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

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

28 Introduction

29 Over the last decade, many authors have published
30 reviews on the use of biomarkers in studies in

31wildlife toxicology (Colborn and Clements, 1992;
32Peakall, 1992; Fossi and Leonzio, 1993; Peakall
33and Shugart, 1993; Peakall and Walker, 1994). A
34biomarker can be defined as ‘‘a biological response
35to a chemical or chemicals that gives a measure of
36exposure and sometimes, also of toxic effect’’
37(Peakall and Walker, 1994). Biomonitoring and
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38 research on wildlife health has also concentrated
39 on the effects of endocrine disrupting persistent
40 organic pollutants (POPs) (Colborn et al., 1993;
41 Fox, 1993; Grasman et al., 1998).
42 Many of these POPs are present in tissues of
43 wildlife along the St. Lawrence River (DeGuise
44 et al., 1995), which drains the highly industrialized
45 Great Lakes. In addition to this important input,
46 this major River also receives toxic chemicals from
47 agricultural, industrial and urban sources along its
48 shores and from the atmosphere over its 1600 km
49 course to the Atlantic Ocean.
50 The great blue heron (Ardea herodias) has been
51 widely used as an indicator species (DesGranges,
52 1979; Elliott et al., 1989, 2001a; Custer et al., 1997;
53 Thomas and Anthony, 1999) because of its distri-
54 bution in both marine and freshwater environ-
55 ments, the accessibility of its colonies and its
56 strategic position at the top of the food chain.
57 Between 1991 and 1993, we conducted studies to
58 select indicators of exposure and effects of suble-
59 thal concentrations of contaminants in the
60 St. Lawrence River in order to develop a biomar-
61 ker-based biomonitoring program. Following this
62 initial study, the great blue heron was selected as
63 an indicator species in the biomonitoring program
64 of the St. Lawrence River (Champoux et al., 2002;
65 Rodrigue et al., 2005). The goals of this program
66 are: (1) to detect spatial variations in bioavailable
67 contaminants in indicator species; and (2) to
68 determine if toxic substances are present at con-
69 centrations sufficiently high to affect the health of
70 St. Lawrence biota.
71 Here, we present data on the contamination and
72 biomarkers in the great blue heron from colonies
73 visited in 1996–1997. We examine the linkages
74 between the toxic substances and the biological
75 variables measured and discuss the usefulness of
76 the biomarkers that appeared the most indicative
77 and appropriate for a biomonitoring program of
78 toxic exposure and effects for the St. Lawrence
79 River.

80 Methods

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

85the physical–chemical and ecological variability
86along this large ecosystem. Three colonies are sit-
87uated in the more developed freshwater part of the
88River, between Cornwall and Québec (Ile Dicker-
89son, Ile aux Hérons and Grande Ile) and three in
90the less-developed estuarine part of the River (Ile
91de la Corneille, Ile du Bic and Ile Manowin). The
92inland reference colonies (Petit Lac Jacques-Car-
93tier, Ile Steamboat and Ile Matane) were chosen
94outside of the most developed regions concen-
95trated along the River, but not necessary out of
96reach of atmospheric pollution.
97In each colony, eggs and fledglings were sam-
98pled for chemical and biochemical analysis. Pro-
99fessional climbers were contracted to climb trees
100and to collect eggs and chicks. One fresh egg from
101nine nests per colony was taken for contaminant
102analyses and kept on ice. Another egg from six of
103the same nests was taken for retinoid analyses,
104kept on dry ice and rapidly sent to the laboratory.
105One fledgling from nine nests per colony was col-
106lected, as much as possible from the nest where the
107eggs were collected. The fledglings were weighed
108and the length of their tarsus and beak measured.
109Age was estimated from the tarsus length using the
110equation of Quinney (1982). Feathers (fifth pri-
111mary and fifth secondary flight feathers and two
112covert feathers from each wing, one rectrice and
113eight body feathers) were cut and placed in plastic
114bags on ice for mercury analyses. A 10 ml blood
115sample was collected from the brachial vein with a
11610 ml syringe equipped with a 25 G needle and
117pre-rinsed with heparin. Blood was transferred to
118two vacutainers and kept on ice. Birds were ban-
119ded and returned to their nest. Capillary tubes
120were filled with blood and centrifuged for 5 min at
1217000 rpm for hematocrit measurements. One 5 ml
122vacutainer was centrifuged (5 min at 4000 rpm)
123and 1 ml aliquots of plasma were transferred to
124cryovials and stored in liquid nitrogen for bio-
125marker analyses. The remaining whole blood was
126kept on ice until all samples were sent to the lab-
127oratory where it was stored at )40 �C for chemical
128analyses.
129Because of cost limitations, contaminants were
130measured in eggs and in fledgling tissues pooled of
131three individuals, to obtain three pools per colony.
132Mercury, 21 organochlorine pesticides (OCs) and
133polychlorinated biphenyls (PCBs) were analysed at
134the National Wildlife Research Centre (NWRC,
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135 Ottawa, Canada). Total mercury was analysed by
136 cold vapour with an atomic absorption spec-
137 trometer 3030 (Perkin–Elmer), according to CWS
138 method No. MET-CHEM-AA-03C (Neugebauer
139 et al., 2000). The detection limit for mercury was
140 1.0 lg/g dry weight for all tissues. The analytical
141 method used by NWRC for PCBs and OCs is
142 described under MET-CHEM-OC-04 in Won
143 et al. (2001). Starting in 1997, all analytical data
144 were determined using a quadrupole mass selective
145 detector (MSD) coupled to the gas chromatograph
146 (GC) instead of the electron capture detector
147 (ECD) system. This change has allowed the iden-
148 tification of a larger number of compounds. As a
149 first step, lipids were extracted from the egg tissues
150 with DCM/hexane extraction. Blood specimens
151 were extracted using a method slightly modified
152 from Mes (1987). Whole blood specimens from
153 1996 were extracted with toluene and those from
154 1997 with DCM:hexane (1:1 by volume). The
155 chemicals of interest in the extracts were then
156 separated from lipids and biogenic compounds by

157gel permeation chromatography (GPC) and
158cleaned up on Florisil column chromatography.
159Finally, the OC and PCB levels were determined
160via high resolution gas chromatography coupled
161to a mass spectrometry detection system. Blood
162samples from 1996 were analysed with the previ-
163ous method where the gas chromatograph (GC)
164was coupled with an electron capture detector
165(ECD) system. Although this method separates
166most major OCs and PCB congeners when the
167contaminants are split into three fractions, some
168PCBs that co-elute cannot be separated and
169determined correctly. The comparison of the
170quantities of the different congeners detected by
171the two methods in a known mixture of Aroclors
1721242, 1254 and 1260 indicated that differences are
173usually lower than 20% for most of the major
174congeners. Total PCB concentrations are reported
175as the sum of 59 (42 with the previous method)
176congeners using IUPAC numbers. The detection
177limit of each sample varies among compounds due
178to varying background noise but is typically lower

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

Contaminants and Biomarkers in the Great Blue Heron
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179 than 0.001 ppm. The quality control program of
180 NWRC includes the analysis of an aliquot of a
181 reference material of known concentration.
182 The vitamin A profile was measured in eggs
183 following the procedure described in Boily et al.
184 (1994). Only samples from viable embryos with
185 development stage between 18 and 32 were used
186 for statistical analyses. The age of the embryo was
187 estimated based on developmental chronology
188 specific to the herring gull (Larus argentatus)
189 (M.G. Williams and Dr. J.P. Ludwig, unpublished
190 data) and a previous study on frozen herring gull
191 eggs (Spear et al. 1990). Total thyroid hormones
192 thyroxine (T4) and triiodothyronine (T3) were
193 measured in fledgling plasma by a radioimmuno-
194 logic method based on competition of [125]I-
195 marked hormone with non-marked hormone for
196 linking sites on the antibodies. Blood clinical
197 chemistry (mineral and chemical elements, pro-
198 teins and enzymes) was assessed in the Toxicology
199 Laboratory of University Laval Hospital Centre
200 using standard methods. Amylase was measured
201 with an Ektachem 700XR (Kodak) while trigly-
202 cerides and cholesterol were measured with a
203 Technicon RA-500 (Miles). Plasma retinoids were
204 extracted with organic solvents and analysed by
205 non-aqueous reversed phase HPLC with UV or
206 fluorescent detection as described in Elliott et al.
207 (2001b).
208 In June 1997, a census of most colonies was
209 made by helicopter and number of active nests was
210 counted (Desrosiers et al., 1998). Colony produc-
211 tivity was estimated from a selection of nests in the
212 visited colonies, including the nests where eggs
213 were collected, by counting the number of chicks
214 produced per active nest. Since they nest on top of
215 trees, monitoring great blue heron productivity is
216 only feasible on a small number of nests because of
217 risk of disturbance and nest access difficulties.
218 Biochemical parameters in plasma were tested
219 for differences between sites using 1-way analysis
220 according to the General Linear Model (GLM).
221 When significant, colonies were compared to their
222 respective reference site by Dunnett’s test. In the
223 case of two-way analysis of variance, least squared
224 means were compared by the Tukey multiple range
225 test. When the residuals were not normally dis-
226 tributed, data were transformed to base 10 loga-
227 rithm (thyroxine, T4 data) or square root (plasma
228 retinol data). Certain data having sample numbers

229too small for parametric analysis were treated by
230the Kruskal–Wallis test followed by the Q test
231(Zar, 1984), when appropriate, to determine which
232colonies were different. Relationships between
233variables were calculated using non-parametric
234Spearman’s rank correlations. All statistics were
235calculated using JMPTM (SAS Institute, 1999).

236Results

237Levels of mercury, total PCBs, PCB congeners and
238organochlorines in the eggs did not indicate sig-
239nificant differences among colonies, although there
240was a tendency for PCBs (Fig. 2) and mirex to
241decrease downstream (p>0.05; Table 1). In blood,
242however, most of these chemicals indicated signif-
243icant differences among colonies (p<0.05; Table 2;
244Fig. 2): mercury was higher in birds from Ile
245Steamboat while total PCBs were higher in birds
246from Ile Dickerson and OCs (p,p¢-DDE, trans-no-
247nachlor, cis-nonachlor, HCB) in those from Ile aux
248Hérons. The pesticide metabolite p,p¢-DDEwas the
249most abundant OC, both in eggs and in blood.
250With respect to feathers, birds from Ile Steamboat
251again had the highest mercury levels. The major
252PCB congeners in eggs, which represented 53% of
253total PCBs, were # 153>138>180>118>187.
254The pattern in blood was different, more congeners
255being needed to make 50% of total PCBs (#
256138>153>118>49>52>99>180). The presence
257of CB-49 and CB-52 in blood reflects recent uptake
258from the diet. These congeners are biotransformed
259more rapidly than the other congeners in birds
260(Drouillard et al., 2001) and are therefore not
261normally found in eggs, which reflect long-term
262exposure. Less chlorinated congeners were also
263present in higher proportions at the more con-
264taminated freshwater sites.
265The reference colony of Petit Lac Jacques-
266Cartier was the smallest of the colonies visited (10
267nests) and failed to produce young. It was replaced
268by Ile Steamboat for the sampling of fledglings.
269The other colonies ranged from 20 active nests (Ile
270Matane) to 1250 (Grande Ile), had a good repro-
271ductive success (range 80–98%) and produced a
272mean of 2.47 young per active nest (range 2.08–
2732.77) (CWS, unpublished data). The weight of the
274fledglings did not vary among colonies (mean
2751.75 kg; s.d. 0.35; n=70; p=0.12) while the tarsus

g g y g Q (p )
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276 length (mean 15.3 cm; s.d. 2.4; n=68) and esti-
277 mated age (mean 38 days; s.d. 6.3; n=68) indi-
278 cated significant differences (p<0.05): birds from
279 Ile de la Corneille were slightly smaller and
280 younger, while those from Ile du Bic were larger
281 and older.
282 Considering morphological parameters of the
283 heron eggs (Table 3) no differences among sam-
284 pling sites were identified (egg weight F6,21=0.77
285 p=0.60; shell weight F6,21=0.29 p=0.94; egg
286 length F6,21=0.59 p=0.74; egg width F6,21=1.17
287 p=0.36).
288 In the case of biochemical parameters measured
289 in eggs, the Ile Manowin colony with a sample
290 number of two eggs was excluded from statistical
291 treatment. Retinyl palmitate concentrations were
292 different among colonies (F6,21=7.54 p<0.001);
293 more precisely, this retinoid was greater in eggs of

294the Matane colony (pairwise comparison, Tukey
295p<0.01) compared with the other sites (Table 3).
296Retinyl palmitate was significantly correlated with
297egg width (r=0.56 p<0.01), but was not influ-
298enced by embryonic stage of development
299(F6,20=0.06 p=0.80). No among-colony differ-
300ences were apparent for retinol concentrations
301(F6,21=0.26 p=0.95) or the ratio of retinol to
302retinyl palmitate (F6,21=0.59 p=0.73). However,
303retinol was correlated with both egg width (r=0.46
304p<0.05) and stage of development (r=)0.50
305p<0.01) while the ratio of retinoids correlated
306with stage of development (r=)0.48 p<0.01).
307The concentrations of b-carotene in eggs of
308freshwater colonies (Dickerson, Hérons, Grande
309and Jacques-Cartier) were significantly different
310(F1,26=7.24 p=0.012) from those of marine colo-
311nies (Corneille, Bic and Matane) (Table 3).

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).

Contaminants and Biomarkers in the Great Blue Heron



U
N

CO
R

R
ECTED

PR
O

O
F

312Accordingly, the freshwater and marine sites were
313considered separately. There was a tendency for b-
314carotene to be different (F3,12=2.09 p=0.15)
315among the freshwater colonies, and the levels at Ile
316aux Hérons were significantly lower compared
317with the reference site, Jacques-Cartier (Dunnett
318p<0.05). Among the marine colonies, b-carotene
319concentrations were influenced by the colony
320(F2,6=16.69 p=0.0035), the stage of development
321(F1,6=25.87 p=0.0023) and the combined effect of
322these two factors (colony�stage of development
323F2,6=17.23 p=0.0033). Thus, 86.9% of the vari-
324ation in b-carotene concentration is explained.
325Without the interaction term, however, the results
326are not significant (and only 12% of the variation
327would be explained): this suggests that differences
328cannot be attributed to among-colony differences
329alone.
330In plasma, all biochemical parameters were
331significantly different between freshwater and
332marine colonies, therefore possible effects of con-
333taminants were examined within these two
334groupings. Plasma retinol was significantly differ-
335ent among the freshwater colonies (Table 4;
336F3,31=14.16 p<0.001) and was correlated with
337body weight (r=0.58 p<0.001). A two-way anal-
338ysis of variance indicated that body weight and
339colony together explained 72% of the variation
340associated with plasma retinol (no interaction be-
341tween these two factors; F3,1,28=1.66 p=0.19).
342The two-way model explored using Tukey multiple
343comparisons demonstrated that plasma retinol
344concentrations at the Dickerson and Héron colo-
345nies were significantly lower compared with those
346at Grande Ile (p<0.05) and Steamboat (p<0.001).
347Plasma LDH (lactate dehydrogenase) concentra-
348tions were also different among freshwater colo-
349nies (F3,36=3.66 p<0.05), Grande Ile and Héron
350colonies having LDH values significantly greater
351than those of Steamboat (respectively, p<0.05 and
352p<0.01). The levels of plasma T4 showed a ten-
353dency to be different among freshwater colonies
354(F3,33=2.61 p=0.068) with the Grande Ile colony
355having greater plasma T4 compared with Steam-
356boat (Dunnett’s test p=0.027).
357With respect to marine colonies, significant be-
358tween-colony differences were identified for T3
359(F3,29=2.99 p<0.05), retinol (F3,29=6.99
360p<0.001), total protein (F3,26=2.95 p<0.05) and
361LDH (F3,26=4.50 p<0.05). Consistent with the
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362 results for freshwater colonies, plasma retinol was
363 significantly correlated with body weight (r=0.58
364 p<0.001) and the combined influence of body
365 weight and colony (no interaction F3,1,25=1.33
366 p=0.29) explained 62% of the variance in plasma
367 retinol. This statistical model revealed that the Bic
368 colony had greater retinol levels compared with
369 either Corneille (Tukey, p<0.05) or Matane
370 (p<0.01). Similarly, plasma protein and LDH
371 values were both significantly greater at the Bic
372 colony compared with the reference site, Matane
373 (Dunnett’s test, LDH p<0.01; protein p<0.05).
374 Several significant correlations were observed
375 between contaminants and biomarkers in the eggs.
376 The molar ratio of retinol: retinyl palmitate in
377 heron eggs was significantly correlated with total
378 PCBs (r=0.79, p=0.02) and mirex (r=0.90,
379 p<0.01) while b-carotene was negatively corre-
380 lated with total PCBs (r=)0.79, p=0.04) and to
381 PCB congeners #66, 105, 138, 153, 170, 180 and
382 187. In blood, retinol showed negative relations
383 (p<0.001) with many PCB congeners, total PCBs
384 (r=)0.78; Fig. 3), p,p¢-DDE (r=)0.78), trans-
385 nonachlor (r=)0.75) and a-HCH (r=)0.60,
386 p<0.01). The hormone T3 showed negative rela-
387 tions with many PCB congeners, total PCBs

388(r=)0.69, p<0.01) and the same OCs. The clinical
389variables hematocrit, protein, creatinin, phospho-
390rus, sodium and calcium also were correlated
391(p<0.05) with a few congeners and OCs. Among
392clinical parameters, the strongest correlation was
393found between protein and a-HCH (r=)0.82,
394p<0.001).

395Discussion

396Great blue heron fledglings from Ile Steamboat
397had higher levels of mercury than those from other
398colonies, while PCBs were higher at Ile Dickerson
399and OCs at Ile aux Hérons. The fact that the ref-
400erence colony (Ile Steamboat) situated outside of
401the St. Lawrence displays the highest mercury
402levels probably reflects the fact that this contami-
403nation comes for a large part from atmospheric
404sources. In addition, soils and lakes in this region
405are sensitive to acid precipitation, a factor which
406favours the transfer of mercury in the trophic web
407(Meyer et al., 1998).
408Compared to the previous sampling period of
4091991–1993, mercury in eggs was significantly lower
410by 67% in 1996–1997, while no difference was

Table 2. Mean (standard deviation*) concentrations of mercury in feathers (lg/g dry weight) and mercury (lg/g wet weight), total

PCBs and selected organochlorines (lg/kg wet weight) in whole blood of great blue heron fledglings collected in 1996–1997 from

colonies along the St. Lawrence River

Colony

Feather

Hg

Blood

Hg

Total

PCBs

p,p¢-
DDE t-nonachlor c-nonachlor HCB

Heptachlor

epoxyde Dieldrin Mirex Penta-CB a-HCH

I. Dickerson 6.3 ab

(1.2)

0.35 ab

(0.07)

27.3 a

(16.5)

3.1ab

(0.6)

0.60 ab

(0.36)

0.23 ab

(0.21)

0.13 ab

(0.06)

0.27

(0.06)

1.03

(0.55)

0.17

(0.06)

0.001

(0.000)

0.53

(0.21)

I. aux Hérons 7.4 ab

(2.2)

0.53 ab

(0.11)

16.7 ab

(5.8)

4.9 a

(1.0)

0.83 a

(0.31)

0.30 a

(0.10)

0.33 a

(0.25)

0.23

(0.12)

0.73

(1.10)

0.07

(0.06)

0.001

(0.000)

0.37

(0.06)

Grande Ile 5.6 ab

(1.2)

0.35 ab

(0.04)

8.9 ab

(1.3)

1.9 ab

(1.5)

0.43 ab

(0.06)

0.13 ab

(0.06)

0.10 ab

(0.00)

0.17

(0.12)

0.10

(0.00)

0.03

(0.06)

0.001

(0.000)

0.30

(0.26)

I. SteamboatR 10.1 a

(0.3)

0.70 a

(0.07)

3.9 ab

(1.3)

1.0 ab

(0.4)

0.13 ab

(0.06)

0.001 b

(0.000)

0.10 ab

(0.00)

0.30

(0.27)

0.80

(1.21)

0.001

(0.000)

0.001

(0.000)

0.57

(0.12)

I. Corneille 7.2 ab

(1.1)

0.41 ab

(0.16)

9.1 ab

(3.3)

2.0 ab

(1.5)

0.28 ab

(0.10)

0.18 ab

(0.05)

0.15 ab

(0.04)

0.06

(0.03)

0.22

(0.13)

0.11

(0.14)

0.030

(0.005)

<0.001

(0.000)

I. du Bic 5.1 ab

(1.3)

0.26 ab

(0.05)

2.4 ab

(1.8)

0.4 b

(0.2)

0.15 ab

(0.08)

0.16 ab

(0.11)

0.17 b

(0.09)

0.15

(0.01)

0.16

(0.17)

0.05

(0.01)

0.082

(0.079)

<0.001

(0.000)

I. Manowin 3.1 b

(1.0)

0.17 ab

(0.05)

3.1 ab

(1.3)

0.5 ab

(0.1)

0.30 ab

(0.18)

0.18 ab

(0.12)

0.14 ab

(0.01)

0.41

(0.53)

0.69

(0.80)

<0.001

(0.000)

0.036

(0.007)

<0.001

(0.000)

I. MataneR 4.5 ab

(0.7)

0.16 b

(0.02)

0.8 b

(0.1)

0.6 ab

(0.1)

0.06 b

(0.02)

0.04 ab

(0.03)

0.11 ab

(0.03)

0.05

(0.02)

0.07

(0.01)

<0.001

(0.000)

0.047

(0.018)

<0.001

(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).
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411 observed in blood and feather mercury levels or in
412 PCB levels in eggs and blood (Champoux et al.,
413 2002). Despite this decline, Hg levels in eggs were
414 still higher or comparable to other published levels

415for great blue heron eggs from various locations in
416North America (Elliott et al., 1989; Custer et al.,
4171997; Thomas and Anthony, 1999). Mercury levels
418in blood were also high compared to other

Table 3. Morphometry, b-carotene and retinoids in eggs of great blue heron from colonies along the St. Lawrence River

Stage of

development

Shell

weight (g)

Weight of

egg (g)

Length

(mm)

Width

(mm)

b-carotene
(lg/g)

Retinol

(lg/g)
Retinyl

Palmitate (lg/g)
Molar

ratio* Ret./Pal.

Ile Dickerson (n=5)

Mean 25 7.57 67.94 65.31 44.61 0.70 abcd 5.44 0.41 a 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 45.75 0.39 bc 5.55 0.40 a 24.1

Stand. deviation 4 0.25 5.50 3.43 2.75 0.14 3.83 0.06 14.0

Grande Ile (n=3)

Mean 22 7.49 67.20 64.87 45.00 0.44 cd 4.61 0.47 a 17.6

Stand. Deviation 4 0.18 5.60 6.36 1.00 0.24 2.49 0.07 7.9

Petit L. J.-CartierR (n=4)

Mean 20 7.60 65.86 61.84 45.90 0.96 ad 5.31 0.48 a 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=5)

Mean 24 7.39 65.85 64.40 44.95 1.24 ac 3.64 0.34 a 19.4

Stand. deviation 5 0.82 6.41 3.96 1.47 0.65 1.37 0.06 5.2

Ile du Bic (n=3)

Mean 29 7.48 64.48 64.40 44.65 2.10 ac 3.67 0.44 a 15.0

Stand. Deviation 1 0.22 0.98 1.10 0.30 2.49 0.97 0.06 3.1

Ile MataneR (n=4)

Mean 25 7.56 65.35 62.69 47.18 1.50 d 6.06 1.06 b 9.9

Stand. Deviation 6 0.51 5.87 2.17 2.45 0.85 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 b-carotene.

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

Colony
Total

T3 N g/ml

Total

T4 N g/ml

Retinol

lg/l
Hematocrit

%

Protein

g/l

Cholesterol

mmol/l

Triglycerids

mmol/l

LDH

U/l

Calcium

mmol/l

Freshwater colonies

I. Dickerson 1.94 (0.40) 31.70ab (5.26) 464a (250) 36 (3.2) 25 (2.4) 4.96 (0.53) 1.39 (1.08) 1390 ab (358) 2.57 (0.16)

I. aux Hérons 1.64 (0.36) 31.84ab (6.00) 700a (335) 34 (6.3) 27 (3.3) 4.48 (0.60) 1.25 (0.45) 1672 a (726) 2.46 (0.19)

Grande Ile 1.68b (0.39) 38.75b (6.03) 770b (332) 31 (3.2) 25 (1.3) 4.59 (0.70) 1.47 (0.63) 1605 a (363) 2.52 (0.10)

I. SteamboatR 1.84 (0.41) 31.70a (8.79) 1098b (258) 32 (3.8) 25 (1.6) 4.96 (1.72) 0.72 (0.24) 1018 b (237) 2.47 (0.11)

Marine colonies

I. Corneille 2.18ab (0.85) 32.54 (6.93) 969b (258) 35 (1.8) 30 ab (2.6) 5.64 (0.64) 1.53 (0.71) 1682 b (521) 2.35 (0.15)

I. du Bic 3.32ab (1.1) 29.79 (7.2) 1553a (231) 38 (2.3) 33 a (4.4) 5.06 (0.8) 1.91 (0.8) 2190 a (415) 2.30 (0.10)

I. Manowin 3.59b (1.10) 32.94 (4.41) 1238ab (416) 37 (2.6) 29 ab (1.6) 5.23 (0.32) 1.42 (0.31) 1547 ab (303) 2.30 (0.13)

I. MataneR 3.13a (1.05) 26.82 (5.41) 1158b (249) 36 (2.7) 29 b (1.3) 4.97 (0.70) 1.65 (1.23) 1358 b (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.

Champoux et al.
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419 published data for nestlings of various piscivorous
420 species (Sepuvelda et al., 1999). Few studies pro-
421 vide information on threshold impacts of Hg levels
422 in blood of birds. Meyer et al. (1998) considered a
423 level of 0.30 lg/g wet weight (w.w.) associated
424 with lower common loon (Gavia immer) chick
425 hatching and surviving, while Welch (1994) con-
426 sidered 0.50 lg/g w.w. as a relevant threshold in
427 juvenile bald eagles (Haliaeetus leucocephalus).
428 Wolfe and Norman (1998) reported levels of
429 1.2 lg/g w.w. in apparently successful heron col-
430 onies. Hg levels in feathers of herons from this
431 study appear high compared with other published
432 data on herons (Wolfe and Norman, 1998;
433 Sepuvelda et al., 1999; Goutner et al., 2001).
434 Sampling of various types of feathers in these
435 studies could explain part of these differences.
436 PCBs and OC levels in heron eggs from the
437 St. Lawrence River were comparable to those from
438 other studies and lower than levels at which
439 reproductive effects have been documented (Elliott
440 et al., 1989; Blus, 1996; Hoffman et al., 1996;
441 Custer et al., 1997; Thomas and Anthony, 1999).
442 Levels of PCBs and most OCs in heron eggs de-
443 clined by about one third since 1979 (Laporte,
444 1982), although levels of dieldrin and p,p¢-DDE
445 from Ile du Bic appear unchanged. No data could
446 be found in the literature on levels of PCBs and
447 OCs in the blood of great blue heron chicks. Mean
448 PCB levels in plasma of bald eagle chicks 5–9-
449 weeks-old from British Columbia (Elliott and
450 Norstrom, 1998) compare with those from heron

451chicks from the St. Lawrence, after conversion
452from whole blood to plasma based on hematocrit
453ratio, while PCB and p,p¢-DDE levels in plasma of
454bald eagle chicks from Lake Superior were higher
455(Dykstra et al., 1998).
456According to DesGranges and Desrosiers
457(2005), who analysed the population trends of the
458great blue heron in Québec over the last 25 years,
459the number of young produced per active nest is
460sufficient to maintain stable populations. Obser-
461vations on heron nests and fledglings in the present
462study tend to support this finding.
463Most clinical parameters seemed in normal
464ranges known for comparable species (Fowler,
4651986; Polo et al., 1994). Many blood analytes such
466as glucose, proteins, cholesterol and triglycerides
467serve as indicators of the nutritional status of wild
468birds and nutritional deficiency may decrease
469immunocompetence (Newman et al., 1997). PCBs
470and some organochlorines seem to interfere with
471the metabolism of lipids and carbohydrates (Ferr-
472ando and Andreu-Moliner, 1991; Feeley, 1995).
473Because many studies have documented altera-
474tions of retinoids by PCBs and organochlorine
475chemicals and they are important for development,
476reproduction and immune function, retinoid status
477has been suggested as a biomarker for exposure to
478organochlorine chemicals (Spear et al., 1990;
479Peakall, 1992; Rolland, 2000). As such, correla-
480tions between the molar ratio retinol: retinyl
481palmitate in heron eggs and total PCBs or mirex
482are consistent with previous studies on egg

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.
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483 retinoids in freshwater and marine ecosystems
484 (Spear et al., 1989, 1990; Boily et al., 1994; Murk
485 et al., 1994, 1996). PCB congeners alter leci-
486 thin:retinol acyltransferase (LRAT) and retinol
487 ester hydrolase (REH) activities in the yolk-sac
488 membrane (Boily et al., 2003a, b) which would
489 explain the changes in yolk retinoid concentra-
490 tions. In the case of vitamin A levels in blood, the
491 significant regression between plasma retinol and
492 total PCBs would also suggest an effect of this
493 group of contaminants. In addition, a correlation
494 was obtained between egg b-carotene and total
495 PCBs in the present study.
496 Alternatively, these results could reflect differ-
497 ences in dietary vitamin intake, since b-carotene is
498 a precursor for retinoids and must be obtained
499 from food (Sporn et al., 1994), and the marine
500 environment at such latitudes is known for high
501 availability of retinoids (Moore, 1957). In the case
502 of the molar ratio of retinoids, the data do not
503 support this idea. Neither egg retinol nor retinyl
504 palmitate concentrations are significantly different
505 between freshwater and marine colonies which
506 indicates a lack of overall dietary (or ecosystem)
507 effects on the molar ratio. Evidence for a marine
508 versus freshwater dietary influence is the signifi-
509 cantly lower levels of b-carotene in heron eggs in
510 freshwater colonies compared with estuarine col-
511 onies. Plasma retinol was also greater in the mar-
512 ine colonies compared with the freshwater
513 colonies. Therefore, for these retinoid parameters,
514 freshwater and marine colonies were considered
515 separately in an attempt to evaluate dietary vari-
516 ation between the two environments.
517 Among marine colonies, the egg b-carotene
518 concentrations in the reference site are not distinct
519 from those at the Corneille and Bic colonies, when
520 taking into account the interaction with stage of
521 development. With respect to freshwater sites, the
522 difference in b-carotene between the reference
523 colony and Ile aux Hérons is consistent with an
524 effect of toxic chemicals, whereas the highest PCB
525 colony, Dickerson, was not different from the
526 reference. Thus, the results for egg b-carotene fa-
527 vour a between-ecosystem (freshwater versus
528 marine) influence other than environmental con-
529 tamination.
530 Considering plasma retinol concentrations in
531 herons collected from the marine colonies, the
532 results support an overall effect of environmental

533contaminants. Specifically, the higher plasma ret-
534inol concentration at the Bic colony compared
535with the Corneille colony is consistent with this
536hypothesis. Among freshwater colonies, plasma
537retinol was significantly lower at the more PCB-
538exposed colonies (Dickerson and Héron) com-
539pared to the reference colony. Assuming that these
540differences were caused by low dietary vitamin A
541intake, we would expect to see low carotene and
542low retinoid levels in the eggs of the Dickerson
543colony, but this is not the case. Egg retinol, retinyl
544palmitate and b-carotene levels in Dickerson birds
545are not different from these of the reference
546freshwater colony. Vitamin A dietary deficiency
547does not explain the low plasma retinol concen-
548trations.
549A wealth of studies into avian and mammalian
550nutrition as well as clinical medicine have dem-
551onstrated a moderate influence of dietary vitamin
552A on the plasma retinol levels of otherwise healthy
553individuals. Plasma retinol levels are maintained at
554the expense of body stores up to the point that
555plasma levels fail and deficiency symptoms begin
556(c.f. Moore, 1957; Underwood, 1984). The fact
557that plasma retinol in the Dickerson birds was
558only 464 lg/l (or 42% of that associated with the
559freshwater reference site) indicates that retinol
560homeostasis or metabolism had been affected.
561These results compare with those from our
562previous study (Champoux et al., 2002), which also
563indicated that a reduction in plasma retinol below
564800 lg/l was significantly related to a proportion-
565ally greater reduction in hepatic stores. Previous
566studies on effects of dioxin-like contaminants in
567plasma retinol levels have shown contradictory
568results (Spear and Bourbonnais, 2000). Murvoll
569et al. (1999) found a borderline significant positive
570correlation between PCBs in lipid weight and
571plasma retinol in shag (Phalacrocorax aristotelis)
572hatchlings, at PCB levels lower than levels in the
573great blue heron from the St. Lawrence. Murk
574et al. (1994) found increased plasma retinol levels
575with increasing PCB burden in common tern
576(Sterna hirundo) hatchlings, while Elliott et al.
577(1996) found no difference in 1-day-old bald eagle
578chick’s plasma retinol among colonies with various
579levels of dioxin and furan contamination. How-
580ever, all these results are from very young birds in
581which absorption of the vitellus at hatching may
582influence circulating retinol levels. Grasman et al.
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583 (1996) found a strong association between reduced
584 plasma retinol concentrations in 3-week-old Cas-
585 pian tern (Sterna caspia) chicks and increased
586 exposure to PCBs and p,p¢-DDE, and a weaker but
587 significant association in herring gull chicks. Bish-
588 op et al. (1999) found reduced vitamin A in liver of
589 tree swallows (Tachycineta bicolor) in Cornwall
590 Island, which is close to Ile Dickerson where great
591 blue heron vitamin A levels were lowest.
592 In the present study, T3 levels were 53% lower
593 in the freshwater colonies compared with marine
594 colonies and T4 levels were 30% higher. In
595 Champoux et al. (2002), T3 levels were not dif-
596 ferent among colonies, while T4 levels were 64%
597 lower in freshwater colonies. In herons artificially
598 exposed to 2,3,7,8-TCDD, no effects were ob-
599 served in plasma T3 and T4 levels, at hatch or in 7-
600 day chicks (Janz and Bellward, 1996). In adult
601 herons, a significant increase in T4 was observed
602 following exposure to TCDD (Janz and Bellward,
603 1997). A significant negative correlation was found
604 in great cormorants (Phalacrocorax carbo) be-
605 tween mono-ortho-PCBs in the yolk sac and T4 in
606 plasma (Van den Berg et al., 1994). A decrease in
607 T3 and T4 was observed after treatment of chicken
608 embryos with Aroclor 1242 and Aroclor 1254, but
609 not after treatment with PCB congeners # 54, 77
610 and 80 (Gould et al., 1999). As reported by many
611 authors, various mechanisms, sometimes contra-
612 dictory, control the levels of retinol and thyroid
613 hormones and contaminants such as PCBs,
614 PCDDs and organochlorines may interfere in
615 many ways in these processes (Brouwer and Van
616 den Berg, 1986; Brouwer et al., 1990; Peakall,
617 1992; Fairbrother, 1993; Murvoll et al., 1999).
618 Other non-measured contaminants such as copla-
619 nar PCB congeners and PCB metabolites may also
620 interfere with the regulation of these systems. Al-
621 though these mechanisms have not all been ex-
622 plained yet, it is clear that exposure to these
623 contaminants has an effect on the retinol and
624 thyroid hormone axis (Gould et al., 1999). Retinol
625 is related to PCBs at levels below threshold for
626 toxic effects, which makes it an early predictor,
627 since a major decrease in plasma retinol may lead
628 to compromised development, immune function or
629 reproduction (Fox, 1993; Rolland, 2000).
630 Within the limits of the present study, the dif-
631 ferent biochemical parameters were tentatively
632 evaluated for their suitability as biomarkers.

633Considering correlations to contaminants, differ-
634ences between freshwater and marine colonies and
635within freshwater and marine colonies separately,
636confounding factors, and evidence from numerous
637field and experimental studies with various species,
638we believe that the most suitable biomarkers
639among those tested in this study are the molar
640ratio retinol:retinyl palmitate in the eggs, and ret-
641inol and T3 in the plasma of heron chicks.

642Conclusion

643Spatial differences among colonies were detected
644using measures of contaminants and biomarkers in
645blood of chicks. The fledglings from the upstream
646freshwater colonies are more contaminated than
647those from the downstream estuarine colonies. The
648level of contamination in the St. Lawrence River is
649generally below the documented levels of toxico-
650logical effects for great blue heron or other species.
651However, despite a decrease in the levels of some
652organochlorines, most contaminants, among them
653mercury and PCBs, do not show any reduction in
654time. Nonetheless, biomarkers used in the present
655study reveal PCB effects at the Dickerson and
656Héron colonies. The most important results were
657correlations between the molar ratio of retinoids in
658eggs and total PCBs or mirex as well as significant
659negative regressions between plasma retinol or T3
660and contaminants. Plasma retinol levels in fledg-
661lings were strongly and negatively related to PCB
662concentrations and those from the freshwater
663colonies were very low, which could have an effect
664on fledgling development and survival.
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