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Abstract. In 1996-1997, nine breeding colonies of the great blue heron on the St. Lawrence River and its
estuary (Québec, Canada) were investigated in the framework of a biomonitoring program. Fledglings from
colonies in freshwater were more contaminated with mercury, PCBs and many organic contaminants than
those from estuarine colonies. The level of contamination in the St. Lawrence River is generally below the
levels of toxicological effects for the great blue heron. The molar ratio of retinol: retinyl palmitate in heron
eggs was correlated with total PCBs (r=0.79) and mirex (r=0.90). In plasma, all biochemical parameters
were significantly different between freshwater and marine colonies. Plasma retinol concentrations at the
Dickerson and Héron colonies were significantly lower compared with those at Grande Ile (p <0.05) and
Steamboat (p <0.001). Based on retinoid and f-carotene concentrations in eggs, low plasma retinol was not
associated with possible dietary deficiency. Plasma retinol was negatively correlated with many PCB
congeners, total PCBs (r=—0.78), p,p’-DDE, trans-nonachlor and «-HCH. Similarly, the hormone T3 was
correlated with many PCB congeners, total PCBs (r=-0.69) and the same organochlorine chemicals.
Plasma LDH concentrations were different among freshwater colonies, Grande Ile and Héron colonies
having LDH values significantly greater than those of Steamboat (respectively, p<0.05 and p <0.01).
Globally, the health status of the St. Lawrence great blue heron population was judged to be acceptable,
however, several biomarkers indicated positive responses to contaminants.

Keywords: contaminants; vitamin A; thyroid hormones; great blue heron; St. Lawrence River

Introduction wildlife toxicology (Colborn and Clements, 1992;

Peakall, 1992; Fossi and Leonzio, 1993; Peakall
Over the last decade, many authors have published and Shugart, 1993; Peakall and Walker, 1994). A
reviews on the use of biomarkers in studies in biomarker can be defined as ““a biological response
to a chemical or chemicals that gives a measure of
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research on wildlife health has also concentrated
on the effects of endocrine disrupting persistent
organic pollutants (POPs) (Colborn et al., 1993,
Fox, 1993; Grasman et al., 1998).

Many of these POPs are present in tissues of
wildlife along the St. Lawrence River (DeGuise
et al., 1995), which drains the highly industrialized
Great Lakes. In addition to this important input,
this major River also receives toxic chemicals from
agricultural, industrial and urban sources along its
shores and from the atmosphere over its 1600 km
course to the Atlantic Ocean.

The great blue heron (Ardea herodias) has been
widely used as an indicator species (DesGranges,
1979; Elliott et al., 1989, 2001a; Custer et al., 1997;
Thomas and Anthony, 1999) because of its distri-
bution in both marine and freshwater environ-
ments, the accessibility of its colonies and its
strategic position at the top of the food chain.
Between 1991 and 1993, we conducted studies to
select indicators of exposure and effects of suble-
thal concentrations of contaminants in the
St. Lawrence River in order to develop a biomar-
ker-based biomonitoring program. Following this
initial study, the great blue heron was selected as
an indicator species in the biomonitoring program
of the St. Lawrence River (Champoux et al., 2002;
Rodrigue et al., 2005). The goals of this program
are: (1) to detect spatial variations in bioavailable
contaminants in indicator species; and (2) to
determine if toxic substances are present at con-
centrations sufficiently high to affect the health of
St. Lawrence biota.

Here, we present data on the contamination and
biomarkers in the great blue heron from colonies
visited in 1996-1997. We examine the linkages
between the toxic substances and the biological
variables measured and discuss the usefulness of
the biomarkers that appeared the most indicative
and appropriate for a biomonitoring program of
toxic exposure and effects for the St. Lawrence
River.

Methods

The great blue heron breeds in many colonies
along the St. Lawrence River. In 1996 and 1997,
nine colonies were sampled in this study (Fig. 1).
They were selected to cover as much as possible

the physical-chemical and ecological variability
along this large ecosystem. Three colonies are sit-
uated in the more developed freshwater part of the
River, between Cornwall and Québec (Ile Dicker-
son, Ile aux Hérons and Grande Ile) and three in
the less-developed estuarine part of the River (Ile
de la Corneille, Ile du Bic and Ile Manowin). The
inland reference colonies (Petit Lac Jacques-Car-
tier, Ile Steamboat and Ile Matane) were chosen
outside of the most developed regions concen-
trated along the River, but not necessary out of
reach of atmospheric pollution.

In each colony, eggs and fledglings were sam-
pled for chemical and biochemical analysis. Pro-
fessional climbers were contracted to climb trees
and to collect eggs and chicks. One fresh egg from
nine nests per colony was taken for contaminant
analyses and kept on ice. Another egg from six of
the same nests was taken for retinoid analyses,
kept on dry ice and rapidly sent to the laboratory.
One fledgling from nine nests per colony was col-
lected, as much as possible from the nest where the
eggs were collected. The fledglings were weighed
and the length of their tarsus and beak measured.
Age was estimated from the tarsus length using the
equation of Quinney (1982). Feathers (fifth pri-
mary and fifth secondary flight feathers and two
covert feathers from each wing, one rectrice and
eight body feathers) were cut and placed in plastic
bags on ice for mercury analyses. A 10 ml blood
sample was collected from the brachial vein with a
10 ml syringe equipped with a 25 G needle and
pre-rinsed with heparin. Blood was transferred to
two vacutainers and kept on ice. Birds were ban-
ded and returned to their nest. Capillary tubes
were filled with blood and centrifuged for 5 min at
7000 rpm for hematocrit measurements. One 5 ml
vacutainer was centrifuged (5 min at 4000 rpm)
and 1 ml aliquots of plasma were transferred to
cryovials and stored in liquid nitrogen for bio-
marker analyses. The remaining whole blood was
kept on ice until all samples were sent to the lab-
oratory where it was stored at —40 °C for chemical
analyses.

Because of cost limitations, contaminants were
measured in eggs and in fledgling tissues pooled of
three individuals, to obtain three pools per colony.
Mercury, 21 organochlorine pesticides (OCs) and
polychlorinated biphenyls (PCBs) were analysed at
the National Wildlife Research Centre (NWRC,

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134



135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

Contaminants and Biomarkers in the Great Blue Heron

] x g > -
A2 AN v Sept-iles
e J . . £
2 o) ’\,& ile Manowin -
K. CANADA _“} w1
i s )L';& 65°00' W
WSA &5 50 49° 30' N
el
W
rﬁ‘e
e
\2 ;
St * lle Matane
*
fle du Bic
Petit Lac Jacques-Cartier &
nE
La Tuque +, . ‘ 2
ile Steamboat : &
|‘ y (=)
Québec % lle dela Comeille
* [
n
w2®
e
Grande lle <
48°00'N "
76° 00°'W .
__Montréal
+ {le aux Hérons
Cornwall 100 km
e -
lle Dickerson

Figure 1. Great blue heron colonies studied along the St. Lawrence River in 1996-1997.

Ottawa, Canada). Total mercury was analysed by
cold vapour with an atomic absorption spec-
trometer 3030 (Perkin—Elmer), according to CWS
method No. MET-CHEM-AA-03C (Neugebauer
et al., 2000). The detection limit for mercury was
1.0 ug/g dry weight for all tissues. The analytical
method used by NWRC for PCBs and OCs is
described under MET-CHEM-OC-04 in Won
et al. (2001). Starting in 1997, all analytical data
were determined using a quadrupole mass selective
detector (MSD) coupled to the gas chromatograph
(GO) instead of the electron capture detector
(ECD) system. This change has allowed the iden-
tification of a larger number of compounds. As a
first step, lipids were extracted from the egg tissues
with DCM/hexane extraction. Blood specimens
were extracted using a method slightly modified
from Mes (1987). Whole blood specimens from
1996 were extracted with toluene and those from
1997 with DCM:hexane (1:1 by volume). The
chemicals of interest in the extracts were then
separated from lipids and biogenic compounds by

gel permeation chromatography (GPC) and
cleaned up on Florisil column chromatography.
Finally, the OC and PCB levels were determined
via high resolution gas chromatography coupled
to a mass spectrometry detection system. Blood
samples from 1996 were analysed with the previ-
ous method where the gas chromatograph (GC)
was coupled with an electron capture detector
(ECD) system. Although this method separates
most major OCs and PCB congeners when the
contaminants are split into three fractions, some
PCBs that co-elute cannot be separated and
determined correctly. The comparison of the
quantities of the different congeners detected by
the two methods in a known mixture of Aroclors
1242, 1254 and 1260 indicated that differences are
usually lower than 20% for most of the major
congeners. Total PCB concentrations are reported
as the sum of 59 (42 with the previous method)
congeners using IUPAC numbers. The detection
limit of each sample varies among compounds due
to varying background noise but is typically lower
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than 0.001 ppm. The quality control program of
NWRC includes the analysis of an aliquot of a
reference material of known concentration.

The vitamin A profile was measured in eggs
following the procedure described in Boily et al.
(1994). Only samples from viable embryos with
development stage between 18 and 32 were used
for statistical analyses. The age of the embryo was
estimated based on developmental chronology
specific to the herring gull (Larus argentatus)
(M.G. Williams and Dr. J.P. Ludwig, unpublished
data) and a previous study on frozen herring gull
eggs (Spear et al. 1990). Total thyroid hormones
thyroxine (T4) and triiodothyronine (T3) were
measured in fledgling plasma by a radioimmuno-
logic method based on competition of M-
marked hormone with non-marked hormone for
linking sites on the antibodies. Blood clinical
chemistry (mineral and chemical elements, pro-
teins and enzymes) was assessed in the Toxicology
Laboratory of University Laval Hospital Centre
using standard methods. Amylase was measured
with an Ektachem 700XR (Kodak) while trigly-
cerides and cholesterol were measured with a
Technicon RA-500 (Miles). Plasma retinoids were
extracted with organic solvents and analysed by
non-aqueous reversed phase HPLC with UV or
fluorescent detection as described in Elliott et al.
(2001b).

In June 1997, a census of most colonies was
made by helicopter and number of active nests was
counted (Desrosiers et al., 1998). Colony produc-
tivity was estimated from a selection of nests in the
visited colonies, including the nests where eggs
were collected, by counting the number of chicks
produced per active nest. Since they nest on top of
trees, monitoring great blue heron productivity is
only feasible on a small number of nests because of
risk of disturbance and nest access difficulties.

Biochemical parameters in plasma were tested
for differences between sites using 1-way analysis
according to the General Linear Model (GLM).
When significant, colonies were compared to their
respective reference site by Dunnett’s test. In the
case of two-way analysis of variance, least squared
means were compared by the Tukey multiple range
test. When the residuals were not normally dis-
tributed, data were transformed to base 10 loga-
rithm (thyroxine, T4 data) or square root (plasma
retinol data). Certain data having sample numbers

too small for parametric analysis were treated by
the Kruskal-Wallis test followed by the Q test
(Zar, 1984), when appropriate, to determine which
colonies were different. Relationships between
variables were calculated using non-parametric
Spearman’s rank correlations. All statistics were
calculated using JMP™ (SAS Institute, 1999).

Results

Levels of mercury, total PCBs, PCB congeners and
organochlorines in the eggs did not indicate sig-
nificant differences among colonies, although there
was a tendency for PCBs (Fig. 2) and mirex to
decrease downstream (p >0.05; Table 1). In blood,
however, most of these chemicals indicated signif-
icant differences among colonies (p < 0.05; Table 2;
Fig. 2): mercury was higher in birds from Ile
Steamboat while total PCBs were higher in birds
from Ile Dickerson and OCs (p,p’-DDE, trans-no-
nachlor, cis-nonachlor, HCB) in those from Ile aux
Hérons. The pesticide metabolite p,p’-DDE was the
most abundant OC, both in eggs and in blood.
With respect to feathers, birds from Ile Steamboat
again had the highest mercury levels. The major
PCB congeners in eggs, which represented 53% of
total PCBs, were # 153>138>180>118>187.
The pattern in blood was different, more congeners
being needed to make 50% of total PCBs (#
138> 153>118>49>152>99>180). The presence
of CB-49 and CB-52 in blood reflects recent uptake
from the diet. These congeners are biotransformed
more rapidly than the other congeners in birds
(Drouillard et al., 2001) and are therefore not
normally found in eggs, which reflect long-term
exposure. Less chlorinated congeners were also
present in higher proportions at the more con-
taminated freshwater sites.

The reference colony of Petit Lac Jacques-
Cartier was the smallest of the colonies visited (10
nests) and failed to produce young. It was replaced
by Ile Steamboat for the sampling of fledglings.
The other colonies ranged from 20 active nests (Ile
Matane) to 1250 (Grande Ile), had a good repro-
ductive success (range 80-98%) and produced a
mean of 2.47 young per active nest (range 2.08—
2.77) (CWS, unpublished data). The weight of the
fledglings did not vary among colonies (mean
1.75 kg; s.d. 0.35; n="70; p=0.12) while the tarsus
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Figure 2. Total PCB concentrations (a) in eggs of the great blue heron and (b) in the blood of great blue heron fledglings from
colonies along the St. Lawrence River. Colonies with same letter are not significantly different according to a Q test (p>0.05).

length (mean 15.3 cm; s.d. 2.4; n=68) and esti-
mated age (mean 38 days; s.d. 6.3; n=068) indi-
cated significant differences (p <0.05): birds from
Ile de Ia Corneille were slightly smaller and
younger, while those from Ile du Bic were larger
and older.

Considering morphological parameters of the
heron eggs (Table 3) no differences among sam-
pling sites were identified (egg weight Fg,; =0.77
p=0.60; shell weight Fs,;=0.29 p=0.94; egg
length Fg,,=0.59 p=0.74; egg width Fg,, =1.17
p=0.36).

In the case of biochemical parameters measured
in eggs, the Ile Manowin colony with a sample
number of two eggs was excluded from statistical
treatment. Retinyl palmitate concentrations were
different among colonies (Fg,;=7.54 p<0.001);
more precisely, this retinoid was greater in eggs of

the Matane colony (pairwise comparison, Tukey
p<0.01) compared with the other sites (Table 3).
Retinyl palmitate was significantly correlated with
egg width (r=0.56 p<0.01), but was not influ-
enced by embryonic stage of development
(F620=0.06 p=0.80). No among-colony differ-
ences were apparent for retinol concentrations
(F621=0.26 p=0.95) or the ratio of retinol to
retinyl palmitate (F¢»;=0.59 p=0.73). However,
retinol was correlated with both egg width (r=0.46
p<0.05) and stage of development (r=-0.50
p<0.01) while the ratio of retinoids correlated
with stage of development (r=-0.48 p<0.01).
The concentrations of f-carotene in eggs of
freshwater colonies (Dickerson, Hérons, Grande
and Jacques-Cartier) were significantly different
(F126=17.24 p=0.012) from those of marine colo-
nies (Corneille, Bic and Matane) (Table 3).
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Table 2. Mean (standard deviation”) concentrations of mercury in feathers (ug/g dry weight) and mercury (ug/g wet weight), total
PCBs and selected organochlorines (ug/kg wet weight) in whole blood of great blue heron fledglings collected in 1996-1997 from

colonies along the St. Lawrence River

Feather Blood Total p,p’- Heptachlor
Colony Hg Hg PCBs  DDE ; ponachlor c-nonachlor HCB  €PoXyde  Dieldrin Mirex  Penta-CB «-HCH
I. Dickerson 6.3 % 0353 2732 312" (.60 2° 0.23 2 0.13 %> 0.27 1.03 0.17  0.001 0.53
(1.2)  (0.07) (16.5) (0.6) (0.36) 0.21) (0.06) (0.06) (0.55) (0.06) (0.000) 0.21)
I. aux Hérons 7.4%® 053 16.7°° 49?® 083% 0.30 ® 0.33% 0.23 0.73 0.07  0.001 0.37
(22) (011 (3.8) (1.0) (0.31) (0.10) 0.25) (0.12) (1.10) (0.06) (0.000) (0.06)
Grande lle  5.6%® 035 892 793P 433> 0.13 #° 0.10 % 0.17 0.10 0.03 0.001 0.30
(1.2)  (0.04) (1.3) (1.5 (0.06) (0.06) (0.00) (0.12) (0.00) (0.06) (0.000) (0.26)
L. Steamboat® 10.1* 0.70* 3.9 1.0 .13 2° 0.001 ° 0.10 #* 0.30 0.80 0.001 0.001 0.57
0.3)  (0.07) (1.3) (0.4) (0.06) (0.000) (0.00) (0.27) (1.21) (0.000) (0.000) 0.12)
I. Corneille  7.2% 0412 9.1 202 (.28 2" 0.18 #° 0.15 % 0.06 0.22 0.11  0.030 <0.001
(1.1)  (0.16) (33) (1.5) (0.10) (0.05) (0.04) (0.03) (0.13) (0.14) (0.005) (0.000)
I. du Bic 51% 026 2423 04° (.15 0.16 *° 0.17° 0.15 0.16 0.05 0.082 <0.001
(1.3)  (0.05 (1.8) (0.2) (0.08) (0.11) (0.09) (0.01) 0.17) 0.01) (0.079) (0.000)
I Manowin 3.1°  0.172® 3.12 0.5 030 0.18 @° 0.14 *® 0.41 0.69 <0.001 0.036 <0.001
(1.0)  (0.05 (1.3) (0.1) (0.18) 0.12) 0.01) (0.53) (0.80) (0.000) (0.007) (0.000)
I. Matane®  4.5%® 0.16° 08° 0.6 0.06° 0.04 ° 0.11 * 0.05 0.07 <0.001 0.047 <0.001
0.7)  (0.02) (0.1) (0.1) (0.02) (0.03) (0.03) (0.02) 0.01) (0.000) (0.018) (0.000)

RReference colony.
*n=three pools of three.

Hg: mercury; HCB: hexachlorobenzene; penta-CB: pentachlorobenzene; a-HCH: alpha-hexachlorocyclohexane.
Means in same column followed by same letter are not significantly different according to a Q test (p >0.05).

results for freshwater colonies, plasma retinol was
significantly correlated with body weight (r=0.58
2<0.001) and the combined influence of body
weight and colony (no interaction Fs;,5=1.33
p=0.29) explained 62% of the variance in plasma
retinol. This statistical model revealed that the Bic
colony had greater retinol levels compared with
either Corneille (Tukey, p<0.05) or Matane
(»<0.01). Similarly, plasma protein and LDH
values were both significantly greater at the Bic
colony compared with the reference site, Matane
(Dunnett’s test, LDH p <0.01; protein p <0.05).
Several significant correlations were observed
between contaminants and biomarkers in the eggs.
The molar ratio of retinol: retinyl palmitate in
heron eggs was significantly correlated with total
PCBs (r=0.79, p=0.02) and mirex (r=0.90,
p<0.01) while p-carotene was negatively corre-
lated with total PCBs (r=-0.79, p=0.04) and to
PCB congeners #66, 105, 138, 153, 170, 180 and
187. In blood, retinol showed negative relations
(p<0.001) with many PCB congeners, total PCBs
(r=-0.78; Fig. 3), p,p’-DDE (r=-0.78), trans-
nonachlor (r=-0.75) and o-HCH (r=-0.60,
2<0.01). The hormone T3 showed negative rela-
tions with many PCB congeners, total PCBs

(r=-0.69, p<0.01) and the same OCs. The clinical
variables hematocrit, protein, creatinin, phospho-
rus, sodium and calcium also were correlated
(p<0.05) with a few congeners and OCs. Among
clinical parameters, the strongest correlation was
found between protein and «-HCH (r=-0.82,
»<0.001).

Discussion

Great blue heron fledglings from Ile Steamboat
had higher levels of mercury than those from other
colonies, while PCBs were higher at Ile Dickerson
and OCs at Ile aux Hérons. The fact that the ref-
erence colony (Ile Steamboat) situated outside of
the St. Lawrence displays the highest mercury
levels probably reflects the fact that this contami-
nation comes for a large part from atmospheric
sources. In addition, soils and lakes in this region
are sensitive to acid precipitation, a factor which
favours the transfer of mercury in the trophic web
(Meyer et al., 1998).

Compared to the previous sampling period of
1991-1993, mercury in eggs was significantly lower
by 67% in 1996-1997, while no difference was
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Table 3. Morphometry, -carotene and retinoids in eggs of great blue heron from colonies along the St. Lawrence River

Stage of Shell Weight of Length Width f-carotene Retinol Retinyl Molar
development weight (g) egg (g) (mm) (mm) (ug/g) (ug/g)  Palmitate (ug/g) ratio” Ret./Pal.
Ile Dickerson (n=35)
Mean 25 7.57 67.94 6531  44.61 0704 544 0.41° 24.8
Stand. deviation 5 0.19 3.08 2.49 1.01 0.37 2.72 0.04 13.5
Ile aux Hérons (n=4)
Mean 21 7.77 70.87 63.80 4575 0.39°° 5.55 0.40 * 24.1
Stand. deviation 4 0.25 5.50 343 2.75 0.14 3.83 0.06 14.0
Grande Ile (n=3)
Mean 22 7.49 67.20 64.87 4500 0.44 < 4.61 0.47% 17.6
Stand. Deviation 4 0.18 5.60 6.36 1.00 0.24 2.49 0.07 7.9
Petit L. J-Cartier® (n=4)
Mean 20 7.60 65.86 61.84 4590 0.96 %4 5.31 0.48 ¢ 22.3
Stand. deviation 1 0.38 2.67 1.10 1.32  0.52 2.59 0.10 13.8
Ile de la Corneille (n=15)
Mean 24 7.39 65.85 64.40 4495 124 % 3.64 034% 19.4
Stand. deviation 5 0.82 6.41 3.96 147  0.65 1.37 0.06 52
Ile du Bic (n=3)
Mean 29 7.48 64.48 64.40  44.65 2.10* 3.67 0.44 % 15.0
Stand. Deviation 1 0.22 0.98 1.10 0.30 2.49 0.97 0.06 3.1
Ile Matane® (n=4)
Mean 25 7.56 65.35 62.69 47.18 1.50¢ 6.06 1.06 ° 9.9
Stand. Deviation 6 0.51 5.87 2.17 245 085 1.68 0.13 2.2

RReference colony.

“Molar concentration of retinol divided by the molar concentration of retinyl palmitate.

Means in same column not sharing a common superscript are significantly different according to Tukey or Dunnett tests (p <0.05).
Vertical lines indicate difference (ANOVA p=0.012) between freshwater and marine colonies for f-carotene.

observed in blood and feather mercury levels or in
PCB levels in eggs and blood (Champoux et al.,
2002). Despite this decline, Hg levels in eggs were
still higher or comparable to other published levels

for great blue heron eggs from various locations in
North America (Elliott et al., 1989; Custer et al.,
1997; Thomas and Anthony, 1999). Mercury levels
in blood were also high compared to other

Table 4. Biochemical parameters (means and standard deviation in parentheses) measured in plasma of great blue heron fledglings

from colonies along the St. Lawrence River

Total

Colony T3 N g/ml

Total
T4 N g/ml

Retinol
g/l

Hematocrit Protein
%

g/l

Cholesterol Triglycerids LDH
mmol/l

mmol/l

Calcium
U/l mmol/l

Freshwater colonies

I. Dickerson  1.94 (0.40)
I. aux Hérons 1.64 (0.36)
Grande lle  1.68° (0.39)
I. Steamboat® 1.84 (0.41)
Marine colonies

I. Corneille  2.18%° (0.85)
I. du Bic 3.32%° (1.1)
I. Manowin = 3.59° (1.10)
I. Matane®  3.13% (1.05)

31.70%° (5.26)
31.84%° (6.00)
38.75° (6.03)
31.70° (8.79)

32.54 (6.93)

29.79 (7.2)

32.94 (4.41)
26.82 (5.41)

464* (250) 36 (3.2)
7007 (335) 34 (6.3)
770° (332) 31 (3.2)
1098° (258) 32 (3.8)

969° (258) 35 (1.8)
1553* (231) 38 (2.3)
1238%° (416) 37 (2.6)
1158" (249) 36 (2.7)

25 (2.4) 4.96 (0.53)
27 (3.3) 4.48 (0.60)
25 (1.3) 4.59 (0.70)
25 (1.6) 4.96 (1.72)

30 2 (2.6) 5.64 (0.64)
33 % (4.4) 5.06 (0.8)
29 % (1.6) 5.23 (0.32)
29 ® (1.3) 4.97 (0.70)

1.39 (1.08)
1.25 (0.45)
1.47 (0.63)
0.72 (0.24)

1.53 (0.71)
1.91 (0.8)

1.42 (0.31)
1.65 (1.23)

1390 *° (358) 2.57 (0.16)
1672 * (726) 2.46 (0.19)
1605 * (363) 2.52 (0.10)
1018 ® (237) 2.47 (0.11)

1682 ® (521) 2.35 (0.15)
2190 * (415) 2.30 (0.10)
1547 *° (303) 2.30 (0.13)
1358  (432) 2.25 (0.06)

RReference colony.

LDH: lactate dehydrogenase.

Means in same column not sharing a common superscript are significantly different according to Tukey or Dunnett tests (p <0.05).

Comparisons either among freshwater or marine colonies.
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50

404 ® *

Retinol (g/L)

y = -0,6341x + 36,349
R*=0,5978

o

0 5 10

15 20 25

Total PCBs (ng/kg ww)

Figure 3. Relationship between retinol (square root) and total PCB concentrations in blood of great blue heron fledglings from

colonies along the St. Lawrence River.

published data for nestlings of various piscivorous
species (Sepuvelda et al., 1999). Few studies pro-
vide information on threshold impacts of Hg levels
in blood of birds. Meyer et al. (1998) considered a
level of 0.30 ug/g wet weight (w.w.) associated
with lower common loon (Gavia immer) chick
hatching and surviving, while Welch (1994) con-
sidered 0.50 pg/g w.w. as a relevant threshold in
juvenile bald eagles (Haliaeetus leucocephalus).
Wolfe and Norman (1998) reported levels of
1.2 ug/g w.w. in apparently successful heron col-
onies. Hg levels in feathers of herons from this
study appear high compared with other published
data on herons (Wolfe and Norman, 1998;
Sepuvelda et al., 1999; Goutner et al., 2001).
Sampling of various types of feathers in these
studies could explain part of these differences.
PCBs and OC levels in heron eggs from the
St. Lawrence River were comparable to those from
other studies and lower than levels at which
reproductive effects have been documented (Elliott
et al.,, 1989; Blus, 1996; Hoffman et al., 1996;
Custer et al., 1997, Thomas and Anthony, 1999).
Levels of PCBs and most OCs in heron eggs de-
clined by about one third since 1979 (Laporte,
1982), although levels of dieldrin and p,p’-DDE
from Ile du Bic appear unchanged. No data could
be found in the literature on levels of PCBs and
OCs in the blood of great blue heron chicks. Mean
PCB levels in plasma of bald eagle chicks 5-9-
weeks-old from British Columbia (Elliott and
Norstrom, 1998) compare with those from heron

chicks from the St. Lawrence, after conversion
from whole blood to plasma based on hematocrit
ratio, while PCB and p,p’-DDE levels in plasma of
bald eagle chicks from Lake Superior were higher
(Dykstra et al., 1998).

According to DesGranges and Desrosiers
(2005), who analysed the population trends of the
great blue heron in Québec over the last 25 years,
the number of young produced per active nest is
sufficient to maintain stable populations. Obser-
vations on heron nests and fledglings in the present
study tend to support this finding.

Most clinical parameters seemed in normal
ranges known for comparable species (Fowler,
1986; Polo et al., 1994). Many blood analytes such
as glucose, proteins, cholesterol and triglycerides
serve as indicators of the nutritional status of wild
birds and nutritional deficiency may decrease
immunocompetence (Newman et al., 1997). PCBs
and some organochlorines seem to interfere with
the metabolism of lipids and carbohydrates (Ferr-
ando and Andreu-Moliner, 1991; Feeley, 1995).

Because many studies have documented altera-
tions of retinoids by PCBs and organochlorine
chemicals and they are important for development,
reproduction and immune function, retinoid status
has been suggested as a biomarker for exposure to
organochlorine chemicals (Spear et al.,, 1990;
Peakall, 1992; Rolland, 2000). As such, correla-
tions between the molar ratio retinol: retinyl
palmitate in heron eggs and total PCBs or mirex
are consistent with previous studies on egg
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retinoids in freshwater and marine ecosystems
(Spear et al., 1989, 1990; Boily et al., 1994; Murk
et al.,, 1994, 1996). PCB congeners alter leci-
thin:retinol acyltransferase (LRAT) and retinol
ester hydrolase (REH) activities in the yolk-sac
membrane (Boily et al., 2003a, b) which would
explain the changes in yolk retinoid concentra-
tions. In the case of vitamin A levels in blood, the
significant regression between plasma retinol and
total PCBs would also suggest an effect of this
group of contaminants. In addition, a correlation
was obtained between egg ff-carotene and total
PCBs in the present study.

Alternatively, these results could reflect differ-
ences in dietary vitamin intake, since f-carotene is
a precursor for retinoids and must be obtained
from food (Sporn et al., 1994), and the marine
environment at such latitudes is known for high
availability of retinoids (Moore, 1957). In the case
of the molar ratio of retinoids, the data do not
support this idea. Neither egg retinol nor retinyl
palmitate concentrations are significantly different
between freshwater and marine colonies which
indicates a lack of overall dietary (or ecosystem)
effects on the molar ratio. Evidence for a marine
versus freshwater dietary influence is the signifi-
cantly lower levels of f-carotene in heron eggs in
freshwater colonies compared with estuarine col-
onies. Plasma retinol was also greater in the mar-
ine colonies compared with the freshwater
colonies. Therefore, for these retinoid parameters,
freshwater and marine colonies were considered
separately in an attempt to evaluate dietary vari-
ation between the two environments.

Among marine colonies, the egg [-carotene
concentrations in the reference site are not distinct
from those at the Corneille and Bic colonies, when
taking into account the interaction with stage of
development. With respect to freshwater sites, the
difference in f-carotene between the reference
colony and Ile aux Hérons is consistent with an
effect of toxic chemicals, whereas the highest PCB
colony, Dickerson, was not different from the
reference. Thus, the results for egg f-carotene fa-
vour a between-ecosystem (freshwater versus
marine) influence other than environmental con-
tamination.

Considering plasma retinol concentrations in
herons collected from the marine colonies, the
results support an overall effect of environmental

contaminants. Specifically, the higher plasma ret-
inol concentration at the Bic colony compared
with the Corneille colony is consistent with this
hypothesis. Among freshwater colonies, plasma
retinol was significantly lower at the more PCB-
exposed colonies (Dickerson and Héron) com-
pared to the reference colony. Assuming that these
differences were caused by low dietary vitamin A
intake, we would expect to see low carotene and
low retinoid levels in the eggs of the Dickerson
colony, but this is not the case. Egg retinol, retinyl
palmitate and fS-carotene levels in Dickerson birds
are not different from these of the reference
freshwater colony. Vitamin A dietary deficiency
does not explain the low plasma retinol concen-
trations.

A wealth of studies into avian and mammalian
nutrition as well as clinical medicine have dem-
onstrated a moderate influence of dietary vitamin
A on the plasma retinol levels of otherwise healthy
individuals. Plasma retinol levels are maintained at
the expense of body stores up to the point that
plasma levels fail and deficiency symptoms begin
(c.f. Moore, 1957, Underwood, 1984). The fact
that plasma retinol in the Dickerson birds was
only 464 ug/l (or 42% of that associated with the
freshwater reference site) indicates that retinol
homeostasis or metabolism had been affected.

These results compare with those from our
previous study (Champoux et al., 2002), which also
indicated that a reduction in plasma retinol below
800 ug/l was significantly related to a proportion-
ally greater reduction in hepatic stores. Previous
studies on effects of dioxin-like contaminants in
plasma retinol levels have shown contradictory
results (Spear and Bourbonnais, 2000). Murvoll
et al. (1999) found a borderline significant positive
correlation between PCBs in lipid weight and
plasma retinol in shag (Phalacrocorax aristotelis)
hatchlings, at PCB levels lower than levels in the
great blue heron from the St. Lawrence. Murk
et al. (1994) found increased plasma retinol levels
with increasing PCB burden in common tern
(Sterna hirundo) hatchlings, while Elliott et al.
(1996) found no difference in 1-day-old bald eagle
chick’s plasma retinol among colonies with various
levels of dioxin and furan contamination. How-
ever, all these results are from very young birds in
which absorption of the vitellus at hatching may
influence circulating retinol levels. Grasman et al.
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(1996) found a strong association between reduced
plasma retinol concentrations in 3-week-old Cas-
pian tern (Sterna caspia) chicks and increased
exposure to PCBs and p,p’-DDE, and a weaker but
significant association in herring gull chicks. Bish-
op et al. (1999) found reduced vitamin A in liver of
tree swallows (Tachycineta bicolor) in Cornwall
Island, which is close to Ile Dickerson where great
blue heron vitamin A levels were lowest.

In the present study, T3 levels were 53% lower
in the freshwater colonies compared with marine
colonies and T4 levels were 30% higher. In
Champoux et al. (2002), T3 levels were not dif-
ferent among colonies, while T4 levels were 64%
lower in freshwater colonies. In herons artificially
exposed to 2,3,7,8-TCDD, no effects were ob-
served in plasma T3 and T4 levels, at hatch or in 7-
day chicks (Janz and Bellward, 1996). In adult
herons, a significant increase in T4 was observed
following exposure to TCDD (Janz and Bellward,
1997). A significant negative correlation was found
in great cormorants (Phalacrocorax carbo) be-
tween mono-ortho-PCBs in the yolk sac and T4 in
plasma (Van den Berg et al., 1994). A decrease in
T3 and T4 was observed after treatment of chicken
embryos with Aroclor 1242 and Aroclor 1254, but
not after treatment with PCB congeners # 54, 77
and 80 (Gould et al., 1999). As reported by many
authors, various mechanisms, sometimes contra-
dictory, control the levels of retinol and thyroid
hormones and contaminants such as PCBs,
PCDDs and organochlorines may interfere in
many ways in these processes (Brouwer and Van
den Berg, 1986; Brouwer et al., 1990; Peakall,
1992; Fairbrother, 1993; Murvoll et al., 1999).
Other non-measured contaminants such as copla-
nar PCB congeners and PCB metabolites may also
interfere with the regulation of these systems. Al-
though these mechanisms have not all been ex-
plained yet, it is clear that exposure to these
contaminants has an effect on the retinol and
thyroid hormone axis (Gould et al., 1999). Retinol
is related to PCBs at levels below threshold for
toxic effects, which makes it an early predictor,
since a major decrease in plasma retinol may lead
to compromised development, immune function or
reproduction (Fox, 1993; Rolland, 2000).

Within the limits of the present study, the dif-
ferent biochemical parameters were tentatively
evaluated for their suitability as biomarkers.

Considering correlations to contaminants, differ-
ences between freshwater and marine colonies and
within freshwater and marine colonies separately,
confounding factors, and evidence from numerous
field and experimental studies with various species,
we believe that the most suitable biomarkers
among those tested in this study are the molar
ratio retinol:retinyl palmitate in the eggs, and ret-
inol and T3 in the plasma of heron chicks.

Conclusion

Spatial differences among colonies were detected
using measures of contaminants and biomarkers in
blood of chicks. The fledglings from the upstream
freshwater colonies are more contaminated than
those from the downstream estuarine colonies. The
level of contamination in the St. Lawrence River is
generally below the documented levels of toxico-
logical effects for great blue heron or other species.
However, despite a decrease in the levels of some
organochlorines, most contaminants, among them
mercury and PCBs, do not show any reduction in
time. Nonetheless, biomarkers used in the present
study reveal PCB effects at the Dickerson and
Héron colonies. The most important results were
correlations between the molar ratio of retinoids in
eggs and total PCBs or mirex as well as significant
negative regressions between plasma retinol or T3
and contaminants. Plasma retinol levels in fledg-
lings were strongly and negatively related to PCB
concentrations and those from the freshwater
colonies were very low, which could have an effect
on fledgling development and survival.

Acknowledgements

The authors acknowledge the contributions of S.
Guay, P. Labonté, B. Jobin, P. Sylvain, A. Em-
ery, J. Comtois, J. Rosa and G. Paquin for assis-
tance in field work. We thank P. Pike and H.
Lickers, from the Mohawk Council of Ak-
wesasne, for their assistance in sampling at Dick-
erson Island. Chemical analyses were performed
at the Canadian Wildlife Service National Wild-
life Research Centre. The study was supported
by the Canadian Wildlife Service of Environment
Canada and the St. Lawrence Vision 2000 Action
Plan.

633
634
635
636
637
638
639
640
641

642

643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664

665

666
667
668
669
670
671
672
673
674
675
676
677



678

679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735

Champoux et al.

References

Bishop, C.A., Mahony, N.A., Trudeau, S. and Pettit, K.E.
(1999). Reproductive success and biochemical effects in Tree
Swallows (Tachycineta bicolor) exposed to chlorinated
hydrocarbon contaminants in wetlands of the Great Lakes
and St. Lawrence River Basin, USA and Canada. Environ.
Toxicol. Chem. 18, 263-71.

Blus, L.J. (1996). DDT, DDD, and DDE in birds. In W.N.
Beyer, G.H. Heinz and A.W. Redmon-Norwood (eds).
Environmental Contaminants in Wildlife: Interpreting Tissue
Concentrations, CRC Press: SETAC special publication
series.

Boily, M.H., Champoux, L., Bourbonnais, D.H., DesGranges,
J.-L., Rodrigue, J. and Spear, P.A. (1994). f-Carotene and
retinoids in eggs of great blue herons (Ardea herodias) in
relation to St. Lawrence River contamination. Ecotoxicol-
ogy 3, 271-86.

Boily, M.H., Ndayibagira, A. and Spear, P.A. (2003a). Reti-
noids, LRAT and REH activities in eggs of Japanese quail
following maternal and in ovo exposures to 3,3’,4,4'-tetra-
chlorobiphenyl. Ecotoxicology 12, 9-21.

Boily, M.H., Ndayibagira, A. and Spear, P.A. (2003b). Reti-
noid metabolism (LRAT, REH) in the yolk-sac membrane
of Japanese quail eggs and effects of mono-ortho-PCBs.
Comp. Biochem. Physiol. Part C. 134, 11-23.

Brouwer, A. and Van den Berg, K.J. (1986). Binding of a
metabolite of 3,4,3",4"-tetra chlorobiphenyl to transthyretin
reduces serum vitamin A transport by inhibiting the for-
mation of the protein complex carrying both retinol and
thyroxin. Toxicol. Appl. Pharmacol. 85, 305-12.

Brouwer, A., Murk, A.J. and Koeman, J.H. (1990). Biochem-
ical and physiological approaches in ecotoxicology. Funct.
Ecol. 4, 275-81.

Champoux, L., Rodrigue, J., DesGranges, J.-L., Trudeau, S.,
Hontela, A., Boily, M. and Spear, P.A. (2002). Assessment
of contamination and biomarker responses in two species of
herons on the St. River. Environ. Monit. Assess. 79, 193—
215.

Colborn, T. and Clement, C. (eds) (1992). Chemically induced
alterations in sexual and functional development: the wild-
life/human connection. Advances in Modern Environmental
Toxicology, Vol. XX1, Princeton Priceton Scientific Co.

Colborn, T., vom Saal, F.S. and Soto, A.M. (1993). Develop-
mental effects of endocrine-disrupting chemicals in wildlife
and humans. Environ. Health Perspect. 101, 378-84.

Custer, T.W., Hines, R.K., Melancon, M.J., Hoffman, D.J.,
Wickliffe, J.K., Bickham, J.W., Martin, J.W. and Henshel,
D.S. (1997). Contaminant concentrations and biomarker
response in great blue heron eggs from 10 colonies on the
upper Mississippi River, USA. Environ. Toxicol. Chem. 16,
260-71.

DeGuise, S., Martineau, D., Béland, P. and Fournier, M. (1995).
Possible mechanisms of action of environmental contami-
nants on St. Lawrence beluga whales (Delphinapterus leu-
cas). Environ. Health Perspect. 103(Suppl. 4), 73-7.

DesGranges, J.-L. (1979). A Canadian program for surveillance
of great blue heron (Ardea herodias) populations. Proc.
Colonial Waterbird Group 3, 59-68.

DesGranges, J.-L. and Desrosiers, A. (2005). Breeding distri-
bution and population trends of the Great Blue Heron in
Québec (1977-2001): with special reference to the St. Law-
rence River heronries. CWS occasional paper (in press).

Desrosiers, A., Maisonneuve, C. and McNicoll, R. (1998).
Inventaire des héronnieres du Québec, été 1997. Ministere de
L’Environnement et de la Faune, Direction de la faune et
des habitats. 39 p.

Drouillard, K.G., Fernie, K.J., Smits, J.E., Bortolotti, G.R.,
Bird, D.M. and Norstrom, R.J. (2001). Bioaccumulation
and toxicokinetics of 42 polychlorinated biphenyl congeners
in american kestrels (Falco sparverius). Environ. Toxicol.
Chem. 20, 2514-22.

Dykstra, C.R., Meyer, M.W., Warnke, D.K., Karasov, W.H.,
Andersen, D.E., Bowerman, W.W. and Giesy, J.P. (1998).
Low reproductive rates of Lake Superior bald eagles — low
food delivery rates or environmental contaminants. J. Great
Lakes Res. 24, 32-44.

Elliott, J.E., Butler, R.W., Norstrom, R.J. and Whitehead, E.
(1989). Environmental contaminants and reproductive suc-
cess of great blue herons, Ardea herodias, in British
Columbia, 1986-87. Environ. Pollut. 59, 91-114.

Elliott, J.E., Norstrom, R.J., Lorenzen, A., Hart, L.E., Phili-
bert, H., Kennedy, S.W., Stegeman, J.J., Bellward, G.D.
and Cheng, K.M. (1996). Biological effects of polychlori-
nated dibenzo-p-dioxins, dibenzofurans, and biphenyls in
bald eagle (Haliaeetus leucocephalus) chicks. Environ. Tox-
icol. Chem. 15, 782-93.

Elliott, J.E. and Norstrom, R.J. (1998). Chlorinated hydro-
carbon contaminants and productivity of bald eagle popu-
lations on the Pacific coast of Canada. Environ. Toxicol.
Chem. 17, 1142-53.

Elliott, J.E., Harris, M.L., Wilson, L.K., Whitehead, P.E. and
Norstrom, R.J. (2001a). Monitoring temporal and spatial
trends in polychlorinated dibenzo-p-dioxins (PCDDs) and
dibenzofurans (PCDFs) in eggs of great blue heron (Ardea
herodias) on the coast of British Columbia, Canada, 1983—
1998. Ambio 30, 416-28.

Elliott, J.E., Wilson, L.K., Henny, C.J., Trudeau, S.F., Leigh-
ton, F.A., Kennedy, S.W. and Cheng, K.M. (2001b).
Assessment of biological effects of chlorinated hydrocar-
bons in ospreys chicks. Environ. Toxicol. Chem. 20, 866—79.

Fairbrother, A. (1993). Clinical biochemistry. In M.C. Fossi
and C. Leonzio (eds). Nondestructive Biomarkers in Verte-
brates, pp. 63—-89. Lewis Publishers, CRC Press.

Feeley, M.M. (1995). Biomarkers for Great Lakes priority
contaminants: halogenated aromatic hydrocarbons [Re-
view]. Environ. Health Perspect. 103(Suppl 9), 7-16.

Ferrando, M.D. and Andreu-Moliner, E. (1991). Effect of lin-
dane on the blood of a freshwater fish. Bull. Environ. Con-
tam. Toxicol. 47, 465-70.

Fossi, M.C. and Leonzio, C. (1993). Nondestructive Biomarkers
in Vertebrates, 345 pp. Lewis Publishers, CRC Press.

Fowler, M.E. (1986). Zoo and Wild Animal Medecine, 1127 pp.
W.B. Saunders Company. .

Fox, G.A. (1993). What have biomarkers told us about the
effects of contaminants on the health of fish-eating birds in
the Great Lakes? The theory and a literature review. J.
Great Lakes Res. 19, 722-36.

736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794



795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853

Contaminants and Biomarkers in the Great Blue Heron

Gould, J.C., Cooper, K.R. and Scanes, C.G. (1999). Effects of
polychlorinated biphenyls on thyroid hormones and liver
type I monodeiodinase in the chick embryo. Ecotoxicol.
Environ. Saf. 43, 195-203.

Goutner, V., Furness, R.W. and Papakostas, G. (2001). Mer-
cury in feathers of squacco heron (Ardeola ralloides) chicks
in relation to age, hatching order, growth, and sampling
dates. Environ. Pollut. 111, 107-15.

Grasman, K.A., Fox, G.A., Scanlon, P.F. and Ludwig, J.P.
(1996). Organochlorine-associated immunosuppression in
prefledgling caspian terns and herring gulls from the Great
Lakes: an epidemiological study. Environ. Health Perspect.
104, 829-42.

Grasman, K.A., Scanlon, P.F. and Fox, G.A. (1998). Repro-
ductive and physiological effects of environmental contam-
inants in fish-eating birds of the Great Lakes - a review of
historical trends. Environ. Monit. Assess. 53, 117-45.

Hoffman, D.J., Rice, C.P. and Kubiak, T.J. (1996). PCBs and
dioxins in birds. In W.N. Beyer, G.H. Heinz and A.W.
Redmon-Norwood (eds). Environmental Contaminants in
Wildlife: Interpreting Tissue Concentrations. SETAC special
publication series, CRC Press.

Janz, D.M. and Bellward, G.D. (1996). In ovo 2,3,7,8-tetra-
chlorodibenzo-p-dioxin exposure in three avian species. 1.
Effects on thyroid hormones and growth during the peri-
natal period. Toxicol. Appl. Pharmacol. 139, 281-91.

Janz, D.M. and Bellward, G.D. (1997). Effects of acute 2,3,7,8-
tetrachlorodibenzo-p-dioxin exposure on plasma thyroid
and sex steroid hormone concentrations and estrogen
receptor levels in adult great blue herons. Environ. Toxicol.
Chem. 16, 985-9.

Laporte, P. (1982). Organochlorine residues and eggshell mea-
surements of great blue heron eggs from Québec. Colonial
Waterbirds 5, 95-103.

Mes, J. (1987). Polychlorobiphenyl in children’s blood. Environ.
Res. 44, 213-20.

Meyer, M.W., Evers, D.C., Hartigan, J.J. and Rasmussen, P.S.
(1998). Patterns of common loon (Gavia immer) mercury
exposure, reproduction, and survival in Wisconsin, USA.
Environ. Toxicol. Chem. 17, 184-90.

Moore, T. (1957). Vitamin A. Elsevier, London 645.

Murk, A.J., Bosveld, A.T.C., Van den Berg, M. and Brouwer,
A. (1994). Effects of polyhalogenated aromatic hydrocar-
bons (PHAHSs) on biochemical parameters in chicks of the
common tern (Sterna hirundo). Aquat. Toxicol. 30, 91-115.

Murk, A.J., Boudewijn, T.J., Meininger, P.L., Bosveld, A.T.C.,
Rossaert, G., Ysebaert, T., Meire, P. and Dirksen, S. (1996).
Effects of polyhalogenated aromatic hydrocarbons and
related contaminants on common tern reproduction: inte-
gration of biological, biochemical, and chemical data. Arch.
Environ. Contam. Toxicol. 31, 128-40.

Murvoll, K.M., Skaare, J.U., Nilssen, V.H., Bech, C., Ostnes,
J.E. and Jenssen, B.M. (1999). Yolk PCB and plasma retinol
concentrations in shag (Phalacrocorax aristotelis) hatch-
lings. Arch. Environ. Contam. Toxicol. 36, 308-15.

Neugebauer, E.A., Sans Cartier, G.L. and Wakeford, B.J.
(2000). Methods For the Determination of Metals in
Wildlife Tissues using Various Atomic Absorption Spec-
trophotometry Techniques. Technical Report Series No.

337E. Canadian Wildlife Service, Headquarters, Hull,
Québec, Canada.

Newman, S.H., Piatt, J.F. and White, J. (1997). Haematological
and plasma biochemical reference ranges of Alaskan sea-
birds: their ecological significance and clinical importance.
Colonial Waterbirds 20, 492-504.

Peakall, D.B. (ed) (1992). Animal Biomarkers as Pollution
Indicators. Ecotoxicology Series 1, 291 pp. Chapman &
Hall.

Peakall, D.B. and Shugart, L.R. (eds) (1993). Biomarkers
Research and Application in the Assessment of Environmental
Health. NATO ASI Series. Series H, Cell Biology, Vol. 68,
119 pp. Springer-Verlag.

Peakall, D.B. and Walker, C.H. (1994). The role of biomarkers
in environmental assessment. (3). Vertebrates. Ecotoxicolo-
gy 3, 173-9.

Polo, F.J., Celdran, J., Viscor, G. and Palomeque, J. (1994).
Blood chemistry of captive herons, egrets, spoonbill, ibis
and gallinule. Comp. Biochem. Physiol. 107A, 343-7.

Quinney, T.E. (1982). Growth, diet, and mortality of nestling
great blue herons. Wilson Bull. 94, 571-77.

Rodrigue, J., DesGranges, J.-L. and Champoux, L. (2005).
Contamination du Grand Héron par les composés organ-
ochlorés et les métaux lourds au Québec (1989-1994). Série
de rapports techniques no. 356, région du Québec, Service
canadien de la faune.

Rolland, R.M. (2000). A review of chemically-induced altera-
tions in thyroid and vitamin A status from field studies of
wildlife and fish. J. Wildl. Dis. 36, 615-35.

SAS Institute (1999). JM P Statistical Discovery Software. SAS
Institute, Cary, NC, USA.

Sepuvelda, M.S., Frederick, P.C., Spalding, M.G. and Wil-
liams, G.E. (1999). Mercury contamination in free-ranging
great egret nestlings (Ardea albus) from southern Florida,
USA. Environ. Toxicol. Chem. 18, 985-92.

Spear, P.A., Bourbonnais, D.H., Peakall, D.B. and Moon,
T.W. (1989). Dove reproduction and retinoid (vitamin A)
dynamics in adult females and their eggs following exposure
to 3,3",3,4’-tetrachlorobiphenyl. Can. J. Zool. 67, 908—13.

Spear, P.A., Bourbonnais, D.H., Norstrom, R.J. and Moon,
T.W. (1990). Yolk retinoids (vitamin A) in eggs of the
herring gull and correlations with polychlorinated dibenzo-
p-dioxins and dibenzofurans. Environ. Toxicol. Chem. 9,
1053-61.

Spear, P.A. and Bourbonnais, D.H. (2000). Use of retinoids as
biomarkers. In L. Lagadic, T. Caquet, J.-C. Amiard and F.
Ramade (eds). Use of Biomarkers for Environmental Quality
Assesment, pp. 350—. Enfield: Science Publishers.

Sporn, M.B., Roberts, A.B. and Goodman, D.S. (1994). The
retinoids: Biology, Chemistry and Medicine. 2 Raven Press,
New York 679.

Thomas, C.M. and Anthony, R.G. (1999). Environmental
contaminants in great blue herons (Ardea herodias) from the
lower Columbia and Willamette Rivers, Oregon and
Washington, USA. Environ. Toxicol. Chem. 18, 2804—16.

Underwood, B.A. (1984). Vitamin A in animal and human
nutrition. In M.B. Sporn, A.B. Roberts and D.S. Goodman
(eds). The Retinoids, pp. 282-392. Vol. 1. Montreal: Aca-
demic Press.

854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912



913
914
915
916
917
918
919
920
921
922
923
924

Champoux et al.

Van den Berg, M., Craane, B.L.H.J., Sinnige, T., van Mourok,
S., Dirksen, S., Boudewijn, T., Van der Gaag, M., Lutke-
Schipolt, 1.J., Spenkelink, B. and Brouwer, A. (1994). Bio-
chemical and toxic effects of polychlorinated biphenyls
(PCBs), dibenzo-p-dioxins (PCDDs) and dibenzofurans
(PCDFs) in the cormorant (Phalacrocorax carbo) after in
ovo exposure. Environ. Toxicol. Chem. 13, 803—16.

Welch, L., (1994). Contaminant Burdens and Reproductive Rates
of Bald Eagles Breeding in Maine. M..S. Thesis, Univ. Maine,
Orono, Maine.

Wolfe, M. and Norman, D. (1998). Effects of waterborne
mercury on terrestrial wildlife at Clear Lake - Evaluation

and testing of a predictive model. Environ. Toxicol. Chem.
17, 214-27.

Won, H.T., Mulvihill, M.J. and Wakeford, B.J. (2001). Mul-
tiresidue Methods for the Determination of Chlorinated
Pesticides and Polychlorinated Biphenyls (PCBs) in Wildlife
Tissues by Gas Chromatography/Mass Spectrometry. Tech-
nical report series no. 355E. Canadian Wildlife Service,
Headquarters, Hull, Québec, Canada.

Zar, J.H. (1984). Biostatistical Analysis. 2Prentice-Hall Inc,
Englewood Cliffs, New-Jersey 718.

925
926
927
928
929
930
931
932
933
934

935




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


