower Laguna Madre, Texas.

Fig. 3. Comparisons of the most common PCB congeners in aquatic birds of the Lower Laguna Madre, Texas.
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Fig. 4. Distribution of chlorobiphenyls, grouped by level of chlorination, in four aquatic bird species of the Lower Laguna Madre, Texas.

according to the first two components and showed a distinct
cluster separation by species, particularly for Caspian terns and
great blue herons.
Because most of the variation in PCB congener patterns
among species could not be accounted by fewer than five components, the PCB congeners were grouped by level of chlorination for the principal component analysis. The results in this
case were much clearer and 95% of the variation could be explained by the first three components (Table 4). The first principal component explained 54% of the variance and represented
a contrast between the higher (positive loadings) and lower
(negative loadings) chlorinated biphenyls (Table 5). The second
component was a contrast among the lower chlorinated biphenyls with high positive loadings for trichlorobiphenyls and
tetrachlorobiphenyls and negative loadings for pentachlorobiphenyls. The third principal component was represented primarily by a high loading of octachlorobiphenyls. The plot of
the first two components (Fig. 6) separated out the species into
distinct clusters with Caspian terns and great blue herons weighing heavily on component 1, suggesting a predominance of
higher chlorinated biphenyls. The tricolored herons weighted
more heavily on component 2, suggesting a predominance of
lower (tri- and tetra-) chlorinated biphenyls. Snowy egrets had

Table 2. Eigenvalues of the correlation matrix resulting from the
principal component analysis of congener-specific PCBs in four
aquatic bird species
Component
PRIN1
PRIN2
PRIN3
PRIN4
PRIN5

Eigenvalue

Difference

Proportion

Cumulative

5.09
3.68
2.58
2.03
1.58

1.42
1.09
0.56
0.44
0.25

0.25
0.18
0.13
0.11
0.08

0.25
0.44
0.57
0.67
0.75

more negative loadings on the second component, indicating a
predominance of pentachlorobiphenyls.
The results of principal component analysis were also supported by comparisons of percent contributions to total PCBs
of individual congeners and chlorobiphenyl groups. In general,
the contributions of 20 congeners to total PCBs were similar
between the tricolored heron and snowy egret (except for congener 92), and between the Caspian tern and the great blue
heron (except for congener 146). Also, the contribution of congeners 66, 82, 99, 105, 110, 118, 129, 138, 149, 153, 170, 183,
and 196 to total PCBs was similar among the four species. The
only significant differences among species occurred with conTable 3. Eigenvectors of the principal component analysis of
congener-specific PCBs in four aquatic bird species
Congener

PRIN1

PRIN2

PRIN3

110
118
153
105
138
180
187
183
146
170
99
201
82
60
129
66
196
92
49
149

20.12
0.22
0.38
20.01
20.09
0.36
0.39
0.16
0.29
0.16
20.06
0.18
20.32
20.16
20.11
0.09
0.21
20.27
20.19
0.17

0.27
0.3
0.007
0.33
20.15
0.05
20.22
20.06
20.23
20.12
20.29
0.03
20.24
20.04
0.4
0.12
0.18
20.29
0.37
20.08

0.34
20.13
20.15
20.17
20.55
20.044
20.004
20.45
0.17
0.22
0.26
0.04
20.04
0.04
20.15
0.13
0.24
0.03
0.13
0.16
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Table 5. Eigenvectors of the principal component analysis of
chlorobiphenyls (grouped by level of chlorination) in
four aquatic bird species
Chlorobiphenyl

PRIN1

PRIN2

PRIN3

Tri
Tetra
Penta
Hexa
Hepta
Octa

20.19
20.35
20.48
0.49
0.51
0.32

0.71
0.56
20.38
0.03
0.2
0.11

0.08
20.13
0.13
20.44
20.06
0.87

had a predominance of pentachlorobiphenyls, and tricolored
herons, with a predominance of trichlorobiphenyls.
DISCUSSION

Fig. 5. Plot of principal components 1 and 2 based on principal component analysis of the contribution of 20 PCB congeners. C 5 Caspian
tern, G 5 great blue heron, T 5 tricolored heron, S 5 snowy egret.

geners 49, 60, 92, 146, 180, 187, and 201. The contribution of
congener 146 to total PCBs was significantly greater (p , 0.05)
in Caspian terns than in the other three species. The contributions of congeners 187 and 201 were also significantly higher
(p , 0.001) in Caspian terns and great blue herons than in
snowy egrets and tricolored herons. The contribution of congener 180 was significantly greater (p , 0.01) in Caspian terns
and great blue herons than in snowy egrets, but was not different
from tricolored herons. The contribution of congener 92 was
significantly greater (p , 0.05) in snowy egrets than in the other
three species and congeners 49 and 60 were significantly greater
(p , 0.01) in tricolored herons and snowy egrets than in Caspian
terns and great blue herons.
Of the chlorobiphenyls, the contributions of tetrachlorobiphenyls and hexachlorobiphenyls were similar among the four
species. The contribution of trichlorobiphenyls was significantly
higher (p , 0.05) in tricolored herons than in snowy egrets and
pentachlorobiphenyls were significantly higher (p , 0.001) in
snowy egrets than in great blue herons and Caspian terns. In
contrast, the contributions by heptachlorobiphenyls and
octachlorobiphenyls were significantly greater (p , 0.001) in
Caspian terns and great blue herons than in tricolored herons
and snowy egrets. Overall, the contributions of chlorobiphenyls
to total PCBs were similar among Caspian terns and great blue
herons but seemed to be different between snowy egrets, which

In this study, congeners 153, 138, and 180 were the most
abundant and accounted for 26 to 42% of the total PCBs. These
results are similar to recent studies, which report these congeners
as the most abundant in bird eggs [4–7,15,16]. Differences in
contribution of congeners have been used as indicators of different species patterns. In this regard, the Caspian tern and the
great blue heron were similar because they had congener 153
as the most abundant (contributing up to 20% of total PCBs);
the snowy egret and tricolored heron were also similar because
they had congener 138 as the most dominant. Similarly, Ormerod and Tyler [1] reported differences in PCB congener patterns of the Eurasian dipper (Cinclus cinclus) from several
regions because congener 153 was the most common in one
region and congener 118 was the most common in another.
Falandysz et al. [15] found that congeners 153, 138, and 180
were the most abundant in breast muscle of the white-tailed
eagle (Haliaeetus albicilla) and that there were differences between adults and juveniles of the same species in the contribution of congeners to total PCBs, suggesting possible different
capabilities to depurate PCBs. However, the contribution of in-

Table 4. Eigenvalues of the correlation matrix resulting from the
principal component analysis of chlorobiphenyls in
four aquatic bird species
Component
PRIN1
PRIN2
PRIN3
PRIN4
PRIN5

Eigenvalue

Difference

Proportion

Cumulative

3.22
1.64
0.83
0.21
0.09

1.58
0.8
0.63
0.11
0.09

0.54
0.27
0.14
0.03
0.02

0.54
0.81
0.95
0.98
0.99

Fig. 6. Plot of principal components 1 and 2 based on principal component analysis of the contribution of PCB congeners grouped by
chlorobiphenyls. Letters same as in Figure 5.
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dividual congeners to total PCBs and the congener patterns of
young and adult white- tailed eagles were not statistically compared, thus the apparent differences between adults and juveniles were left unproven.
The intepretation of differences in PCB congener patterns
based on predominance of one compound over another should
be taken with caution. A more comprehensive analysis may be
needed to establish differences in congener patterns among species with certainty. For example, in this study the contributions
of congeners 153 and 138 to total PCBs were not significantly
different among the four species despite the fact that congener
153 was predominant in the Caspian tern and the great blue
heron and congener 138 was predominant in the snowy egret
and tricolored heron. Furthermore, the individual analysis of
the contribution of 20 PCB congeners to total PCBs revealed
that only 7 (3 of which were fairly abundant in all species) of
20 congeners were significantly different among species. The
differences between the Caspian tern and the great blue heron
were only in the contribution of congener 146, and between the
tricolored heron and the snowy egret in the contribution of
congener 92. Thus, because of the marked similarities in the
two species within a group, it could be argued that the differences in congener patterns occurred only between the two species groups. The analysis of the contribution by chlorobiphenyls
provided equivalent results. In this case, the differences between
the two groups were clearer and were marked by a predominance
of either lower or higher chlorinated biphenyls. The lower chlorinated biphenyls were more abundant in the tricolored herons,
which consume more diverse diets including invertebrates and
fish, whereas the higher chlorinated biphenyls were predominant
in the more strictly fish-eating species or species eating larger
fish, the Caspian tern and the great blue heron.
Principal component analysis was the most helpful statistical
technique for elucidating differences and similarities in PCB
congener patterns among species. Even though five components
were necessary to explain 75% of the variance in the analysis
of individual PCB congeners, the graphic representation of components 1 and 2 (Fig. 5) clearly indicated that there were species
differences in congener patterns. Caspian terns and great blue
herons were more positively associated with the first component,
with a preponderance of higher chlorinated biphenyls, and were
contrasted by the separation along the second component of the
tricolored heron and snowy egret, with a greater predominance
of lower chlorinated biphenyls. Further, the analysis of chlorobiphenyls showed that the distribution of species along the
first and second components (Fig. 6) was similar to the individual analysis, except that now component 1 explained more
than 50% of the variation and the first two components explained
more than 80% of the variance. Because component 1 represented a contrast between higher and lower chlorinated biphenyls and component 2 a contrast among the lower chlorinated biphenyls, it was much easier to characterize differences
in congener patterns among species based on chlorobiphenyl
groups. Again, Caspian terns and great blue herons had a predominance of higher chlorinated biphenyls, snowy egrets had
a predominance of pentachlorobiphenyls, and tricolored herons
had a predominance of trichlorobiphenyls and tetrachlorobiphenyls.
My study supports the idea that differences in PCB congener
patterns among aquatic bird species may be related to differences in congener patterns in the prey or diet. Of the species
studied, the tricolored heron and snowy egret tend to feed more
on invertebrates and smaller fish [17,18], whereas the great blue

M.A. Mora

heron and the Caspian tern feed more on larger fish [17,19].
Invertebrates such as crustaceans or lower trophic level aquatic
organisms tend to have a predominance of lower chlorinated
biphenyls, whereas fish or higher trophic level organisms tend
to accumulate higher chlorinated biphenyls [20,21]. Focardi et
al. [5] also found that lower chlorinated compounds predominated in aquatic birds feeding on invertebrates and plant material
and higher chlorinated biphenyls were more predominant in fisheating birds. Boumphrey et al. [4] found differences in the PCB
congener profiles of herons (Ardea cinerea) from different
regions of Great Britain and suggested that the patterns were
more indicative of dietary intake than of metabolism. In a similar study of organochlorine residues in various kinds of herons
in the United States, residue levels were directly related to differences in the herons’ diets and to the amount of fish consumed
[22]. Thus, differences in the diet alone could explain differences in congener patterns among similarly related aquatic species.
Other studies, however, contrast with the above. For example, Stronkhorst et al. [23] found differences in congener
patterns between the diet and bird tissues: lower chlorinated
biphenyls were more abundant in the diet and higher chlorinated
biphenyls were more abundant in eggs of some aquatic birds
from the Netherlands. Polychlorinated biphenyl congener patterns in several bird species from Canada were similar [24],
reflecting perhaps similar metabolism, because birds had diverse
diets. Because eggs of Caspian terns were at a later stage of
development than eggs of the other three species, the lower
content of lesser chlorinated biphenyls in eggs of Caspian terns
could be explained perhaps by increased embryo metabolism.
However, recently laid eggs of great blue herons showed a congener pattern similar to eggs of Caspian terns, suggesting that
stage of embryo development might not have an influence in
the congener patterns observed in eggs. The results of my study
suggest that several approaches may be necessary to distinguish
differences and similarities in PCB congener signatures among
related bird species. The analysis of predominance of certain
congeners above others, which often has been used as the criterion to establish differences in congener patterns among related or unrelated bird species, may not be sufficient.
Concentrations of total PCBs were also different among
aquatic birds of the Lower Laguna Madre and could also be
explained by differences in the diet and in the amount of fish
consumed. Caspian terns are strictly fish-eating birds and forage
more offshore than the other species. The herons and egrets
consume a broader variety of food items and forage more in
salt marshes and inland lagoons [17,18]. Raptorial and fisheating birds are more likely to accumulate chlorinated hydrocarbons at greater concentrations than other bird species [25].
An alternative explanation to the greater concentration of PCBs
in eggs of Caspian terns is that these eggs were collected at a
later stage of incubation than eggs of the other three species.
Caspian tern eggs had greater moisture loss, which resulted in
greater lipid percent and greater PCB concentrations than in
eggs of the other species. Polychlorinated biphenyls, however,
were 5 to 15 times higher in eggs of Caspian terns than in eggs
of great blue herons, tricolored herons, and snowy egrets, whereas lipid content was only 2% higher in Caspian terns than in
the other species. Thus, greater concentrations of PCBs in eggs
of Caspian terns were probably reflected by greater lipid content
but also by a more strictly fish diet of Capian terns than the
other species.
Overall, concentrations of total PCBs in aquatic bird species
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nesting in the Lower Laguna Madre were low and below the
threshold at which behavioral or teratogenic anomalies have
been observed in other species [10,26]. Thus, based on the PCB
levels observed in eggs of these four species and in reddish
egrets from the same area [27], it is reasonable to conclude that
PCBs were perhaps not associated with the deformities observed
in two reddish egret and one laughing gull chicks during 1992
and 1993 in the Lower Laguna Madre. The results of the analysis
of PCBs in tissues of these deformed specimens were very low
(S. Robertson and A. Huysman, personal communication), at
concentrations that could not be associated with deformities.

6.

7.

8.

CONCLUSIONS

The results of this study suggest that there are differences
in PCB congener patterns among closely related bird species.
Whether these differences are more possibly associated with
species’ diet than metabolism remains to be studied. Aquatic
birds with more strictly fish diets and those feeding on larger
fish seem to have a predominance of higher chlorinated biphenyls, whereas birds feeding in smaller fish and a variety of
other organisms including invertebrates have a predominance
of lower chlorinated biphenyls. These findings are in agreement
with some studies but contrast with others that report no differences in congener patterns among species. This study also
supports observations from others regarding the prevalence of
congeners 153, 138, and 180 in wildlife samples [4,6–9]. Congeners 138, 153, and 180 are not very susceptible to atmospheric
transport and environmental degradation [9]; thus, they should
be expected to predominate in wildlife species, especially those
that are at the top of food chains. Because of the different
toxicities of PCB congeners, it is important to know which
congeners have the greatest contribution to total PCBs. Of the
seven most abundant congeners in the four aquatic species in
this study, the mono–ortho coplanar PCB congener 118 should
be the one of most concern because of its predominance and
potential increased toxicity to wildlife [28]. Overall, total PCB
concentrations were low and currently do not pose a threat to
aquatic birds of the Lower Laguna Madre.
Acknowledgement—This work was initiated while I was a research
associate at the North Carolina Cooperative Fish and Wildlife Research
Unit; I appreciate the support provided by W. James Fleming during
that time. I also appreciate the support by Steve Thompson, and his
refuge staff, and Amy Plummer and Chris Huysman for their help during
various stages of the field work. Mike Farmer allowed access to the
islands in the Lower Laguna Madre. This manuscript was improved by
comments from Diane Boellstorff, Donald Clark, Sijan Sapkota, and
Jose Sericano. Sue Lauritzen provided the illustration for Figure 1.
REFERENCES
1. Ormerod, S.J. and S.J. Tyler. 1992. Patterns of contamination by
organochlorines and mercury in the eggs of two river passerines
in Britain and Ireland with reference to individual PCB congeners.
Environ. Pollut. 76:233–243.
2. Tanabe, S., N. Kannan, A. Subramanian, S. Watanabe and R.
Tatsukawa. 1987. Highly toxic coplanar PCBs: Occurrence,
source, persistency and toxic implications to wildlife and humans.
Environ. Pollut. 47:147–163.
3. Gilbertson, M., T. Kubiak, J. Ludwig and G. Fox. 1991. Great
Lakes embryo mortality, edema, and deformities syndrome (GLEMEDS) in colonial fish-eating birds—Similarity to chick-edema
disease. J. Toxicol. Environ. Health 33:455–520.
4. Boumphrey, R.S., S.J. Harrad, K.C. Jones and D. Osborn. 1993.
Polychlorinated biphenyl congener patterns in tissues from a selection of British birds. Arch. Environ. Contam. Toxicol. 25:346–
352.
5. Focardi, S., C. Leonzio and C. Fossi. 1988. Variations in polychlorinated biphenyl congener composition in eggs of Mediterra-

9.
10.

11.

12.

13.

14.
15.

16.

17.
18.
19.

20.

21.

22.

23.

24.

1009

nean water birds in relation to their position in the food chain.
Environ. Pollut. 52:243–255.
Elliott, J.E., R.W. Butler, R.J. Norstrom and P.E. Whitehead.
1989. Environmental contaminants and reproductive success of
great blue herons Ardea herodias in British Columbia, 1986–87.
Environ. Pollut. 59:91–114.
Borlakoglu, J.T., J.P.G. Wilkins, C.H. Walker and R.R. Dils.
1990. Polychlorinated biphenyls (PCBs) in fish-eating sea birds—
II. Molecular features of PCB isomers and congeners in adipose
tissue of male and female puffins (Fratercula arctica), guillemots
(Uria aalga), shags (Phalacrocorax aristotelis) and cormorants
(Phalacrocorax carbo) of British and Irish coastal waters. Comp.
Biochem. Physiol. C 97:161–171.
Jarman, W.A., S.A. Burns, R.R. Chang, R.D. Stephens, R.J.
Norstrom, M. Simon and J. Linthicum. 1993. Determination of
PCDDs, PCDFs, and PCBs in California peregrine falcons. Environ. Toxicol. Chem. 12:105–114.
Harrad, S.J., et al. 1994. Polychlorinated biphenyls (PCBs) in the
British environment: Sinks, sources and temporal trends. Environ.
Pollut. 85:131–146.
Kubiak, T.J., H.J. Harris, L.M. Smith, T.R. Schwartz, D.L.
Stalling, J.A. Trick, L. Sileo, D.E. Docherty and T.C. Erdman.
1989. Microcontaminants and reproductive impairment of the Forster’s tern on Green Bay, Lake Michigan—1983. Arch. Environ.
Contam. Toxicol. 18:706–727.
MacLeod, W.D., D.W. Brown, A.J. Friedman, D.G. Burrow, O.
Mayes, R.W. Pearce, C.A. Wigren and R.G. Bogar. 1985. Standard analytical procedures of the NOAA National Analytical Facility 1985–1986. Extractable toxic organic compounds, 2nd ed.
NOAA Technical Memorandum NMFS F/NWRC-92. U.S. Department of Commerce, Springfield, VA, USA.
Brooks, J.M., T.L. Wade, E.L. Atlas, M.C. Kennicut II, B.J.
Presley, R.R. Fay, E.N. Powell and G. Wolf. 1989. Analysis of
bivalves and sediments for organic chemicals and trace elements.
NOAA’s National Status and Trends Program Third Annual Report.
U.S. Department of Commerce, Rockville, MD, USA.
Wade, T.L., E.L. Atlas, J.M. Brooks, M.C. Kennicut II, R.G.
Fox, J. Sericano, B. Garcia-Romero and D. DeFreitas. 1988.
NOAA Gulf of Mexico status and trends program: Trace organic
contaminant distribution in sediments and oysters. Estuaries 11:
171–179.
SAS Institute. 1988. SAS/STATt User’s Guide, Release 6.03 Edition. Cary, NC, USA.
Falandysz, J., N. Yamashita, S. Tanabe, R. Tatsukawa, L. Rucinska, T. Mizera and B. Jakuczun. 1994. Congener-specific analysis of polychlorinated biphenyls in white-tailed sea eagles Haliaeetus albicilla collected in Poland. Arch. Environ. Contam. Toxicol. 26:13–22.
Ormerod, S.J. and S.J. Tyler. 1994. Inter- and intra-annual variation in the occurrence of organochlorine pesticides, polychlorinated biphenyl congeners, and mercury in the eggs of a river passerine. Arch. Environ. Contam. Toxicol. 26:7–12.
Willard, D.E. 1977. The feeding ecology and behavior of five
species of herons in southeastern New Jersey. Condor 79:462–470.
Recher, H.F. and J.A. Recher. 1980. Why are there different kinds
of herons? Trans. Linn. Soc. N.Y. 9:135–157.
Ludwig, J.P. 1965. Biology and structure of the Caspian tern (Hydroprogne caspia) population of the Great Lakes from 1896–1964.
Bird-Banding 36:217–233.
Farrington, J.W., A.C. Davis, B.J. Brownawell, B.W. Tripp,
C.H. Clifford and J.B. Livramento. 1986. The biogeochemistry
of polychlorinated biphenyls in the Acushnet River Estuary, Massachusetts. In M.L. Sohn, ed., Organic Marine Geochemistry.
American Chemical Society, Washington, DC, USA, pp. 174–197.
Oliver, B.G. and A.J. Niimi. 1988. Trophodynamic analysis of
polychlorinated biphenyl congeners and other chlorinated hydrocarbons in the Lake Ontario ecosystem. Environ. Sci. Technol. 22:
388–397.
Niethammer, K.R., T.S. Baskett and D.H. White. 1984. Organochlorine residues in three heron species as related to diet and
age. Bull. Environ. Contam. Toxicol. 33:491–498.
Stronkhorst, J., T.J. Ysebaert, F. Smedes, P.L. Meininger, S.
Dirksen and T.J. Boudewijn. 1993. Contaminants in eggs of some
waterbird species from the Scheldt estuary, SW Netherlands. Mar.
Pollut. Bull. 26:572–578.
Norstrom, R.J. 1988. Bioaccumulation of polychlorinated biphenyls in Canadian wildlife. In J.P. Crive, ed., Hazards, Decon-

1010

Environ. Toxicol. Chem. 15, 1996

tamination and Replacement of PCBs: A Comprehensive Guide.
Plenum, New York, NY, USA, pp. 85–100.
25. Hickey, J.J. and D.W. Anderson. 1968. Chlorinated hydrocarbons
and eggshell changes in raptorial and fish-eating birds. Science 162:
271–273.
26. Yamashita, N., S. Tanabe, J.P. Ludwig, H. Kurita, M.E. Ludwig
and R. Tatsukawa. 1993. Embryonic abnormalities and organochlorine contamination in double-crested cormorants (Phalacro-

M.A. Mora
corax auritus) and Caspian terns (Hydroprogne caspia) from the
upper Great Lakes in 1988. Environ. Pollut. 79:163–173.
27. Huysman, A.P. 1995. Nesting ecology and contaminant burdens
of reddish egrets (Egretta rufescens) of the Texas and Mexico
coasts. M.S. thesis. North Carolina State University, Raleigh, NC,
USA.
28. McFarland, V.A. and J.U. Clarke. 1989. Environmental occurrence, abundance, and potential toxicity of polychlorinated biphenyl congeners: Considerations for a congener-specific analysis.
Environ. Health Perspect. 81:225–239.

