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Egg quality (size, energy density) is important in determining early survival of birds. Here, we examine
temporal (1981–2019) trends in herring gull (Larus argentatus) egg volume and energy density at breed-
ing colonies on all five Laurentian Great Lakes. Temporal declines in egg volume were observed at 4/6
colonies on the upper Great Lakes (Lakes Superior, Michigan, Huron). On the lower Great Lakes (Lakes
Erie, Ontario, and connecting channels) egg volume declined at 3/8 colonies and increased at one site.
Egg energy density (kJ/g of egg contents) declined at 4/6 upper Great Lakes colonies and at 2/8 lower
Great Lakes colonies. All of the upper Great Lakes colonies showed declines in either egg volume or
energy density, or both, and these declines were related to dietary markers in eggs (fatty acids, stable
nitrogen and carbon isotopes). On the lower Great Lakes and connecting channels, declines in egg volume
or energy density were related to dietary endpoints in 3/5 instances. An information-theoretic approach
indicated that trends in egg volume were best explained at the colony level while egg energy density
trends were best explained by lake of origin. Diet-related declines in herring gull egg quality are likely
a reflection of broad-scale ecosystem changes limiting aquatic food availability for gulls, particularly
on the upper Great Lakes. These changes may be contributing to population declines in herring gulls
and other surface-feeding aquatic birds. This study highlights the value of long-term monitoring of wild-
life for identifying ecosystem change.
Crown Copyright � 2020 Published by Elsevier B.V. on behalf of International Association for Great Lakes

Research. All rights reserved.
Introduction

Aquatic birds are useful indicators of environmental change in
both freshwater and marine environments (Furness and
Camphuysen, 1997; Hebert et al., 1999a). On the Laurentian Great
Lakes, herring gulls (Larus argentatus) have been used in this capac-
ity for decades. Studies have focused on the assessment of spatial
and temporal trends in contaminant levels (Gilman et al., 1979;
Weseloh et al., 2006, 2011), detection of emerging contaminants
(Gebbink et al., 2011; Chen et al., 2012a,b; Gauthier et al., 2019),
and identification of ecosystem change through modification of
food web structure (Hebert et al., 2008, 2009; Laurich et al.,
2019). With respect to the last topic, herring gulls are opportunistic
generalists that make use of food resources as they become avail-
able. When foraging aquatically, they feed at the water’s surface
and so are constrained to feed on prey that inhabit surface and/
or shallow, near-shore waters. On the Great Lakes, small prey fish
are an important food source for herring gulls (Fox et al., 1990;
Ewins et al., 1994; Hebert et al., 1999b). Fish are a high quality food
that is rich in energy and nutrients (Hebert et al., 2002); but if fish
are not available, herring gulls will utilize other food resources
(Fox et al., 1990; Laurich et al., 2019).

Diet, through its effects on various components that contribute
to reproductive success including egg quality (size/volume, energy
content, biochemical composition), timing of breeding, adult
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attentiveness during incubation and chick rearing, and/or rates of
chick provisioning, plays a role in regulating the fitness of birds
(Martin, 1987). Here, we focus on aspects affecting egg quality:
egg volume and energy content, in gulls. Egg volume may be an
important determinant of egg quality as it reflects the quantity of
lipid and protein reserves provisioned by the female during egg
formation and available to the chick during embryonic develop-
ment and at hatch. For birds in general, chicks hatching from larger
eggs exhibit higher hatching success, larger size, enhanced
immune function, more rapid growth, and higher nestling survival
(Martin, 1987; Krist, 2011). For example, Bolton et al. (1992) found
that in lesser black-backed gulls (Larus fuscus), larger eggs pro-
duced chicks that were skeletally larger and also heavier for their
size; both factors could contribute to increased chick survival. In
herring gulls, egg size/volume has been found to be important in
determining chick survival and growth early in chick-rearing and
subsequent survival to fledging (Parsons, 1970; Davis, 1975). Egg
energy content is also an important factor regulating recruitment
of chicks into gull populations through the provision of resources
for early chick growth. Egg energy content increases with yolk con-
tent because yolk contains higher levels of lipids and proteins than
albumen (Martin, 1987). Because egg quality can affect hatching
success and survival of young, it should only be reduced in envi-
ronments where food resources are constrained. Here, we examine
patterns in herring gull egg volume and egg energy density on each
of the five Laurentian Great Lakes over a 39-year period (1981–
2019). We also investigate possible dietary and environmental fac-
tors (temperature) that may be contributing to these patterns.
Methods

Herring gull eggs were collected annually from 14 colonies on
the Laurentian Great Lakes (Fig. 1). Median clutch size for herring
gulls is three eggs (Nisbet et al., 2017). Each year at each site,
one egg was collected from 10 to 13 3-egg clutches in late April–
early May. For some year/colony combinations, eggs were not col-
lected or measurements were not available, but for the most part,
data were available frommost years during the 1981 to 2019 study
period. Exceptions to this were: the St. Lawrence River colony
where collections were first made in 1986, the Detroit River where
nesting effectively ceased in 2009, and the Niagara River where
data were available from Weseloh Rocks up to 2015. After collec-
tion, eggs were transported to the National Wildlife Research Cen-
tre (NWRC) in Ottawa, Ontario, Canada. Maximum length and
breadth of each egg were recorded prior to the egg being opened.
Egg volume (cm3) was calculated according to Ryder (1975):

Egg volume cm3� � ¼ 0:489� length� breadth2
� �

=1000

Eggs were processed individually and egg contents (albumen
and yolk), were homogenized together. For each location and in
each year, one egg pool was created that consisted of the individual
eggs combined on an equal-weight basis. Subsamples of these
pools were stored frozen prior to analysis (�40 �C for stable isotope
analysis, �80 �C for fatty acid analysis). As part of ongoing chemi-
cal contaminant biomonitoring studies, egg lipid and moisture
content (% wet weight) were quantified for each pool using a gravi-
metric method. Egg energy densities were estimated using the
mass balance approach described in Paterson et al. (2009, 2014).
Carbohydrate content of avian eggs is typically <1% and was thus
considered to contribute negligibly to egg energy densities. Caloric
contents of 9.50 and 5.65 kcal g�1 were used for egg lipid and pro-
tein, respectively. A conversion factor of 4187 J kcal�1 was used to
estimate energy densities (see Paterson et al., 2009, 2014 for
details).
Please cite this article as: C. E. Hebert, D. V. C. Weseloh, M. T. Arts et al., Trends i
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Details regarding stable isotope analyses have been described
previously (Hebert et al., 1999b; Hebert and Popp, 2018). Stable
isotope values were reported in delta notation as parts per thou-
sand deviation from a standard (N, atmospheric air; C, Vienna Pee-
Dee belemnite). Stable isotope data were normalized to internal
reference materials. Quality control was maintained through sam-
ple duplicates, and analytical precision was ±0.2‰. Egg pools were
also used for fatty acid analysis. Analytical methods are described
in Hebert et al. (2006) and McMeans et al. (2012). A 37-component
fatty acid methyl ester standard (Supelco; no. 47885-U) was used
to identify and quantify fatty acid methyl esters in eggs by compar-
ing their retention times to those of the fatty acid methyl ester
standard. Results were reported as micrograms of fatty acid methyl
ester per milligram dry weight tissue. Here we focus on the omega-
3 and omega-6 fatty acids. Total omega-3 fatty acid values were
the sum of five fatty acids: alpha-linolenic acid (ALA, 18:3n-3),
eicosatrienoic acid (ETA, 20:3n-3), eicosapentaenoic acid (EPA,
20:5n-3), docosapentaenoic acid (DPA, 22:5n-3), and docosahex-
aenoic acid (DHA, 22:6n-3). Total omega-6 fatty acid values were
the sum of five fatty acids: linoleic acid (LNA, 18:2n-6), c-
linolenic acid (GLA, 18:3n-6), 11,14-eicosadienoic acid (20:2n-6),
dihomo-c-linolenic acid (20:3n-6), and arachidonic acid (ARA,
20:4n-6). Other omega-3 and omega-6 fatty acids were not
detected in gull eggs.

Egg fatty acid profiles reflect the fatty acid composition of the
laying females’ diet (Farrell, 1998; Surai et al., 2001; Surai and
Speake, 2008). Long carbon-chain omega-3 (n-3) fatty acids are
found at disproportionately high concentrations in
phytoplankton-based food webs compared to terrestrial systems
(Hixson et al., 2015). Therefore, eggs containing greater propor-
tions of these fatty acids would have been formed from diets con-
taining more aquatic foods. Higher levels of n-3 fatty acids in the
tissues of consumers have been associated with increased fish con-
sumption (Huang et al., 1990; Dewailly et al., 2003) while omega-6
(n-6) fatty acids are abundant in terrestrial foods (Olsen, 1998).
Here, we use the ratio of n-3 to n-6 fatty acids as an index of the
relative amount of aquatic food in the gull diet (Hebert et al., 2008).

Temporal trends in egg volume (1981–2019) and egg energy
density (1981–2018) were evaluated for each colony using non-
parametric statistics (Spearman correlation coefficients, rs). Tem-
poral trends were visualized using locally weighted scatterplot
smoothing (LOWESS) (Cleveland, 1979). For statistical analysis of
the egg volume data, an annual mean value was generated for each
colony based upon the eggs measured at each colony in each year.
For egg energy density and dietary endpoints (fatty acids, stable
isotopes) one annual colony-specific value was generated for each
parameter based upon the analysis of the pooled egg sample from
each colony in each year.

Information regarding seasonal temperature departures from a
long-term reference for the Great Lakes region were obtained from
Environment and Climate Change Canada (ECCC, 2019). Gridded
historical temperature anomalies are interpolated from adjusted
and homogenized climate station data at a 50 km resolution across
Canada. Seasonal temperature anomalies are the difference
between the annual temperature for a particular season and a
baseline value defined as the average over the 1961–1990 refer-
ence period. That reference period was chosen because it is recog-
nized by the World Meteorological Organization as a standard
reference period for long-term climate change assessments
(ECCC, 2019). Seasonal, i.e., winter (December of preceding year,
January, February), spring (March, April, May), temperature
anomalies from 1981 to 2019 specific to the Laurentian Great Lakes
were included in this analysis. Seasonal temperature anomaly data
were used to assess the degree to which temperatures immediately
preceding the herring gull egg-laying period (April–May) could
result in temperature-mediated phenological changes that could
n herring gull egg quality over four decades reflect ecosystem state, Journal
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Fig. 1. Sites of collection for egg data. (1) Granite Island, (2) Agawa Rocks, (3) Gull Island, (4) Double Island, (5) Chantry Island, (6) Channel Shelter Island, (7) Fighting Island,
(8) Middle Island, (9) Port Colborne, (10) Weseloh Rocks, (11) Hamilton Harbour, (12) Toronto Harbour, (13) Snake Island, (14) Strachan Island.
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disrupt food web connections between gulls and their prey. No
specific examples of such phenological effects impacting Great
Lakes waterbirds have yet been identified but they could occur
through a variety of mechanisms. For example, increased air tem-
peratures could result in water temperatures reaching optimal
spawning temperatures for prey fish, such as rainbow smelt
(Osmerus mordax), earlier in the spring. Such mechanisms could
result in temporal ‘‘disconnects” between gulls and availability of
their prey.

An information-theoretic approach (Burnham and Anderson,
2002) was used to assess how well candidate models explained
trends in egg volume and egg energy density. Predictor variables
included in the models were: collection site (colony), collection
lake (Detroit River site categorized with Lake Erie sites; Niagara
River and St. Lawrence River sites categorized with sites on Lake
Ontario), regional collection location (upper or lower Great Lakes),
year of collection, aquatic versus terrestrial food in the gull diet (n-
3/n-6 fatty acid ratio), food source (d13C), bird trophic position
(d15N), and winter and spring annual average temperature depar-
tures from the 1961–1990 reference value for the Great Lakes
region (ECCC, 2019). Models were evaluated using Akaike’s Infor-
mation Criterion (AICc). The most parsimonious model exhibiting
the smallest difference in AICc values across models (DAICc) (model
threshold = DAICc < 2) was deemed best at explaining trends in egg
volume and energy density. Statistical significance was evaluated
at a = 0.05, and all statistics were done using Statistica (ver. 12,
StatSoft Inc., Tulsa, Oklahoma, USA).
Please cite this article as: C. E. Hebert, D. V. C. Weseloh, M. T. Arts et al., Trends i
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Results

Temporal declines in egg volume were observed at colonies on
Lakes Superior (Granite Island rs = �0.39, p < 0.02; Agawa Rocks
rs = �0.41, p < 0.02), Michigan (Gull Island rs = �0.45, p < 0.01),
Huron (Double Island rs = �0.60, p < 0.001), and at colonies on
the Detroit River (Fighting Island rs = �0.66, p < 0.001), Niagara
River (Weseloh Rocks rs = �0.80, p < 0.001), and Lake Ontario (Tor-
onto Harbour rs = �0.58, p < 0.001) (Table 1, Fig. 2). Increases in egg
volume were only observed at Strachan Island on the St. Lawrence
River (rs = 0.47, p < 0.01) (Table 1, Fig. 2). Declines in egg volume
were more consistently observed at colonies on the upper Great
Lakes (4/6 colonies) than on the lower lakes (3/8 colonies). Com-
paring egg volume between the earliest and most recent year avail-
able, Double Island on Lake Huron showed the largest change
(1981 versus 2019, 14.8% decline) followed by Weseloh Rocks on
the Niagara River (1981 versus 2015, 11.4% decline).

Temporal declines in egg energy density were observed at colo-
nies on Lakes Michigan (Gull Island rs = �0.60, p < 0.001), Huron
(Double Island rs = �0.39, p < 0.02; Channel Shelter Island
rs = �0.46, p < 0.01; Chantry Island rs = �0.56, p < 0.001), Erie (Port
Colborne rs = �0.58, p < 0.001), and Ontario (Snake Island
rs = �0.42, p < 0.02) (Table 1, Fig. 3). Declines in egg energy density
were more consistently observed at colonies on the upper Great
Lakes (4/6 colonies) than on the lower lakes (2/8 colonies).

All colonies on the upper lakes showed declines in egg volume,
energy density, or both; and these declines were accompanied by
n herring gull egg quality over four decades reflect ecosystem state, Journal
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Table 1
Relationships between egg volume or egg energy density, time, dietary markers, and annual average temperature departures from 1961 to 1990 reference values for the
Great Lakes region. Shaded cells (arrows within cells show direction of trend/relationship) denote statistically significant Spearman correlations indicating: temporal
decrease in egg volume (except Strachan Island*) or egg energy density; egg volume/energy density increase with increasing n-3/n-6, increasing d15N, decreasing d13C (more
negative d13C values), decreasing temperature departures (colder years). Sites 1–6 upper Great Lakes (Superior, Michigan, Huron), sites 7–14 lower Great Lakes (Erie, Ontario,
connecting channels) (see Fig. 1).
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decreases in egg n-3/n-6 ratios (decreased aquatic food), egg d15N
values (decreased trophic position), and increases in egg d13C val-
ues (possibly increased terrestrial food) (Table 1). On the lower
lakes and connecting channels, temporal declines in egg volume
or egg energy density were related to dietary endpoints in 3/5
instances (Table 1). At the one colony (Strachan Island) exhibiting
an increase in egg volume through time, egg volume increased
with egg n-3/n-6 ratios and egg d15N values (Table 1). Spring tem-
perature departures were negatively correlated with egg volume at
two Lake Huron colonies (Channel Shelter Island rs = �0.40,
p < 0.03 and Chantry Island rs = �0.40, p < 0.02) while egg energy
density was negatively correlated with winter temperature depar-
tures at one colony on Lake Erie (Port Colborne rs = �0.39, p < 0.03).
Hence, for these sites, warmer temperatures were associated with
reductions in egg volume or energy density.

An information-theoretic approach indicated that trends in egg
volume and egg energy density were influenced by dietary end-
points (Tables 2 and 3). Trends in egg volume were best explained
at the colony level (i.e., there was significant variability in the
degree to which colonies within the same lake exhibited temporal
changes in egg volume; Table 2) while temporal trends in egg
energy density were generally consistent among colonies located
on the same lake (Table 3).
Discussion

In birds, egg quality (size and composition) reflects food abun-
dance and female energy reserves during the period of egg produc-
tion (Martin, 1987). Although species have evolved average
strategies for regulating egg quality, there is scope for individual
variation in egg size and composition as a function of feeding con-
ditions. Under conditions of constrained dietary resources, e.g.,
lipid and protein, adverse impacts on egg quality have been
demonstrated (Martin, 1987). Experimentally increasing protein
content (Leeson and Summers, 1997) or essential amino acid avail-
ability (Waldroup and Hellwig, 1995) in the diet of chickens results
in an increase in egg size. In gulls, egg formation requires adequate
stores of lipid, protein, and micronutrients and imposes significant
Please cite this article as: C. E. Hebert, D. V. C. Weseloh, M. T. Arts et al., Trends i
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costs to breeding females (Monaghan and Nager, 1997). Deficien-
cies in lipid and/or protein can affect egg formation (Hiom et al.,
1991; Bolton et al., 1992). These studies highlight the important
role that diet plays in regulating the availability of resources nec-
essary for egg formation which are reflected in endpoints such as
egg volume and egg energy density (Hebert et al., 2009, Paterson
et al., 2014). In this study, declines in egg volume and energy den-
sity were particularly evident at gull colonies located on the upper
Great Lakes (Lakes Superior, Michigan, and Huron).

The Laurentian Great Lakes have undergone profound ecological
change over the past half century (Johannsson et al., 2000;
Madenjian et al., 2002; Mills et al., 2003; Dobiesz et al., 2005;
Gorman, 2007; Bunnell et al., 2014; Paterson et al., 2014; Dai
et al., 2019). Bunnell et al. (2014) provide a review of changes in
fish and lower trophic levels for all five Great Lakes and document
significant changes in the abundance or biomass of aquatic inver-
tebrates, prey fish, and predatory fish from about 1978 to 2010.
The upper Great Lakes have shown declines in productivity as they
have become more oligotrophic in recent decades (Bunnell et al.,
2014). In lakes Michigan and Huron, this largely resulted from
reductions in phosphorus loadings (Bunnell et al., 2014). Exacer-
bating declines in productivity have been intentional and acciden-
tal introductions of exotic species that have altered the structure of
biological communities. Intentional introductions of exotic Pacific
salmonids (pink, coho and chinook salmon, Oncorhynchus gor-
buscha, O. kisutch and O. tshawytscha, respectively) have signifi-
cantly affected prey fish populations in the lakes (Crawford,
2001). Accidental introductions of exotic species, particularly those
that act as ecosystem engineers (sensu Jones et al., 1994, 1997),
have also had significant impacts. Zebra (Dreissena polymorpha)
and quagga (D. bugensis) mussels arrived via ballast water from
ships and have altered pathways of energy and nutrient transfer
(Hecky et al., 2004). Abundant dreissenid mussel populations exist
in all of the lakes, with the exception of Lake Superior, and they
have shifted energy production from the open pelagic waters of
the lakes to benthic regions. This process has been described as
ecosystem benthification (Mayer et al., 2013). Oligotrophication
and benthification have acted together to reduce biomass in pela-
gic waters.
n herring gull egg quality over four decades reflect ecosystem state, Journal
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Bottom-up processes may be combining with top-down food
web processes (predation by stocked piscivorous fish) to reduce
the abundance of prey fish, particularly in the upper Great Lakes
(Bunnell et al., 2014). Quality of prey fish may also be decreasing
(Paterson et al., 2014). For example, Dai et al. (2019) reported that
energy density in Lake Huron rainbow smelt was up to 31% lower
in 2017 compared to earlier years. Lake Huron smelt also had lower
energy densities than those from Lake Erie, reflecting differences in
primary productivity between the two lakes. For surface-feeding
birds, such as herring gulls, reductions in the availability of pelagic
prey fish may have constrained their ability to obtain aquatic food
(Hebert et al., 2008, Laurich et al., 2019). Fish may be the preferred
Fig. 2. Temporal trends in annual herring gull egg volume (cm3). Trend lines were gen
panels a–f: (a) Granite Island, Lake Superior (b) Agawa Rocks, Lake Superior (c) Gull Island
(f) Chantry Island, Lake Huron. Lower Great Lakes panels g-n: (g) Fighting Island, Detro
Niagara River (k) Hamilton Harbour, Lake Ontario (l) Toronto Harbour, Lake Ontario (m
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prey of gulls because of their high nutritional quality (Hebert et al.,
2002), but the nutritional benefits of fish consumption must be
balanced by the energetic costs of obtaining them. As prey fish
abundance and quality decline, surface-feeding birds such as gulls,
must spend more energy foraging or alter their diets to utilize
alternative food resources such as terrestrial food (Hebert et al.,
2008).

Reductions in aquatic food availability may be limiting the
resources available to herring gulls for egg formation (Hebert
et al., 2009). Such changes parallel those observed in other regions
of North America. For example, Blight (2011) hypothesized that
declines in breeding populations of glaucous-winged gulls
erated using locally weighted scatterplot smoothing (LOWESS). Upper Great Lakes
, Lake Michigan (d) Double Island, Lake Huron (e) Channel Shelter Island, Lake Huron
it River (h) Middle Island, Lake Erie, (i) Port Colborne, Lake Erie (j) Weseloh Rocks,
) Snake Island, Lake Ontario (n) Strachan Island, St. Lawrence River.

n herring gull egg quality over four decades reflect ecosystem state, Journal
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Fig. 3. Temporal trends in annual herring gull egg energy density (kJ/g). Trend lines were generated using locally weighted scatterplot smoothing (LOWESS). Upper Great
Lakes panels a–f: (a) Granite Island, Lake Superior (b) Agawa Rocks, Lake Superior (c) Gull Island, Lake Michigan (d) Double Island, Lake Huron (e) Channel Shelter Island, Lake
Huron (f) Chantry Island, Lake Huron. Lower Great Lakes panels g-n: (g) Fighting Island, Detroit River (h) Middle Island, Lake Erie, (i) Port Colborne, Lake Erie (j) Weseloh
Rocks, Niagara River (k) Hamilton Harbour, Lake Ontario (l) Toronto Harbour, Lake Ontario (m) Snake Island, Lake Ontario (n) Strachan Island, St. Lawrence River.
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(L. glaucescens) off the coast of British Columbia, Canada, may have
been the result of decreased prey fish availability. During the per-
iod of that study (1902–2010), gull eggs showed a 5% decline in
mean egg volume and a decrease in mean clutch size over a 48-
year period (1962–2009) from 2.82 to 2.25 eggs per clutch. Because
of the early timing of egg collections completed as part of the Great
Lakes Herring Gull Monitoring Program clutch size data for Great
Lakes herring gulls are not available. However, we expect that food
constraints on egg production would first affect egg size rather
than clutch size because change in the latter represents a stepwise
decrease in reproductive potential (Martin, 1987). In our study,
declines in egg size observed in the upper Great Lakes are compa-
rable to those observed by Blight (2011) but over a much shorter
period. Furthermore, the declines observed in herring gull egg vol-
Please cite this article as: C. E. Hebert, D. V. C. Weseloh, M. T. Arts et al., Trends i
of Great Lakes Research, https://doi.org/10.1016/j.jglr.2020.03.004
ume at colonies such as Double Island (�14.8%) andWeseloh Rocks
(�11.4%) in the Niagara River were substantially greater. Genetic
factors (Martin, 1987) and physiological constraints on egg viabil-
ity may limit the maximal degree to which egg size can be
decreased to adjust for poor feeding conditions. In very poor situ-
ations, we would expect reductions in clutch size as well.

Declines in egg energy density provided further evidence of
food stress in gulls. The fact that energy density trends across gull
colonies within individual lakes were more consistent than for egg
volume may have reflected the fact that trends in energy density
represent a system-wide, fundamental ecosystem attribute. Organ-
isms such as fish and birds will respond to changes in prey avail-
ability in different ways, but tissue energy density may provide
the means to integrate those differences into a common, compara-
n herring gull egg quality over four decades reflect ecosystem state, Journal
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Table 2
Model results from AIC analysis examining factors influencing herring gull egg volume. Year = Year of egg collection, Colony = Collection site, Lake = Collection lake,
Region = Collection region (upper or lower Great Lakes), n-3/n-6 = egg omega 3 fatty acid/omega 6 fatty acid ratio, d15N = egg nitrogen isotope value, d13C = egg carbon isotope
value, Winter temp = Dec–Feb annual temperature departure from 1961 to 1990 winter average, Spring temp = March–May annual temperature departure from 1961 to 1990
spring average.

Var.1 Var.2 Var.3 Var.4 Var.5 Var.6 Var.7 Var.8 AIC AICc DAICc AICc Weight

Year n-3/n-6 d15N d13C Colony 2288.900 2289.122 0.000 0.119
Year n-3/n-6 d15N d13C Region Colony 2288.900 2289.186 0.064 0.115
Year n-3/n-6 d15N d13C Lake Colony 2288.900 2289.186 0.064 0.115
Year n-3/n-6 d15N d13C Region Lake Colony 2288.900 2289.258 0.136 0.111
Year d15N d13C Colony 2289.935 2290.101 0.980 0.073
Year d15N d13C Region Colony 2289.935 2290.157 1.035 0.071
Year d15N d13C Lake Colony 2289.935 2290.157 1.035 0.071
Year d15N d13C Region Lake Colony 2289.935 2290.221 1.099 0.069
Year Spring temp n-3/n-6 d15N d13C Colony 2290.361 2290.647 1.526 0.055
Year Spring temp n-3/n-6 d15N d13C Lake Colony 2290.361 2290.720 1.598 0.053
Year Spring temp n-3/n-6 d15N d13C Region Colony 2290.361 2290.720 1.598 0.053
Year Spring temp n-3/n-6 d15N d13C Region Lake Colony 2290.361 2290.800 1.678 0.051
Year n-3/n-6 d13C Colony 2290.951 2291.117 1.995 0.044

Table 3
Model results from AIC analysis examining factors influencing herring gull egg energy density. Year = Year of egg collection, Colony = Collection site, Lake = Collection lake,
Region = Collection region (upper or lower Great Lakes), n-3/n-6 = egg omega 3 fatty acid/omega 6 fatty acid ratio, d15N = egg nitrogen isotope value, d13C = egg carbon isotope
value, Winter temp = Dec–Feb annual temperature departure from 1961 to 1990 winter average, Spring temp = March–May annual temperature departure from 1961 to 1990
spring average.

Var.1 Var.2 Var.3 Var.4 Var.5 AIC AICc DAICc AICc Weight

Year d15N Lake 179.572 179.691 0.000 0.226
Year d15N Region Lake 179.572 179.738 0.048 0.221
Year Spring temp d15N Lake 180.467 180.633 0.942 0.141
Year Spring temp d15N Region Lake 180.467 180.689 0.998 0.137
Year Winter temp d15N Lake 181.221 181.388 1.697 0.097
Year Winter temp d15N Region Lake 181.221 181.444 1.753 0.094
Year n-3/n-6 d15N Lake 181.509 181.675 1.985 0.084

Fig. 4. Temporal declines in annual egg volume (cm3) (solid symbols/solid line) and
number of herring gull nests (open symbols/dashed line) at Weseloh Rocks on the
Niagara River. Egg volume was correlated with nest numbers (Pearson r = 0.57,
p < 0.01).
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ble metric. For example, Paterson et al. (2014) reported similar
long-term temporal declines in energy density in prey fish, lake
trout, and herring gulls from Lake Huron, likely reflecting
system-wide constraints on food availability to all of these taxa.
Previous research has indicated, that on gull colonies where fish
availability is limited, body condition of adult birds is poorer, egg
volume is reduced, and productivity is lower (Hebert et al., 2002,
2009). Faced with reduced aquatic prey availability, gulls have
been forced into a Hobsonian choice (sensu Hebert et al., 2008),
switch to less nutritious food or go hungry. Because of their high
degree of foraging plasticity, herring gulls can, at least partly, buf-
fer the energetic impact of aquatic food web change by altering
their feeding strategies. However, shifts away from high quality
aquatic prey, namely fish, may be having negative fitness conse-
quences for Great Lakes herring gulls. For example, limited avail-
ability of long-chain n-3 fatty acids has been shown to have
adverse effects on other bird species (Twining et al., 2016). The
dietary changes documented here are likely contributing to decli-
nes in herring gull breeding populations at some locations. It is
likely that other surface-feeding aquatic bird species such as com-
mon terns (Sterna hirundo) and Caspian terns (Hydroprogne caspia)
are also being detrimentally affected by reductions in aquatic prey.

Gull populations have declined at many locations across the
Great Lakes, particularly in the upper lakes. For example, at
Pukaskwa National Park on Lake Superior (75 km northwest of
Agawa Rocks), herring gull nest numbers are used as an indicator
of park ecological integrity (Drake et al., 2017). Nest numbers
declined by 70% from 1977 to 2017, and evidence points to dietary
change playing an important role in this decline (Laurich et al.,
2019). On Lake Huron, the precipitous decline in prey fish, namely
alewife (Alosa pseudoharengus), has likely played an important role
in regulating dietary change in breeding herring gulls (Hebert et al.,
2009). The herring gull population breeding on Weseloh Rocks on
Please cite this article as: C. E. Hebert, D. V. C. Weseloh, M. T. Arts et al., Trends i
of Great Lakes Research, https://doi.org/10.1016/j.jglr.2020.03.004
the Niagara River has experienced a very substantial decline
through time (Fig. 4). This decrease coincided with declines in
resources available for egg formation as reflected in trends in egg
volume (Fig. 4) and egg volume was correlated with nest numbers
(Pearson r = 0.57, p < 0.01). While this, by no means, proves that
dietary constraints are the primary factor contributing to popula-
tion decline, it does point to the possibility that food availability
for gulls has become constrained at this site and could be con-
tributing to the decline in the breeding gull population. At other
locations, food availability has likely acted in concert with other
factors in reducing gull reproductive success and population size.
n herring gull egg quality over four decades reflect ecosystem state, Journal
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For example, on the Detroit River, vegetation encroachment on
previously bare nesting grounds eliminated breeding habitat for
herring gulls. This factor, in conjunction with changes in food avail-
ability, may have played a key role in eliminating breeding herring
gulls from that site after 2008.

Climate change is an overarching factor that could affect food
availability for aquatic birds, but in our study there was only a lim-
ited indication that increased temperatures in spring and winter
negatively affected egg size/energy density. However, more effort
should be devoted to understanding how climate change is affect-
ing temperate latitude wildlife. For example, rising temperatures
associated with climate change could be contributing to phenolog-
ical mismatches between herring gulls and their prey. Having said
that, assessing climate change-related impacts on wildlife inhabit-
ing temperate areas, is complicated by the many other stressors
that may affect wildlife in such human-dominated landscapes. This
may make it difficult to disentangle climate change-related factors
from the effects of other stressors. Although not examined here, it
is unlikely that legacy chemical contaminants, e.g. PCBs, are
responsible for the declines in egg quality observed here as their
levels decreased greatly throughout the duration of this study
(de Solla et al., 2016).

Identifying and quantifying ecosystem change is difficult
because of the complex nature of ecosystems. One way to assess
such change is to study species which act as integrators of ecolog-
ical processes. Here, we highlight the integrative capacity of an
aquatic bird to provide insights into ecosystem change in the Lau-
rentian Great Lakes. Alterations in gull eggs and diets documented
here likely stem from reduced pelagic prey fish availability associ-
ated with high predator fish demand as well as oligotrophication
and benthification of the Great Lakes, particularly Lakes Superior,
Michigan and Huron (see Hebert et al., 2008; Bunnell et al.,
2014). Insights into the state of other ecosystems are being gained
through aquatic bird monitoring programs in other parts of
Canada: Arctic Canada (Braune and Letcher, 2013), Atlantic Canada
(Burgess et al., 2013), Pacific Canada (Elliott and Elliott, 2016),
inland Canada (Hebert, 2019). However, regular, comprehensive
integration of avian monitoring data with information from other
taxa such as fish (see Paterson et al., 2014) would improve our abil-
ity to detect large-scale ecosystem change and understand the
mechanisms underlying such change.
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