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Abstract. As part of the Great Lakes International Surveillance Plan, 1978-83, egg contaminant 
levels and reproductive output were determined for Herring Gull colonies on Lake Superior in 1983. 
Since 1974, the Herring Gull has been widely used in the Great Lakes as a spatial and temporal 
monitor of organochlorine (OC) contaminant levels and associated biological effects. Most eggs 
contained a wide range of OCs, the main compounds being DDE, polychlorinated biphenyls (PCBs), 
dieldrin, heptachlor epoxide, oxychlordane, hexachlorobenzene and mirex. Levels of an additional 
ten OCs and five polychlorinated dibenzo-p-dioxin (PCDD) congeners were also determined for 
some sites. Overall, levels varied significantly among colonies, but there was no obvious relationship 
to spatial distribution of contaminants in sediments or fish species. OC levels in eggs had declined by 
up to 84% since 1974. Eggshells were only 8% thinner than before the introduction of DDT, and shell 
thinning was not a cause of breeding failure. Average reproductive output varied from 0.15 to 1.57 
young per apparently occupied nest in 1983: at 56% of colonies the value was below that thought 
necessary to maintain stable populations. The main causes of failure were egg disappearence and 
cannibalism of chicks. Despite this, the population appeared to have been increasing at about 4% per 
annum. Reduced availability of forage fish during the early 1980s was the most likely reason for the 
poor reproductive output in 1983. 

1. Introduction 

The Herring Gull (Larus argentatus), has been a valuable and successful indicator 
of toxic chemicals in the Great Lakes ecosystem since the late 1960s and early 
1970s (Keith, 1966; Ludwig and Tomoff, 1966; Gilbertson, 1974; Weseloh et al., 
1979; Mineau et al., 1984; Government of Canada, 1991). This is due mainly to 
the relatively widespread breeding distribution and resident status of adults on the 
Great Lakes (Moore, 1976), as well as the predominantly piscivorous diet and 
hence capacity to bioaccumulate lipophilic organochlorine contaminants (Braune 
et al., 1989; Fox et al., 1990; Ewins et aL, 1993). By using the Herring Gull as 
an indicator species, spatial and temporal trends in the concentrations of a variety 
of chemical contaminants have been identified, and a wide range of biological 
effects of these toxicants on Herring Gulls have been documented (Gilbertson and 
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Fig. 1. The location of Herring Gull colonies studied in Lake Superior. Filled circles represent 
colonies for which egg contaminant data exist, stars indicate colonies having reproductive data only. 
1 --- Chine I., 2 = Sawpit Bay, 3 = Cozen's Cove Is., 4 = Agawa Rk., 5 = Telegraph Rk., 6 = Devil's 
Warehouse I., 7 = Entrance I., 8 = S. Dore Bay, 9 = I. E of False Dog Harbour, 10 = Leadman I., 
11 = Granite I., 12 = Silver Islet, 13 = Papoose I., 14 = Knife I., 15 = Gull I. (Apostle Islands), 
16 = Lake Linden, 17 = Huron Is. 

Fox, 1977; Gilman et al., 1977; Fox et al., 1978, 1988, 1991; Mineau et al., 1984; 

Moccia  et al., 1986). 
In this paper we report  the results of  investigations of contaminants and repro- 

ductive biology in Herring Gulls on Lake Superior between 1974 and 1984. Con- 
taminant data are given for Herring Gulls at eight colonies in 1983, as well as trends 
in two areas since 1974. These results are discussed in relation to similar published 
data for fish and sediments. Reproductive success, clutch size and eggshell thick- 
ness measurements are provided for up to 17 colonies throughout Lake Superior. 
These results represent the most extensive sampling for chemical  contaminants 
and reproductive parameters in any bird population on Lake Superior, of  which 
we are aware. This was the last lake to be so covered on an interdisciplinary basis 
under the Great  Lakes International Surveillance Plan (GLISP), 1978-83. Data 
have already been published for the GLISP studies of  Herring Gulls on Lake Erie 
(Weseloh et al., 1990) and Lake Huron (Ewins et aL, 1992). 

2. Study Areas 

Data were collected from a total of  17 Herring Gull colonies on Lake Superior 
(Figure 1). Colonies were all located on islands, supporting between 30 and 485 
pairs of  breeding Herring Gulls (Table V). Most  islands were granitic bedrock, 
with some shrub or tree cover, but Ch ine  Island was a long, sandy bar, only 1-2 m 
above the water line. The Lake Linden colony was situated on an island which 



ORGANOCHLORINE IN LAKE SUPERIOR HERRING GULL EGGS 231 

had been created from old mine tailings and industrial spoil. Rubble from former 
mining operations was also present on Silver Islet. Names of colonies follow those 
given by Scharf et  al. (1978) and Blokpoel et  al. (1980). 

3. Methods 

3.1. EGG COLLECTIONS AND ANALYSES 

Since 1974 Herring Gull eggs have been collected annually for contaminant analy- 
ses from two Lake Superior colonies, as part of the network of Annual Monitoring 
Colonies (AMCs) on the Great Lakes (Gilman et aL, 1977; Minean et  aL, 1984). 
The AMCs have been on Granite Island, in western Lake Superior, since 1973, and 
at Mamainse Harbour or on Agawa Rock, in eastern Lake Superior, since 1974 
(Figure 1). Egg collections could not be made at Granite I. in 1975, 1977 or 1983, 
but in 1975 and 1977 eggs from Silver Islet, 50 km to the southwest, were used as 
a substitute. In 1974-75 and 1977 eggs were collected from a colony at Mamainse 
Harbour. In 1978 the Mamainse Harbour colony was judged too small for further 
biological work, so Agawa Rock, 36 km to the north, was substituted. In 1983 eggs 
were collected at seven other colonies distributed throughout the lake (Table I, 
Figure 1). Reproductive and egg parameters were obtained from these colonies as 
well as those from a group of islands in eastern Lake Superior (Figure 1). 

Between 10 and 13 eggs were collected in early-mid May, usually within the 
first 10 days of incubation. One egg was taken, at random, from each completed 
(three-egg) clutch, and nests were selected at irregular intervals across the entire 
colony. In this way we attempted to reduce any biases which may have arisen 
because of differential ages of birds at the centre or edge of the colonies (e.g. 
Coulson, 1968; Aebischer and Coulson, 1990). Eggs were transported in padded 
containers and stored at 4°C within 48 hours of collection. 

Two to three weeks later eggs were cut open around the equator with hexane- 
rinsed dissecting scissors, and their contents frozen at -20°C in hexane-rinsed 
glass jars. Up to 10 months later the jar contents were thawed and homogenized 
and aliquots of each egg were analysed chemically, either individually (AMCs), or 
as egg pools by colony (Lake Superior GLISP samples). All the chemical analy- 
ses of individual eggs were performed, using gas chromatography, by the Ontario 
Research Foundation, Mississauga, Ontario, according to methods described by 
Reynolds and Cooper (1978), and Norstrom et al. (1980 a,b). Up to 28 organochlo- 
rine (OC) contaminants were analysed for, but not all OCs were screened in every 
year and/or every sample. 

The egg pools from 1983 were analysed by the Canadian Wildlife Service 
(CWS) at the National Wildlife Research Centre (NWRC), Hull, Quebec, for DDE, 
dieldrin, hexachlorobenzene (HCB), mirex, polychlorinated biphenyls (PCBs), 
oxychlordane, and heptachlor epoxide (HE), according to methods detailed by 
Peakall et  al. (1986). The remaining egg contents were stored in the CWS National 
Specimen Bank, at the NWRC (Elliott, 1984). Portions of the stored samples from 
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1981-83 Agawa Rock eggs were analysed subsequently for five polychlorinated 
dibenzo-p-dioxin (PCDD) compounds at the NWRC laboratories, using techniques 
described by Stalling et al. (1985). 

Contaminant levels were expressed in #g/g, on a wet weight basis, for all 
compounds except PCDDs (pg/g, wet weight). Minimum detection limits were 
generally 0.001 #g/g for chlorinated benzenes, and 0.01 #g/g for other OC pesti- 
cides and PCBs. For PCDDs minimum detection limits varied with the compound 
and the sample cleanliness, but were usually 1-2 pg/g for tetrasubstituted dioxins 
(TCDD), 3-4 pg/g for hexasubstituted dioxins (HxCdd), 6 pg/g for heptasubsti- 
tuted dioxins (HpCDD), and 8-10 pg/g for octasubstituted dioxins (OCDD). Eggs 
for which residues were below the detection limit were assigned a value of one 
half the minimum detection limit (O.E.C.D. 1981). PCB levels are quoted relative 
to a 1 : 1 mix of Aroclor 1254 : 1260 as the reference standard. DDE levels quoted 
are for the p, pl-homolog. 

After opening, the eggshells were rinsed with water and air-dried at room 
temperature for about three months. The thickness of shells (including membranes), 
hereafter referred to as 'eggshell thickness', was measured at three points around 
the equator of the egg, using a Starrett dial-gauge micrometer accurate to 0.001 mm, 
and the mean thickness then calculated. The length (L) and breadth (B) of eggs 
collected in 1983 from Gull I. and Knife I. was measured with Vernier calipers 
(accurate to 0.1 mm), and a volume index calculated (L x B2). 

3.2. POPULATIONS AND REPRODUCTION 

The number of Herring Gull nests was often estimated during the 1970s and 
early 1980s using techniques such as aerial estimation of nest/territory number, or 
dividing the number of adults seen by two (Scharf et al., 1978; Blokpoel et al., 
1980). We consider the margins of survey error to be unnacceptably large for these 
techniques, and so we considered only ground counts of Herring Gull nests as 
reliable indicators of colony size. Colonies were visited during the late incubation 
period (15 May-6 June were the extreme dates) and the number of 'Apparently 
Occupied Nests' (AONs), and their contents, determined. Old nest-structures which 
had not been clearly modified during the current year were not scored as AONs, 
whereas freshly built-up and/or cupped nests were counted, irrespective of their 
contents. Reproductive output was determined by two subsequent visits to colonies 
when chickswould have reached a median age of about 21 d, according to methods 
described by Mineau and Weseloh (1981). It proved unnecessary to fence groups 
of nests since colonies were sufficiently discrete to permit estimation of chick 
production using the mark-recapture technique. 

3.3. DATA ANALYSES 

To facilitate comparisons with other published accounts of contaminants in Herring 
Gull eggs, as well as fish species, the residue levels for AMCs are presented as arith- 
metic means. However, for some compounds these individual egg residues were 
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significantly skewed to the right in their frequency distributions [Kolmogorov- 
Smirnov One-Sample Test, using Lilliefors 2-Tailed Probability Test (Wilkinson, 
1989)]. Therefore, parametric statistical tests were carred out on lOgl0-transformed 
data, thereby meeting more closely the assumptions of those tests. As a result of 
this skewness, geometric mean levels for most contaminants were up to 30% lower 
than the quoted arithmetic means, but the difference was even greater for mirex 
(57%) and tetrachlorobenzenes (70%). 

Unless stated otherwise, arithmetic means are quoted + one standard deviation. 
The term 'significant' is used in its statistical sense only, statistical significance 
being accepted at the P = 0.05 level. The number of degrees of freedom is given 
as a subscript to the statistic quoted. Statistical methods and conventions follow 
those of Sokal and Rohlf (1981) and Rohlf and Sokal (1981). Computation utilised 
the Systat software packages (Wilkinson, 1989). 

4. Results 

4.1. CONTAMINANT LEVELS IN 1983 

In 1983 the following seven main contaminants were detected at each of the 
eight colonies sampled: DDE, dieldrin, HE, HCB, mirex, oxychlordane and PCBs 
(Table I). Levels of these compounds varied significantly amongst colonies (Fried- 
man's test for randomised blocks, X 2 = 45.27, 6 d.f., P = 0.0001. There was 
a significant inverse correlation (P  < 0.05) between levels of mirex and both 
oxychlordane and HE. There were significant positive correlations (P  < 0.05) for 
the following pairs of contaminants: DDE-HE, DDE-oxychlordane; HCB-PCBs, 
HCB-dieldrin; and dieldrin-PCBs. Lipid levels in egg pools ranged between 7.2% 
and 8.5% of wet weight. Contaminant levels were not significantly correlated with 
the percentage lipid in eggs. 

To obtain an overall index of egg contamination for each colony in 1983 (Fig- 
ure 2), we used levels of seven main compounds: DDE, dieldrin, oxychlordane, HE, 
HCB, mirex, and PCBs. For each colony and compound, the level was expressed 
as a proportion of the highest level in any egg pool for that contaminant. These 
proportions were then summed for each colony, to provide a composite contami- 
nant index (CCI) for each colony of levels of these seven contaminants, and these 
indices were then presented as pie diagrams. For example, Gull I. had the highest 
levels for six of these compounds, scoring 1.0 for each, but mirex levels were 0.43 
of the maximum recorded in 1983 (from Leadman I.). This resulted in a total score 
for Gull I. of (6 x 1.0) + (1 x 0.43) = 6.43. Since this was the highest colony 
index it was shown as a filled circle, and indices for other colonies were shown as 
proportions of this value. 

Eggs from Gull Island and Leadman Island exhibited the highest levels for 
most OCs, and ChOne Island the lowest, but the overall range of variation was not 
great (Table I; Figure 2). Levels of most contaminants varied amongst the colonies 
sampled, by a factor of only about two: DDE (1.7), dieldrin (2.1), HCB (2.0), 
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TABLE I 

Levels of  selected organochlorine contaminants in fresh Herring Gull eggs on Lake 
Superior, from eight colonies in 1983, and Granite Island in 1982. Residue levels are 
given as #g/g, on a wet weight basis. 

Colony # of % Oxy- 

#a Name eggs lipid DDE HCB Mirex P C B s  chlordane HE dieldrin 

I Chene I. 10 8.49 2.74 0.053 0.126 14.5 0.134 0.133 0.247 

10 Leadman I. 10 8.48 4.00 0.070 0.244 20.0 0.228 0.159 (I.460 

13 Papoose I. 10 7.76 3.46 0.052 0.051 15.7 0.258 0.183 0.376 

14 Knife I. 10 8.33 3.84 0.052 0.032 16.7 0,288 0.173 0.224 

15 Gull I. I0 8.40 4,65 0.081 0.106 28.4 0.321 0.252 0.471 

16 Lake Linden 12 7.16 3.78 0.041 0.093 15.1 0.228 0.167 0.301 

17 Huron I. 12 7.38 3.48 0.049 0.146 15.7 0.194 0.155 0.320 

4 Agawa Rk. 12 b ~ 8.93 3.24 0,055 0.152 21.1 0.268 0.115 0.329 

sd 0,69 1.08 0~059 0.051 18.7 0.114 0,056 0.125 

11 Granil~ I, l0 b ff 8.45 6.75 0.074 0.220 39.7 0.335 0.201 0.435 

sd 1,19 4.75 0.015 0.298 24.5 0.153 0.090 0.231 

a Colony numbers refer to locations shown in Figure 1. 

b Eggs from Agawa Rk. and Granite I. Annual Monitoring Colonies were analysed individually 

(arithmetic means levels q- 1 s.d. are quoted) whereas other samples were analysed as pools. 

c2~ 

Fig. 2. Geographical variation in egg contaminant levels at eight Herring Gull colonies in 1983. The 
filled section of each pie is proportional to a composite index of seven main contaminants expressed 
as a percentage of the most contaminated colony (Gull I.). See text for further explanation of index 
calculation. 
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TABLE II 

Levels of additional organochlorine contaminants in freshly-laid Herring Gull eggs from 
Lake Superior Annual Monitoring Colonies, 1981-83. Residue levels are expressed as 
arithmetic means (± 1 s.d.), in #g/g on a wet weight basis, (except for PCDDs which are in 
pg/g, for egg pools). Samples were 10-13 eggs, except where indicated in square brackets. 

GraniteI. AgawaRk. 

Compound 1981 I982 1981 1982 1983 

o~-chlordane 0.22 ~ 0.06 0.02 ~ 0.01 [9] 0,20 4- 0.06 0.02 4-4- 0.01 [7] 0.01 4- 0.01 

-7-chlordane 0.07 4-4- 0.05 0.01 4- 0.002 0.04 [1] 0.01 4- 0.002 0.004 ± 0.001 

1,2,3,4 TeCB a 0.02 -4- 0.07 0.004 4- 0.004 0.01 :~ 0.01 0.01 ± 0.004 0.002 ~ 0.002 

1,2,3,5/1,2,4,5 TeCB 0,01 ::]: 0 .02 0.01 4- 0.002 0,01 ~ 0~01 0.01-4- 0.004 0.002 ~ 0.002 

Pentachlorobenzene 0.01 4- 0.02 0.01 4- 0.01 0.01 4- 0.01 0.01 4- 0,003 0,004 4- 0.003 

~ - H C H  b na 0.003 i 0.(XH na na 0.007 -4- 0.004 

/3-HCH 0.02 ± 0.01 0.02 ~ 0.01 0.02 ::k 0.02 0,02 J:: 0.01 0.01 ~ 0.01 

Trans-nonachlor na 0.09 4- 0 .10 na 0,16 4- 0.08 0.03 4- 0.01 

2,3,7,8 TCDD c na na 79 51 13 

1,2,3,7,8 PeCDD d na na 2l  18 8 

1,2,3,6,7,8 H × CDD e na na 30 24 8 

1,2,3,4,6,7,8 HpCDD f na na 8 8 8 

Octachlorodibenzo-p-dioxin na na 14 30 10 

a hexachlorocyclohexane; b hexachlorocyclohexane; c etrachlorodibenzo-p-dioxin; d pentachlorodibenzo-p-dioxin; 

e hexachlorodibenzo-p-dioxln; f heptachlorodibenzo-p-dioxin, na = not analysed. 

PCBs (2.0), oxychlordane (2.4), HE (2.2), but mirex levels ranged by a factor of 
7.6. Mirex levels were lowest in eggs from the western half of Lake Superior (west 
of 88 ° W) than in the eastern colonies, but not quite significantly so (medians for 
five western colonies = 0.093 vs. 0.149 for four eastern colonies, Mann-Whitney 
U-test, Z = 1.715, P = 0.086). Although eggs were not collected from Granite 
Island in 1983, levels of  all eight main contaminants in 1982 eggs there were higher 
than at most of the colonies sampled in 1983 (Table I). The individual egg analyses 
revealed relatively high variation within a sample: coefficients of variation were 
highest for mirex (0.34-1.35), HCB (0.20-1.07) and PCBs (0.62-0.89) (Table I). 

Lower levels of an additional eight organochlorine pesticide residues were also 
detected in eggs from the Agawa Rock AMC in 1983 and 1982, as well as Granite 
Island AMC in 1982 (Table II). For eggs in 1982 there was no significant difference 
in levels between these two AMCs for the OC compounds detected (paired t-tests, 
P = 0.9). PCDD levels at Agawa Rock were highest for 2,3,7,8 TCDD, but 
detectable concentrations of higher chlorinated isomers were present in all samples 
analysed (Table II). 

4.2. TEMPORAL TRENDS IN CONTAMINANTS, 1974 - 83  

At Granite Island and Agawa Rock, the Lake Superior AMCs, Herring Gull eggs 
were collected and analysed annually during this 10-year period (excepting Agawa 
Rock in 1976 and Granite I. in 1983). Most OCs listed in Tables I and II were 
analysed for in these egg samples, and detectable concentrations were found in 
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Fig. 3. Trends in levels of DDE, PCBs, mirex and dieldrin in Herring Gulls eggs from Agawa Rk. 
and Granite I. Annual Monitoring Colonies, 1974-83. 

almost all eggs in each year. Compounds which were not detected in i00% of eggs 
in most years at each colony were: -y-chlordane (found in 55-100% of eggs in any 
given colony-year); 1,2,3,4 tetrachlorobenzene (TeCB) (30-100%), 1,2,3,5/1,2,4,5 
TeCB (30-100%), alpha-hexachlorocyclohexane (c~-HCH, 30-73%), and fl-HCH 
(70-100%). The TeCBs and/3-HCH occurred less frequently in eggs after 1980. 

Lipid levels in eggs (expressed as percentage of wet weight) showed no signif- 
icant variation amongst years, during the 1974-83 period, at either Agawa Rock 
(F9,80 = 0.4; overall mean 8.8 4- 1.2%, range for individual eggs = 5.0-11.7%) or 
Granite Island (F8,72 = 0.3; overall mean 8.7 -t- 1.3%, range 5.1-12.7%). However, 
the mean lipid content of eggs at AMCs (pooled for sites and years) during the 
1970s was higher than during the 1980s, but not significantly so (8.9 4- 0.8%, vs. 
8.3 -t- 0.7%, respectively, t16 = 1.6, P = 0.1). 

Levels of most contaminants declined in Herring Gull eggs at both AMCs over 
the 10-year period, the steepest declines occurring prior to 1980 (e.g. Figure 3). 
Linear regression analysis of log-transformed egg contaminant levels revealed 
significant declines (P  < 0.002) over this period for the following four compounds 
at both sites (the greatest percentage decline at any one site between 1974 and 1982 
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TABLE III 

Average population half-lives (in years) of organochlo- 
rine contaminants in Herring Gull eggs from Lake Supe- 
rior Annual Monitoring Colonies which showed a signifi- 
cant decline over the 1974-83 period, ns = non-significant 
decline. Compounds shown in Tables I and II but not men- 
tioned here did not show significant declines during the 
period. 

Compound Agawa Rk. Granite I. 

hexachlorobenzene (HCB) 4.3 8.6 

DDE 3.6 3.4 
/3 hexachlorocyclohexane 4.7 ns 

mirex 4.4 2.2 

PCBs (1254/1260 1 : 1 mix) 5.8 5.7 

or 1983 is given in parentheses): DDE (77%), mirex (84%), HCB (81%), and PCBs 
(58%). Overall, the declines were slightly greater at Agawa Rock than at Granite 
Island,/3-HCH showed significant decreases at Agawa Rk., but not at Granite I. No 
significant trend was detected for dieldrin, HE or oxychlordane at either colony, 
or o~-chlordane at Agawa Rk. Levels of o~-chlordane increased significantly at 
Granite I. (P  < 0.001). Levels of PCDDs in eggs from Agawa Rock declined 
generally from 1981 to 1983, especially for the most toxic isomer, 2,3,7,8 TCDD 
(Table II). Levels of 1,2,3,4,6,7,8 heptachlorodibenzo-p-dioxin were close to the 
detection limit and showed no apparent change over this period. Seventeen of the 
23 contaminants detected in samples from this period reached their lowest recorded 
level in eggs in 1983 (Agawa Rock) or 1982 (Granite Island). 

Average population half-lives of the contaminants (Armstrong and Sloan, 1980), 
which measure the length of time necessary for the concentration of a compound 
to decrease by 50% in population samples of this kind, were calculated for each of 
the five compounds exhibiting a significant decreasing trend in levels at the AMCs 
(Table III). These half-lives, which represent the integration of a complex set of 
biological and chemical processes in the Herring Gull and its prey (Mineau et aL, 
1984), ranged from a low of 2.2 years for mirex, to 8.6 years for HCB (both at 
Granite Island). 

4.3. EGGSHELL THICKNESS 

Mean eggshell thickness ranged between 0.338 mm and 0.363 mm at eight study 
colonies in 1983, with an overall unweighted mean thickness of 0.345 mm (Table IV). 
There was no significant difference in eggshell thickness amongst colonies (One- 
Factor ANOVA, F9,70 = 1.84, P = 0.076), but Gull Island eggshells averaged 
4-7% thicker than those in other colonies. On average, eggshells were 8% thin- 
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TABLE IV 
Shell thickness and percentage thinning of Herring Gull eggs from selected colonies 
on Lake Superior in 1983. Colonies are arranged by degree of shell thinning, and 
locations are shown in Figure 1. 

Colony Eggshell thickness (ram) 
# Name N mean 4- s.d. % thinning a 

15 Gull I. 10 0.363 -4- 0.025 3.1 
10 Leadman I. 10 0.349 -4- 0.026 7.0 
4 Agawa Rk. 13 0.348 4- 0.022 7.3 
13 Papoose I. 10 0.345 -t- 0.025 8.1 
16 Lake Linden 12 0.341 -4- 0.027 9.0 
17 Huron Is. 12 0.340 4- 0.030 9.4 
1 Chene I. 10 0.339 4- 0.024 9.7 
14 Knife I .  10 0.338 4- 0.022 9.8 

Mean 87 0.345 -4- 0.025 8.0 

Compared to pre-1947 mean value of 0.375 mm (Anderson and Hickey, 1972). 

her (range 3-10%) than in pre-1947 (i.e. pre-DDT) samples measured in muse- 
um collections (Anderson and Hickey, 1972). For this sample of eight colonies, 
mean eggshell thickness was positively correlated with contaminant residues (in 
egg pools), significantly so for HCB (P  = 0.008), dieldrin (P  = 0.007) and 
PCBs (P  = 0.0003), but not quite significantly so for DDE (P  = 0.06) or HE 
(P  -=- 0.08). Eggshell thickness was not correlated significantly with breeding 
output. Egg biometrics taken at Gull I. and Knife I. in 1983, revealed that both 
larger eggs (r 2 = 0.254, F1,18 = 6.11, P = 0.02) and broader eggs (r 2 = 0.356, 
F1,18 = 9.96, P = 0.006) had significantly thicker shells. 

4.4. REPRODUCTION 

Average reproductive output in 1983 varied between 0.15 and 1.57 young per 
apparently occupied nest (Y/AON) at nine colonies in Lake Superior (Table V). 
At 56% of the colonies studied in 1983, productivity was below the 0.8-1.40 
Y/AON level, regarded to be necessary to maintain a stable population (Kadlec 
and Drury, 1968; Kadlec, 1976). For six colonies contaminant levels in eggs (pools) 
were also determined, and rank correlation analyses performed with reproductive 
data. All correlations were in a negative direction (colonies with higher levels 
of  contaminants in eggs having lower reproductive output). The relationship was 
significant only for mirex (Kendall 's T = -0 .73 ,  P = 0.039), but that for PCBs 
approached significance (T = -0 .69 ,  P = 0.052). 

Reproductive output at Lake Superior Herring Gull colonies was measured at a 
total of 17 colonies in the period 1975-84 (Table V). These data indicated a general 
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TABLE V 
Reproductive output of Herring Gulls at selected Lake Superior colonies between 1975 and 
1984. Values given are mean numbers of young reaching 21 d of age per Apparently Occupied 
Nest (AON). Colony locations are shown in Figure 1. 

C o l o n y  # o f  

n a m e  A O N s  a 1975 b 1976 b 1978 1979 1980 i981 1982 1983 1984 

1. ChSne  I. 195 - - - 1.57 - 

2. Sawpi t  Bay  38 - - 0.89 - 

3. C o z e n ' s  Cove  326 - - 0.77 0.74 1.19 

4. A g a w a  Rk.  232 - 1.66 0.88 0.40 0.37 0.14 I).37 0.85 

5. Telegraph Rk.  49 - - - 0.15 0.07 0.46 

6. S. DeviI ' s  W ' h .  I. c 40  - - - 0.48 - 

7. En t rance  I. 322 - - - 1.04 - 

8. S. Dore  B a y  191 - - - 0 .52 - 

9. E. D o g  Ha r bou r  30 - - - 0.85 

9, L e a d m a n  I. 134 - - - 0.15 

11. Gran i te  I. 150 1.32 1.55 1.12 1.77 1,40 0,46 - 

12. Silver Islet 45 - - 1,39 1.36 1.39 

13. Papoose  I. 168 - - - 1.82 0.94 

15. Gul l  I, 189 . . . .  1.43 

16. L a k e  L i n d e n  198 - - - 0 .6 l  

17. H u r o n  Is. 485 - - - 0.47 

a the m o s t  recen t  g r o u n d  census  for  each  site: colonies 1,4,5,6,7,12 = I983  (this s tudy);  

2,3,8,9,10,13 = 1981 (CWS,  unpubl ,  data);  11 = 1978 (CWS,  u n p u b h  data); 14-17 = 

1976 (Schar f  et al., 1978). 

b da ta  fi 'om Ryde r  and Carroll  (1978).  c Sou th  Devi l ' s  Warehouse  Island. 

decline in gull productivity over this period, although a few colonies (such as Silver 
Islet and Papoose Island) appeared to have maintained reasonably high levels 
of chick production into the 1980s. Over this 10-year period annual production 
of young at both AMCs declined, but not significantly so (linear regressions, 
P > 0.2). When this period was divided into two five-year periods, and productivity 
figures for AMCs analysed together, mean reproductive output was found to be 
significantly lower in the 1980-84 period (0.57+0.42 Y/AON) than in the 1975-79 
period (1.38 ± 0.34 Y/AON; tal = 3.77, P = 0.003), an average decline of 59%. 
Egg lipid levels were significantly correlated with reproductive output at Agawa 
Rk. ( r  2 = 0.66, F1,4 = 7.63, P = 0.05) but not at Granite 1. (F1,4 = 0.04), nor 
when all AMC data were pooled (F1,10 = 0.07). 

The size of completed clutches at both AMCs and four other colonies was 
determined in some years between 1975 and 1984. Means varied between 2.99, at 
Granite I. in 1975, and 2.16 at Island east of False Dog Harbour in 1981 (Table VI). 
Correlation analysis of mean clutch size against date revealed a significant decline 
in clutch size over the period at the two AMCs ( r  2 = 0.61, slope = - 0 . 0 6 2 +  0.018 
s.e., t8 = 3.59; F1,8 = 12.54, P = 0.008), and also for all six colonies combined 
(r 2 = 0.36, slope = -0 .053  ± 0.02 s.e., ~12 = 2.62; Fl,12 = 6.87, P = 0.022). 
Similarly, the average clutch size for these colonies in the five-year period 1975- 
79 was significantly greater than during the 1980-84 period (2.66 ± 0.21 vs. 
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TABLE VI 

Herring Gull clutch sizes at Lake Superior colonies, 1975-84. Data for 1975 and 
1976 are from Ryder and Carroll (1978). 

Colony 

#a Name 

Number of nests with clutch of: Mean 

Year 0 1 2 3 4 clutch ± s.e. 

11 Granite I. 

4 Agawa Rk. 

1975 0 0 2 97 1 2.99 ± 0.02 

1976 0 0 2 98 0 2.98 4- 0.01 

1978 0 7 30 92 0 2.66 ± 0.05 

1979 8 8 14 103 0 2.59 4- 0.07 

1980 4 1 14 91 0 2.75 4- 0.06 

1981 14 4 19 72 1 2.38 ± 0.10 

1978 2 3 28 93 0 2.68 ± 0.05 

1979 14 4 27 84 0 2.40 -4- 0.09 

1982 4 10 53 51 0 2.28 ± 0.07 

1983 6 9 35 86 0 2.48 ± 0.07 

1984 10 6 35 80 0 2.41 -4- 0.08 

8 S. Dore Bay 1981 2 2 15 10 1 2.20 q- 0.16 

9 E Dog Harb. 1981 17 2 27 54 0 2.16 ± 0.11 

5 Telegraph Rk. 1983 3 2 18 26 0 2.37 ± 0.12 

12 Silver Islet 1984 3 3 9 46 0 2.61 ± 0.10 

a Colony reference numbers refer to locations shown in Figure 1. 

2.40 4- 0.19 respectively, ~12 = 2.36, P = 0.036). However, analysing the most 
recent data for six colonies in the 1981-84 period (given in Table VI), revealed 
a significant difference in clutch size amongst colonies (X 2 = 26.91, 10 d.f., 
P = 0.003), suggesting that local factors may have been important in reproductive 
performance. 

4.5. POPULATION TRENDS 

Reliable, accurate surveys of Herring Gull nests were only available for a few sites 
in eastern Lake Superior. For colonies surveyed by systematic ground coverage 
during the late incubation period in eastern Lake Superior (between Chine Island 
and Leadman Island), overall numbers of AONs increased by an average of 4.1% 
per annum between 1978 and 1983/84, with average rates of change at individual 
colonies varying from -5.9% to +4.4% per annum (Table VII). Since Blokpoel et 

al. (1980) estimated 6410 nests of Herring Gulls in the Canadian portion of Lake 
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TABLE VII 

Numbers of apparently occupied Herring Gull nests (AONs) and mean rates of population change at 
selected colonies in eastern Lake Superior, 1978-84. 

Number of AONs Mean annual 
Colony name a 1978 1 9 7 9  1 9 8 0  1 9 8 1  1 9 8 3  1984 % change b 

Chine I. 189 - - - 195 - +0.6 
I. W of Chine I. 253 - - - 313 - +4.4 

Is. S of E end of Batchawana I. 161 - - - 185 - +2.8 

S tip of S Sandy I. 61 - - - 45 - -5,9 

N of N Sandy I. 96 - - - 107 - +2.2 

Barrett I. 128 - - 104 157 - +4.1 
Agawa Rk. 247 - - 235 232 - -1.2 

Vrooman I. 175 - - 211 201 - +2.8 

Pukaskwa National Park c 721 784 921 754 - 1045 +4.1 

Total c 2031 2480 +4.1 

- no count made. a Colony names follow those given in Blokpoel et al. (1980). 
b Taken as the difference between the most recent count (RC) and the 1978 count (IC), and 

calculated as [ ( n ~ -  1] x 100 

c 1978 data from Blokpoel et al. (1980); other years = Pukaskwa National Park (unpubl. data). 
For the purposes of 1978 and 1983 pooled totals, the 1984 count was regarded as 1983 data. 

Super io r  in 1978, our  sample  of  2031 nests  in 1978 was a good represen ta t ion  

(32%)  of  this popu la t ion .  

5 .  D i s c u s s i o n  

5.1. TEMPORAL TRENDS IN CONTAMINANTS 

A total  o f  23 xenob io t i c  po lyha logena t ed  aromat ic  hydroca rbons  was detected in 

Her r ing  Gu l l  eggs  co l lec ted  f rom Lake  Super ior  co lonies  in 1983. W h e n  ana lysed  

for, these OCs have  b e e n  de tec ted  in vi r tual ly  all eggs f rom the two colonies /a reas  

m o n i t o r e d  a n n u a l l y  s ince  the p rog ram began  in 1974. A l though  the f r equency  of  

occu r rence  of  these  c o n t a m i n a n t s  in eggs had not  d imin i shed  by  1983, m e a n  levels  

of  the m a i n  c o m p o u n d s  (DDE,  mirex,  HCB and  PCBs)  dec l ined  s igni f icant ly  over  

the 10-year  per iod,  by  up  to 97%. We have  no  c o n t a m i n a n t  data for Lake  Super io r  

eggs pr ior  to 1970s,  bu t  it is l ikely  that D D E  residues  were  even  h igher  then,  s ince 

D D E  levels  in  large Lake  Trout  (Salvel inus  n a m a y c u s h )  dec l ined  by  a factor  o f  

two b e t w e e n  1 9 6 5 - 6 8  and  1972 in wes te rn  Lake  Super ior  (Veith et  al., 1977). In  

no r the rn  Lake  Mich igan ,  Her r ing  Gul l  eggs had very high m e a n  levels  of  D D E  in 

1963 (97 #g/g ,  wet  weight)  and  1964 (202 #g/g)  (Keith,  1966). 
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The only comparable data for OC trends in other biota in Lake Superior during 
the 1974-84 period are for fish. Mean PCB levels in young-of-the-year Spottail 
Shiners (Notropis hudsonius), at two sites along the northern shoreline, increased 
at least four-fold between 1979 and 1983, whereas EDDT and Nchlordane concen- 
trations changed little (Suns et aL, 1991). In Lake Trout from the Apostle Islands 
(the archipelago near colony 15 in Figure 1), NDDT residues declined signifi- 
cantly between 1977 and 1982 (by 66% on average, from 1.2 to 0.4/zg/g), but 
PCBs, dieldrin and oxychlordane did not (DeVault et al., 1986). Similarly, total 
PCB residues in Lake Trout from Lake Superior aged 4+ years changed little 
between 1980 and 1983 (or 1985), remaining below 1 #g/g (Baumann and Whittle, 
1988). DDE residues in Rainbow Smelt (Osmerus mordax), an important food 
item of Herring Gulls in Lake Superior and other parts of the Great Lakes (Fox 
et al., 1990), changed little from 1981 to 1983 (0.6 to 0.5 /zg/g), but total PCB 
levels increased from 0.06 to 0.23 #g/g (International Joint Commission, 1985). 
In summary, from the 1970s to the early 1980s, EDDT residues in Lake Superior 
fish appeared to decline dramatically, but other contaminants fluctuated around 
relatively low levels, and some species showed increases in total PCB residues. 

It is now generally accepted that atmospheric deposition represents the main 
input of OC pesticides and PCBs into Lake Superior, and probably accounted for 
at least 90% of the annual input during the 1970s (Swain, 1978; Eisenreich et 
al., 1979, 1981b, 1983; Bahnick and Markee, 1985). Relative to the other North 
American Great Lakes, Lake Superior covers a high proportion (64%) of its total 
drainage basin area (Eisenreich et al., 1981 a), and so direct atmospheric deposition 
of contaminants onto the lake's surface will be of greater importance than for other 
lakes. Further, the hydraulic residence time is long - 180 years, as opposed to three 
years for Lake Erie, for example (Eisenreich et al., 1980). These physical factors, 
along with resuspension of sediments by severe weather conditions, contribute 
to the relatively long residence time of trace organic contaminants in the water 
column (for example, 5.4 years for PCBs) (Eisenreich et al., 1980). The rates 
of decline of contaminant concentrations in fish (DeVault et al., 1986; Suns et 
al., 1991) and Herring Gull eggs (Bishop et al., 1992), following reductions in 
environmental discharges, have been lower in Lake Superior than further south 
in the Great Lakes basin. Despite major reductions in PCB production and usage 
during the 1970s, atmospheric input of contaminants to Lake Superior remained 
elevated into the 1980s, and showed no signs of reduction (Eisenreich et aL, 1983). 
This was broadly reflected in the trends in OC levels outlined above for fish and 
Herring Gulls. Since 1980, contaminant levels in Herring Gull eggs from Lake 
Superior appear to have declined relatively little. In an overall Great Lakes context 
in 1983, Herring Gull eggs from these Lake Superior colonies contained relatively 
low levels of PCBs, HCB, and 2,3,7,8, TCDD, but similar levels of DDE and mirex 
to other lakes (excepting mirex on Lake Ontario), and higher dieldrin levels than 
in all other lakes except Lake Michigan (Table VIII). 
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TABLE VIII 

Range of arithmetic mean colony OC residues in fresh Herring Gull eggs in different parts of the 
Great Lakes in 1983. Data for lakes other than Superior extracted from Bishop et al., 1992. 

No. of #g/g, wet weight pg/g 

Lake colonies DDE PCBs Mirex Dieldrin HCB 2,3,7,8 TCDD 

Superior 8 3-5 15-28 0.03-0.24 0.22---0.47 0.04-0.08 13 (n -- 1) 

Michigan 2 6-7 28-33 0.04-0.06 0.53-0.68 0.03-0.07 10-18 a 

Huron 3 2-6 17-49 0.07-0.16 0.16--0.25 0.05-0.14 15-141 

Erie 3 2-3 37-65 0.04-0.29 0.17-0.24 0.05-0.56 9-32 a 

Ontario 3 4-5 34-46 0.33-1.50 0.14-0.22 0,07-0.09 19-90 

"Data for 1984. 

5.2. SPATIAL TRENDS IN CONTAMINANTS 

The spatial variation in egg residues we did detect in 1983 was probably due in part 
to the influence of factors such as seasonal fluctuation in sediment resuspension, 
caused by wind and current action (Capel and Eisenreich, 1985), and variation in 
the patterns of precipitation and water movement in different parts of Lake Supe- 
rior. Eisenreich et aL (1980) and Frank et al. (1980) found marked geographical 
variation in concentrations of total PCBs and DDE in the top 0.5 cm of surficial 
sediments. DDE concentrations were highest in depositional basins (as opposed to 
non-depositional zones) in northern parts of the lake, near Isle Royale and Thunder 
Bay, whereas PCBs were most concentrated in the western arm (Duluth Basin), as 
well as southwest of Isle Royale. However, some levels differed greatly even over 
very short distances, and could not be explained by point sources of municipal and 
industrial effluents from the major harbours (e.g. Glass and Poldoski, 1974). 

In general, egg residues differed relatively little among colonies on Lake Supe- 
rior, compared to similar analyses for Lake Erie (Weseloh et al., 1990), Lake Huron 
(Ewins et al., 1992), or the Detroit and Niagara Rivers and Saginaw Bay (Struger 
et al., 1985), where there were some major point sources of contaminants. Thus, 
the spatial distribution of PCBs and some other organochlorine contaminants in 
Herring Gull eggs during the 1970s and early 1980s did not correspond well to 
their distribution in sediments in Lake Superior. 

In 1983, levels of the most toxic PCDD congener, 2,3,7,8, TCDD, in Herring 
Gull eggs were declining in Lake Superior, and concentrations were similar to, or 
slightly lower than, those in eggs from Lakes Michigan, Huron and Erie, but con- 
siderably lower than those in Lake Ontario or Saginaw Bay, Lake Huron (Mineau 
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et al., 1984; Stalling et al., 1985). Similarly, Baumann and Whittle (1988) found 
that total PCDD and polychlorinated dibenzofuran (PCDF) concentrations in whole 
fish from the central and western parts of Lake Superior in the early 1980s were 
amongst the lowest recorded on the Great Lakes. 

Further interpretation of spatial differences in Herring Gull egg contaminants 
on Lake Superior is difficult without a better understanding of the wintering areas 
of adults breeding on different parts of the lake. Gilman et al. (1977), in an analysis 
of band recoveries up to 1973, found that about 20% of Lake Superior birds which 
were recovered as adults outside the breeding season, were recovered on Lake 
Michigan, about 40% on Lake Superior itself (though not in mid winter), and the 
remaining 20% scattered around other Great Lakes and inland in North America. It 
is likely that most Lake Superior adults winter on Lake Michigan or the Lake Erie 
area, rather than Lakes Ontario or Huron (Moore, 1976). Unfortunately, there are 
no subsequent, or more detailed, analyses of movements of Lake Superior Herring 
Gulls. 

Although mirex residues occur in biota throughout the Great Lakes, the only 
point sources are on Lake Ontario and the Niagara River (Weseloh et al., 1979; 
Government of Canada, 1991). Our finding of higher mirex levels in eggs from 
eastern, as opposed to western, Lake Superior colonies would be consistent with a 
longitudinal difference in wintering areas. The highly variable mirex levels in the 
Granite I. egg sample may reflect wintering by a small number of those breeders 
in Lake Ontario or along the Niagara River. Similarly, one would expect birds 
staging or wintering in Green Bay, or other more heavily contaminated parts of 
Lake Michigan, to have relatively high egg residues for compounds other than 
mirex (e.g. Heinz et al., 1985; Government of Canada, 1991). 

Another confounding factor in interpreting egg contaminant patterns in different 
areas of Lake Superior is the occurrence of local dumps of entrails from large fish 
discarded by commercial fishermen (Kozie and Anderson, 1991). We do not have 
information on the distribution of these dumps, but consumption of livers and 
other tissues of large fish by gulls during the egg-formation period would clearly 
represent a major source of contaminants which may enter the egg. 

5.3. POPULATION TRENDS AND REPRODUCTION 

Using the number of nests as an indication of the size of a breeding population, the 
Herring Gull population in eastern Lake Superior appeared to be increasing from 
1978 to 1984 at an average rate of 4% per annum. Ground censusses o f  Minnesota 
colonies, in the western arm of Lake Superior, between 1977 and 1979 recorded 
increases of 6-15% per annum (Goodermote, 1980). Although no other reliable 
census data are available from other parts of the lake, the indications are that 
Herring Gull numbers were increasing throughout much of Lake Superior between 
the mid-late 1970s and the mid 1980s. 

Since mean DDE levels in Herring Gull eggs were as high as 15-25 #g/g 
in 1974-75 in Lake Superior, and likely even higher prior to that (see earlier 
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discussion), it is possible that reproductive output at Lake Superior colonies was 
low during the 1960s, mainly due to egg breakage and embryonic mortality caused 
by DDE, but perhaps also due to poorly understood effects of other contaminants. 
This may have led to population declines, assuming that recruitment was not 
bolstered by immigrants from less contaminated areas. Thus, it is possible that the 
declines in DDE residues during the 1970s, which resulted in thicker eggshells 
and improved reproductive output, led to higher rates of recruitment and overall 
population increase. Unlike many other piscivorous birds and raptors, Herring 
Gulls appear to be fairly insensitive to the effects of DDE, and egg concentrations 
of about 160 #g/g are reported to be required before one finds 'critical' eggshell 
thinning of 15-20%, and elevated risks of egg breakage during incubation (Keith 
and Gruchy, 1972). At Lake Michigan colonies in 1964, eggshells averaged 31% 
thinner than pre-DDT values, associated with average DDE residues of 202 #g/g 
wet weight (Keith, 1966; Anderson and Hickey, 1972). In 1976, reproductive output 
at Granite Island was relatively high, at 1.55 chicks ftedged per nest, associated with 
DDE residues in eggs of 14.1 + 5.2 #g/g (CWS Ontario Region, unpubl, data). In 
1983, DDE residues of 2.7-4.7 #g/g were associated with shell thinning of 3-10% 
overall, and we found no evidence of reproductive failure due to broken, flaked or 
dented eggs. Since levels of different contaminants are often highly correlated in 
eggs of fish-eating birds (e.g. Gilman et al., 1977; Weseloh et al., 1990; Bishop 
et al., 1992), shell thickness may appear to be related to levels of various toxic 
chemicals although it is DDE which exerts the direct influence on shell structure 
(Cooke, 1973). 

Despite reductions in organochlorine contaminant levels in Herring Gull eggs 
on Lake Superior during the 1974-84 period, reproductive output declined. If 
we assume that other demographic parameters were similar on Lake Superior 
and on the U.S. Atlantic coast, then the calculations of Kadlec and Drury (1968) 
and Kadlec (1976) indicate that Lake Superior birds were producing insufficient 
young during the early 1980s to balance adult mortality. Similar low rates of 
chick production were seen during the early 1970s in Lake Ontario colonies, 
associated with markedly higher levels of most contaminants, and a range of 
adverse physiological and behavioural effects were discovered in eggs, chicks 
and adults (e.g. Gilbertson, 1974; Gilbertson and Hale, 1974; Gilbertson and Fox, 
1977; Fox et al., 1978). However, little evidence for contaminant-related biological 
effects of this kind has been found on Lake Superior (Ryder and Carroll, 1978; 
CSS unpubl, data; this study). Further, numbers of breeding birds appeared to be 
increasing throughout the lake during this period. 

5.4. THE ROLE OF FOOD AVAILABILITY 

Detailed studies in eastern Lake Superior since 1978 (CWS Ontario Region, unpubl. 
data; McNicholl et al., 1983) found that egg loss (not breakge due to thin shells) was 
an important cause of breeding failure at colonies in northeastern parts of the lake, 
whereas chick disappearance prior to fledging was common at all colonies studied. 
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These causes of failure were recorded, but at much lower levels, on Granite Island 
in 1975 and 1976 (Ryder and Carroll, 1978; Gilman et al., 1977). Our analysis of 
clutch sizes in 1983 probably reflects some egg losses prior to the date of census 
as well as differences in food availability and perhaps age structure of the breeding 
population. However, reductions in mean completed clutch size have been found in 
years of food scarcity, during detailed studies of Western Gulls (Larus occidentalis) 
in California (Ainley and Boekelheide 1990). 

Observations on Agawa Rock in 1982 and 1983 revealed that chicks were 
frequently cannibalised by neighbouring breeding adults (McNicholl et al., 1983). 
Many pairs were absent from the territory for unusually long periods during the 
nestling stage, presumably due to difficulties in finding sufficient food. Cannibalism 
appears to have been a profitable foraging strategy for some specialist adults which 
remained at the colony. When fed, chicks were presented with mostly non-fish items 
such as invertebrates, passerine birds and garbage, which almost certainly provided 
much lower energy and nutritive returns than local forage fish such as Rainbow 
Smelt, Alewife (Alosa pseudoharengus), and Yellow Perch (Perca flavescens) 
(Allan, 1977; Pierotti and Annett, 1987; Fox et al., 1990). Chick growth rates and 
fledging success have been found to correlate positively with the proportion of 
energy-rich fish in the diet of Western Gulls (Hunt and Hunt, 1976; Ainley and 
Boekelheide, 1990), and in Herring Gulls overall reproductive output was lowest 
for those birds specialising on garbage items (Pierotti and Annett, 1987). 

Thus, our results suggest that forage fish may have become less readily available 
to Herring Gulls after the 1970s, at least in eastern Lake Superior. At Granite Island 
fresh eggs contained 13% less lipid during 1980-83 (7.9 -4- 1.3%) than in the 1970s 
(9.1 -4- 1.1%) (t87 = 4.5, P = 0.0001), indicating that lipid-rich foods may have 
been in short supply for these birds in the early 1980s, at least during the egg 
formation period. At Agawa Rock/Mamainse Harbour, however, there was an 
average decline of only 1% in egg lipid content over the same period (8.75 + 1.0% 
and 8.84 -4- 1.4%, respectively, t90 = 0.4). Since eastern and northeastern regions 
of Lake Superior appear to have much lower primary production, phytoplankton 
biomass and chlorophyll A concentrations than southern and western parts (E1- 
Shaarawi and Manuwar, 1978), one might expect to see the effects of food stress 
first amongst terminal predators in such areas. 

Similar reproductive phenomena have been observed in gull populations else- 
where. A declining population of Lesser Black-backed Gulls (L. fuscus) in the Gulf 
of Finland appeared to have difficulty finding adequate food supplies, and 16% of 
eggs were eaten by the territory occupants, and, on average, 86% of chicks died 
before fledging, mainly due to starvation, or predation by Herring Gulls (Hario, 
1990). Studies in Scotland (Parsons, 1971), and the U.S. (Hunt, 1972), have also 
found high incidences of cannibalism and low breeding output of Herring Gulls, 
especially when chicks were left unattended whilst both parents searched for scarce 
food resources. 
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Fisheries data for Lake Superior lend support to the hypothesis that Herring 
Gulls could have experienced food shortages there after the 1970s. The Rainbow 
Smelt has been the main forage fish species in Lake Superior since the 1940s/50s, 
when Lake Trout and Lake Herring (Coregonus artedii) stocks declined dramati- 
cally (Heist and Swenson, 1983; Hartman, 1988), largely due to over-exploitation 
(Selgeby, 1982). The multiple introductions of exotic salmonid species as sport fish 
(e.g. Bagdovitz et al., 1986), and successful measures to control the parasitic Sea 
Lamprey (Petromyzon marinus) since the 1950s (Smith and Tibbles, 1980; Hart- 
man, 1988), undoubtedly had a major impact on the structure of the fish community 
in Lake Superior. Although predation on Rainbow Smelt by salmonids increased 
dramatically during the 1960s and 1970s, and commercial yields of Rainbow Smelt 
had declined by 1981 to less than 20% of the 1976 catch, the reasons for this crash 
in smelt numbers are poorly understood (Hartman, 1988). In southern parts of the 
lake, Rainbow Smelt stocks declined slightly in 1973-78, but sharply after 1978 
(J.H. Selgeby, in litt.). 

The timing of these major declines in Rainbow Smelt populations matched 
closely the reductions in reproductive output of Herring Gulls in Lake Superior. 
It seems likely that reductions in contaminant concentrations, particularly DDT 
and its metabolites, in Herring Gulls during the 1970s, permitted some recovery of 
populations which may have been adversely affected by higher residues during the 
1960s. During the early 1980s though, food shortages probably exerted a greater 
proximate effect than contaminant burdens on breeding productivity of Herring 
Gulls in Lake Superior. 

Acknowledgements 

We are grateful to Larry Benner, Jim Brown, Tom Clark, John Elliott, Jim Ludwig, 
Jan McDonald, Martin McNicholl, Yves Ouelette, and Stan Teeple, for assistance 
with the fieldwork. Additional logistical support was provided by the Technical 
Operations Division of the National Water Research Institute at the Canada Centre 
for Inland Waters. Lincoln Reynolds, at the Ontario Research Foundation, con- 
ducted the chemical analyses of eggs from the Annual Monitoring Colonies. At the 
National Wildlife Research Centre Mary Simon and Michael Mulvihill conduct- 
ed the PCDD analyses, and C. McConnell analysed the 1983 egg pools for OCs. 
Hugh Boyd, Keith Marshall, Iola Price, Richard Turle, and an anonymous referee 
improved earlier versions of the manuscript. 

References 

Aebischer, N.J. and Coulson, J.C.: 1990, 'Survival of the Kittiwake in Relation to Sex, Year, Breeding 
Experience and Position in the Colony', J. Anim. Ecol. 59, 1063-1071. 

Ainley, D.G. and Boekelheide, R.J. (Eds.): 1990, Seabirds of the Farallon Island, Stanford Univ. 
Press, Stanford, California. 



248 D.V. CHIP WESELOH ET AL. 

Allan, L.J.: 1977, 'The Comparative Feeding Ecology Relative to Population Dynamics of the Herring 
and Ring-billed Gulls (Larus argentatus and Larus deIawarensis) and Some Comparisons With 
the Caspian Tern', M.Sc. Thesis, Queen's University, Ontario, 196 pp. Unpublished. 

Anderson, D.W. and Hickey, J.J.: 1972, 'Eggshell Changes in Certain North American Birds', Proc. 
Int. Ornithol. Congr. XV, 514-540. 

Armstrong, R.W. and Sloan, R.J.: 1980, 'Trends in Levels of Several Known Chemical Contam- 
inants in Fish from New York State Waters', New York State Department of Environmental 
Conservation, Technical Report 80-2, pp. 77. 

Bagdovitz, M.S., Taylor, W.W., Wagner, W.C., Nicolette, J.P., and Spangier, G.R.: 1986, 'Pink Salmon 
Populations in the U.S. Waters of Lake Superior, 1981-1984', J. Great Lakes Res. 12, 72-81. 

Bahnick, D.A. and Markee, T.P.: 1985, 'Occurrence and Transport of Organic Microcontaminants in 
the Duluth-Superior Harbor', J. Great Lakes Res. 11, 143-155. 

Baumann, P.C. and Whittle, D.M.: 1988, 'The Status of Selected Organics in the Laurentian Great 
Lakes: An Overview of DDT, PCBs, Dioxins, Furans, and Aromatic Hydrocarbons', Aquatic 
Toxicol. 11, 241-257. 

Bishop, C.A., Weseloh, D.V., Burgess, N.M., Struger, J., Norstrom, R.J., Turle, R., and Logan, K.A.: 
1992, 'An Atlas of Contaminants in Eggs of Fish-Eating Colonial Birds of the Great Lakes 
(1970-1988)', Canadian Wildlife Technical Report Series No. 152. 

Blokpoel, H., Ryder, J.P., Seddon, I., and Carswell, W.R.: 1980, 'Colonial Waterbirds Nesting in 
Canadian Lake Superior in 1978', Canadian Wildlife Service Progress Note No. 118. 

Capel, P.D. and Eisenreich, S.J.: 1985, 'PCBs in Lake Superior, 1978-1980', J. Great Lakes Res. 11, 
447--461. 

Cooke, A.S.: 1973, 'Shell Thinning in Avian Eggs by Environmental Pollutants', Environ. Pollut. 4, 
85-152. 

Coulson, J.C.: 1968, 'Differences in the Quality of Birds Nesting in the Centre and on the Edge of a 
Colony', Nature 217, 478-479. 

DeVault, D.S., Willford, W.A., Hesselberg, R.J., Nortrupt, D.A., Rundberg, E.G.S., Alwan, A.K., and 
Bautista, C.: 1986, 'Contaminant Trends in Lake Trout (Salvelinus namaycush) from the upper 
Great Lakes', Arch. Environ. Contam. Toxicol. 15, 349-356. 

Eisenreich, S.J., Hollod, G.J., and Johnson, T.C.: 1979, 'Accumulation of Polychlorinated Biphenyls 
(PCBs) in Surficial Lake Superior Sediments: Atmospheric Deposition', Environ. Sci. Technol. 
13, 569-573. 

Eisenreich, S.J., Hollod, G.J., Johnson, T.C., and Evans, J.: 1980, 'Polychlorinated Biphenyl and Other 
Microcontaminant-Sediment Interactions in Lake Superior', in Baker, R.A. (Ed.), Contaminants 
and Sediments, Vol. 1, Ann Arbor, Ann Arbor Science Publishers Inc., Michigan, pp. 67-94. 

Eisenreich, S.J., Hollod, G.J., and Johnson, T.C.: 1981 a, 'Concentrations and Deposition of Polychlo- 
rinated Biphenyls to Lake Superior', in S.J. Eisenreich (Ed.), Atmospheric Input of  Pollutants in 
Natural Waters, Ann Arbor Science Publishers Inc., Ann Arbor, Michigan, pp. 425--444. 

Eisenreich, S.J., Looney, B.B., and Thornton, J.D.: 1981b, 'Airborne Organic Contaminants in the 
Great Lakes Ecosystem', Environ. Sci. Technol. 15, 30-38. 

Eisenreich, S.J., Looney, B.B., and Hollod, G.J.: 1983, 'PCBs in the Lake Superior Atmosphere 
1978-1980', in Mackay, D., Paterson, S., ~ind Simmons, M. (Eds.), Physical Behavior of PCBs 
in the Great Lakes, Ann Arbor Science Press, Michigan, pp. 115-126. 

E1-Shaarawi, A. and Manuwar, M.: 1978, 'Statistical Evaluation of the Relationships Between Phy- 
toplankton Biomass, Chlorophyll A, and Primary Production in Lake Superior', J. Great Lakes 
Res. 4, 443-455. 

Elliott, J.E.: 1984, 'Collecting and Archiving Wildlife Samples in Canada', in Lewis, R.A., Stein, 
N., and Lewis, C.W. (Eds.), Environmental Specimen Banking and Monitoring as Related to 
Banking, Martinus Nijhoff, Boston & The Hague, pp. 45-66. 

Environment Canada: 1987, Historical Water Levels Summary Ontario, Water Survey of Canada, 
Ottawa. 

Ewins, P.J., Weseloh, D.V., and Mineau, P.: 1992, 'Geographical Variation in Organochlorine Con- 
tamination and Reproductive Parameters of Herring Gulls (Larus argentatus) in Lake Huron, 
1980', J. Great Lakes Res. 18, 316-330. 



ORGANOCHLORINE IN LAKE SUPERIOR HERRING GULL EGGS 249 

Ewins, P.J., Weseloh, D.V., Groom, J.H., Dobos, R.Z., and Mineau, P.: 1993, 'The Diet of Herring Gulls 
(Larus argentatus) During Winter and Early Spring on the Lower Great Lakes', Hydrobiolgia 
279/280: (in press). 

Fox, G.A., Gilman, A.E, Peakall, D.B., and Anderka, EW.: 1978, 'Behavioural Abnormalities of 
Nesting Lake Ontario Herring Gulls', J. Wildl. Manage. 42, 477-483. 

Fox, G.A., Kennedy, S.W., Norstrom, R.J., and Wigfield, D.C.: 1988, 'Porphyria in Herring Gulls: 
a Biochemical Response to Chemical Contamination of Great Lakes Food Chains', Environ. 
Toxicol. Chem. 7, 831-839. 

Fox, G.A., Allan, L.J., Weseloh, D.V., and Mineau, E: 1990, 'The Diet of Herring Gulls During the 
Nesting Period in Canadian Waters of the Great Lakes', Can. J. Zool. 68, 1075-1085. 

Fox, G.A., Weseloh, D.V., Kubiak, T.J., and Erdman, T.: 1991, 'Reproductive Outcomes in Colonial 
Fish-Eating Birds: a Biomarker for Developmental Toxicants in Great Lakes Food Chains. 1. 
Historical and Ecotoxicologial Perspectives', J. Great Lakes Res. 17, 153-157. 

Frank, R., Thomas, R.L., Braun, H.E., Rasper, J., and Dawson, R.: 1980, 'Organochlorine insecticides 
and PCB in the surficial sediments of Lake Superior (1973)', J. Great Lakes Res. 6, 113-120. 

Gilbertson, M.E.: 1974, 'Pollutants in Breeding Herring Gulls in the Lower Great Lakes', Can. 
Field-Nat. 88, 273-280. 

Gilbertson, M. and Hale, R.: 1974, 'Early Embryonic Mortality in a Herring Gull Colony in Lake 
Ontario', Can. Field-Nat. 88, 354-356. 

Gilbertson, M. and Fox, G.A.: 1977, 'Pollutant-Associated Embryonic Mortality of Great Lakes 
Herring Gulls', Environ. Pollut. 12, 211-216. 

Gilman, A.E, Fox, G.A., Peakall, D.B., Teeple, S.M., Carroll, T.R., and Haymes, G.T.: 1977, 'Repro- 
ductive Parameters and Egg Contaminant Levels of Great Lakes Herring Gulls', J. Wildl. Manage. 
41,458-468. 

Glass, G.E. and Poldoski, J.E.: 1974, 'Interstitial Water Components and Exchange Across the 
Sediment Interface of Western Lake Superior', Proc. XIX Congress, Internat. Assoc. Limnol., 
Winnipeg, Canada. 

Goodernote, D.: 1980, 'Herring Gull Nest Counts on the North Shore of Lake Superior', Loon 52, 
15-17. 

Government of Canada: 1991, Toxic Chemicals in the Great Lakes and Associated Effects, Environ- 
ment Canada, Dept. of Fisheries and Oceans, and Health and Welfare Canada, Ottawa, 51 pp. 

Hario, M.: 1990, 'Breeding Failure and Feeding Conditions of Lesser Black-backed Gulls Larus f 
fuscus in the Gulf of Finland', Ornis Fennica 67, 113-129. 

Hartman, W.L.: 1988, 'Historical Changes in the Major Fish Resources of the Great Lakes', in Evans, 
M.S. (Ed.), Toxic Contaminants and Ecosystem Health: A Great Lakes Focus, J. Wiley and Sons, 
New York, pp. 103-131. 

Heinz, G.H., Erdman, T.C., Haseltine, S.D., and Stafford, C.: 1985, 'Contaminant Levels in Colonial 
Waterbirds from Green Bay and Lake Michigan, 1975-80', Environ. Mon. Assessment 5, 223- 
236. 

Heist, B.G. and Swenson, W.A.: 1983, 'Distribution and Abundance of Rainbow Smelt in Western 
Lake Superior as Determined from Acoustic Sampling', J. Great Lakes Res. 9, 343-353. 

Hunt, G.L. Jr.: 1972, 'Influence of Food Distribution and Human Disturbance on the Reproductive 
Success of Herring Gulls', Ecology 53, 1051-1061. 

Hunt, G.L. Jr. and Hunt, M.W.: 1976, 'Exploitation of Fluctuating Food Resources by Western Gulls', 
Auk 93, 301-337. 

International Joint Commission: 1985, 'Report of Great Lakes Water Quality Board', International 
Joint Commission, Windsor, Ontario, unpublished report. 

Jaffe, R., Stemmier, E.A., Eitzer, B.D., and Hites, R.A.: 1985, 'Anthropogenic, Polyhalogenated, 
Organic Compounds in Sedentary Fish from Lake Huron and Lake Superior Tributaries and 
mbayments', J. Great Lakes Res. 11, 156-162. 

Kadlec, J.A.: 1976, 'A Re-Evaluation of Mortality Rates in Adult Herring Gulls', Bird-Banding 47, 
8-12. 

Kadlec, J.A. and Drnry, W.H.: 1968, 'Structure of the New England Herring Gull Population', Ecology 
49, 644-676. 



250 O.V. CHIP WESELOH ET AL. 

Keith, J.A.: 1966, 'Reproduction in a Population of Herring Gulls (Larus argentatus) Contaminated 
by DDT', J. AppL EcoL 3, 57-70. 

Keith, J.A. and Gruchy, I.M.: 1972, 'Residue Levels of Chemical Pollutants in North American 
Birdlife', Proc. Int. Ornithol. Congr. XV, 437--454. 

Kozie, K.D. and Anderson, R.K.: 1991, 'Productivity, Diet and Environmental Contaminants in Bald 
Eagles Nesting Near the Wisconsin Shoreline of Lake Superior', Arch. Environ. Contam. Toxicol. 
20, 41--48. 

Ludwig, J.P.: 1962, 'A Survey of the Gull and Tern Populations in Lakes Huron, Michigan and 
Superior', The Jack-Pine Warbler 40, 104-119. 

Ludwig, J.P. and Tomoff, C.S.: 1966, 'Reproductive Success and Insecticide Residues in Lake 
Michigan Herring Gulls', The Jack-Pine Warbler 44, 77-85. 

Matteson, S.W.: 1979, 'Status of Breeding Gulls and Terns on the Wisconsin Shore of Lake Superior 
in 1979', Report to National Parks Service and Wisconsin Dept. of Natural Resources, Madison, 
Unpublished. 

McNicholl, M.K., Struger, J., and Weseloh, D.V.: 1983, 'Cannibalism in a Great Lakes Herring Gull 
colony', Abstract of the Colonial Waterbird Group's 7th Annual Meeting, Puerto Rico, pp. 13. 

Minean, P., Fox, G.A., Nostrom, R.J., Weseloh, D.V., Hallett, D.J., and EUenton, J.A.: 1984, 'Using 
the Herring Gull to Monitor Levels and Effects of Organochlorine Contamination in the Canadian 
Great Lakes', in Nriagu, J.O. and Simmons, M.S. (Eds.), Toxic Contaminants in the Great Lakes, 
J. Wiley and Sons, New York, pp. 425-452. 

Mineau, P. and Weseloh, D.V.: 1981, 'Low-Disturbance Monitoring of Herring Gull Reproductive 
Success on the Great Lakes', Colonial Waterbirds 4, 138-142. 

Moccia, R.D., Fox, G.A., and Britton, A.: 1986, 'A Quantitative Assessment of Thyroid Histopathol- 
ogy of Herring Gulls (Larus argentatus) from the Great Lakes and a Hypothesis on the Causal 
Role of Environmental Contaminants', J. Wildl. Diseases 22, 60-70. 

Moore, ER.: 1976, 'The Dynamics of Seasonal Distribution of Great Lakes Herring Gulls', Bird- 
Banding 47, 141-159. 

Niemi, G.J., Davis, T.E., Veith, G.D., and Vieux, B.: 1986, 'Organochlorine Chemical Residues in 
Herring Gulls, Ring-billed Gulls and Common Terns of Western Lake Superior', Arch. Environ. 
Contain. Toxicol. 15, 313-322. 

Norstrom, R.J., Hallett, D.J., Onuska, El., and Comba, M.E.: 1980a, 'Mirex and its Degredation 
Products in Great Lakes Herring Gulls', Environ. Sci. Technol. 14, 860-866. 

Norstrom, R.J., Won, H.T., Van Hove Holdrinet, M., Calway, P.G., and Naftel, C.D.: 1980b, 'Gas- 
Liquid Chromatographic Determination of Mirex and Photomirex in the Presence of Polychlori- 
nated Biphenyls: an Interlaboratory Study', J. Assoc. Off. Anal. Chem. 63, 37--42. 

O.E.C.D.: 1981, Chemical Trends in Wildlife Organization for Economic Cooperation and Develop- 
ment, Paris, 248 pp. 

Parsons, J.: 1971, 'Cannibalism in Herring Gulls', Brit. Birds 64, 528-536. 
Peakall, D.B., Norstrom, R.J., Rahimtula, A.D., and Butler, R.D.: 1986, 'Characterization of Mixed- 

Function Oxidase Systems of the Nestling Herring Gull and its Implications for Bioeffects 
Monitoring', Environ. Toxicol. Chem. 5, 379-385. 

Pierotti, R. and Annett, C.A.: 1987, 'Reproductive Consequences of Dietary Specialization and 
Switching in an Ecological Generalist', in Kamil, A.C., Krebs, J.R., and Pulliam, H.R. (Eds.), 
Foraging Behavior, Plenum Publishing, New York, pp. 417-442. 

Reynolds, L.M. and Cooper, T.: 1975, 'Analysis of Organochlorine Residues in Fish', in Barabas, S. 
(Ed.), Water Quality Parameters, Amer. Soc. Test. Mat. STE 573: 196-205. 

Rohlf, EJ. and Sokal, R.R.: 1981, Statistical Tables, W.H. Freeman and Company, San Fransisco. 
Ryder, J.E: 1974, 'Organochlorine and Mercury Residues in Gulls' Eggs from Western Ontario', 

Can. Field-Nat. 88, 349-352. 
Ryder, J.E and Carroll, T.R.: 1978, 'Reproductive Success of Herring Gulls on Granite Island, 

Northern Lake Superior, 1975 and 1976', Can. Field-Nat. 92, 51-54. 
Scharf, W.C., Shugart, G.W., and Chamberlain, M.L.: 1978, 'Colonial birds nesting on manmade and 

natural sites in the U.S. Great Lakes', Technical Report D-78-10, No. FWS/OBS-78115, U.S. 
Army Engineer Waterways Experiment Station, P.O. Box 631, Vicksburg, MI 39180, 189 pp. 



ORGANOCHLORINE IN LAKE SUPERIOR HERRING GULL EGGS 251 

Selgeby, J.H.: 1982, 'Decline of Lake Herring Coregonus artedii in Lake Superior: An Analysis of 
the Wisconsin Herring Fishery', Can. J. Fish. Aquat. Sci. 39, 554-563. 

Smith, B.R. and Tibbles, J.J.: 1980, 'Sea Lamprey (Petromyzon marinus) in Lake Huron, Michigan, 
and Superior: History of Invasion and Control, 1936-78', Can. J. Fish. Aquat. Sci. 37, 1780-1801. 

Sokal, R.R. and Rohlf, EJ.: 1981, Biometry, W.H. Freeman and Company, New York. 
Stalling, D.L., Norstrom, R.J., Smith, L.M., and Simon, M.: 1985, 'Patterns of PCDD, PCDF, and 

PCB Contamination in Great Lakes Fish and Birds and Their Characterization by Principal 
Components Analysis', Chemosphere 14, 627-643. 

Struger, J., Weseloh, D.V., Hallett, D.J., and Mineau, E: 1985, 'Organochlorine Contaminants in Her- 
ring Gull Eggs from the Detroit and Niagara Rivers and Saginaw Bay (1978-1982): Contaminant 
Discriminants', J. Great Lakes Res. 11, 223-230. 

Suns, K., Hitchin, G., and Toner, D.: 1991, 'Spatial and Temporal Trends of Organochlorine Con- 
taminants in Spottail Shiners (Notropis hudsonius) from the Great Lakes and Their Connecting 
Channels (1975-1988)', Report of Water Resources Branch, Ontario Ministry of the Environ- 
ment, 97 pp. 

Swain, W.R.: 1978, 'Chlorinated Organic Residues in Fish, Water, and Precipitation from the Vicinity 
of Isle Royale, Lake Superior', J. Great Lakes Res. 4, 398407. 

Veith, G.D., Kuehl, D.W., Puglish, EA., Glass, G.E., and Eaton, J.G.: 1977, 'Residues of PCB's and 
DDT in the Western Lake Superior Ecosystem', Arch. Environ. Contam. Toxicol. 5, 4874-499. 

Weseloh, D.V., Mineau, E, and Hallett, D.J.: 1979, 'Organochlorine Contaminants and Trends in 
Reproduction in Great Lakes Herring Gulls, 1974-1978', Trans. 44th North Am. Wildl. and 
National Resources Conf, Wildife Mgmt. Inst., pp. 543-557. 

Weseloh, D.V., Mineau, E, and Struger, J.: 1990, 'Geographical Distribution of Contaminants and 
Productivity Measures of Herring Gulls in the Great Lakes: Lake Erie and Connecting Channels 
1978/79', Science of the Total Environment 91, 141-159. 

Wilkinson, L.: 1989, SYSTAT: The System for Statistics, SYSTAT Inc., Evanston, IL, U.S.A. 


