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Abstract

non-breeding habitats.

among these populations during the winter.

three Atlantic populations.

Background: Recognizing the factors influencing migratory individuals throughout their annual cycle is
important for understanding the drivers of population dynamics. Previous studies have found that Herring
Gulls (Larus argentatus) in the Atlantic region have lower survival rates than those in the Great Lakes and the
Arctic. One possible explanation for divergent survival rates among these populations is differences in their

Methods: We tracked Herring Gulls from five populations, breeding in the eastern Arctic, the Great Lakes,
Newfoundland, Sable Island, and the Bay of Fundy. We assessed the extent of migratory connectivity between
breeding and wintering sites, and tested if there were differences in home range size or habitat selection

Results: The tracked Herring Gulls had strong migratory connectivity between their breeding and wintering
areas. We found that Herring Gulls from the Arctic spent most of the winter in marine habitats, while the
other populations used a wider variety of habitats. However, the Newfoundland and Sable Island populations
selected for urban habitats, and almost all individuals the specialized in urban habitats came from one of the

Conclusions: Our results suggest that there could potentially be a link between urban habitat use during the
winter and reduced adult survival in Atlantic Canada Herring Gulls.

Keywords: Bird, Non-breeding, Home range, Habitat use, Tracking

Introduction

Linking the spatially discrete parts of the annual cycle
for migratory birds is useful for understanding how
population dynamics are shaped by events throughout
the entire year [1]. The geographic structure of a migra-
tory network can have a significant influence on popula-
tion dynamics [2-4]. In populations with strong
connectivity, individuals from one breeding population
move to the same location to form one non-breeding
population, while in populations with weak connectivity,
individuals from a breeding population move to a variety
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of locations, and non-breeding populations are com-
posed of individuals from multiple breeding populations
[5]. Consequently, in populations with strong migratory
connectivity, negative environmental impacts on birds in
wintering areas should be observed in breeding popula-
tions as well [6]. Habitat loss and degradation in winter-
ing areas has been identified as a major cause of bird
population declines, and conservation actions are more
effective when migratory connectivity is considered [7].
Survival rates vary among Herring Gull (Larus argen-
tatus) populations in eastern North America, and the
reason why is not clear. Estimates of apparent adult sur-
vival in the Atlantic region have ranged from 0.80 to
0.83 [8—10], while estimates from the Arctic and the
Great Lakes were considerably higher at 0.87 and 0.91,
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respectively [11, 12]. Although these differences in sur-
vival rates appear small, they translate to substantial dif-
ferences in life expectancy and number of breeding
seasons. While an average adult will have 19 breeding
seasons at 95% survival, the number of breeding seasons
is reduced to 10 at 90% survival, and six at 85% survival
[13]. Declines in Herring Gull abundance have been ob-
served at colonies across Atlantic Canada and the north-
eastern United States [14, 15]. These declines have been
correlated with decreases in fisheries discards due to the
collapse of groundfish fisheries and reduced forage fish
availability [16, 17], however this is most likely to influ-
ence abundance through effects on chick survival rather
than adult survival [18, 19].

Robertson et al. [10] speculated that lower survival
rates in the Atlantic Canada population may be due, in
part, to differences among the wintering home ranges of
these populations. Adult Herring Gulls from Atlantic
Canada are most often resighted in New England and
New York [20], a heavily populated and industrialized
region [21]. Gulls are actively managed in this region,
through shooting and hazing at airports, landfills, and
industrial buildings where gulls nest on roofs [22].
Moreover, survival rates could also be linked to food
availability, trophic niche and food quality/contamin-
ation within certain habitats [23].

It is not clear how Herring Gulls budget their time
between different habitats during the winter, and how
winter habitat use differs between individuals and
populations. Much of the research on Herring Gull
habitat use in North America has been conducted
during the breeding season [17, 24-26], but less is
known about their winter habitat preferences. During
the winter non-breeding period, Herring Gulls are ob-
served in a wide variety of habitats, including coastal
areas, the continental shelves, the lower Great Lakes,
and major rivers [27]. Herring Gulls are also abun-
dant in urban areas and human-dominated habitats,
resulting in regular conflicts with people, leading to
management efforts to reduce their abundance [22].

In this study, we analyzed the wintering distribution
of Herring Gull populations breeding in the eastern
Arctic, the Great Lakes, Newfoundland, Sable Island,
and the Bay of Fundy to explore the following ques-
tions: (1) what are their winter home ranges, (2) what
is the degree of migratory connectivity, and (3) are
there differences in habitat use and selection among
these populations during the winter? Given that sur-
vival rates in the Atlantic region are lower than the
Arctic and Great Lakes populations, we predicted
Herring Gulls breeding in Newfoundland, Sable Is-
land, and the Bay of Fundy would use anthropogenic
habitats more frequently than the other populations,
as these habitats likely incur higher risk of mortality.
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Methods

Tracking

We used tracking data from five populations of Herring
Gulls, breeding in the eastern Canadian Arctic, the
Great Lakes, Newfoundland, Sable Island (offshore from
Nova Scotia), and the Bay of Fundy, with observations
between 1999 and 2016 (Table 1, Fig. 1a). Tracking de-
vices were deployed at one site in the eastern Arctic
(Southampton Island, NU, 64.01°N, 81.75° W), two sites
in the Great Lakes (Agawa Rocks, Lake Superior, 47.33°
N, 84.68° W; and Double Island, Lake Huron 45.55°N,
80.50° W), one site in Newfoundland (Witless Bay,
47.26°N, 52.77°W), on Sable Island (43.92°N, 60.00°
W), at two sites in the Bay of Fundy (Kent Island, NB,
44.57°N, 66.75° W; Brier Island, NS 44.25° N, 66.33° W),
as well as within 75km of the Quabbin Reservoir,
MA (42.40°N, 72.31° W). Devices were deployed dur-
ing the incubation period at breeding locations, ex-
cept for the devices deployed in Massachusetts, which
were deployed during the winter [28]. These birds
were subsequently tracked to their breeding locations
in Newfoundland (17 =3) and the Great Lakes (n=1),
and assigned to the appropriate breeding population
in our analyses.

Breeding birds were captured using a self-triggering
wire mesh drop trap over their nest [29]. Wintering
birds caught in Massachusetts were captured using a
Coda net launcher hidden under a pickup truck. Bait
was placed in front of the net, and the launcher was det-
onated from inside the truck’s cab [30]. At the Massa-
chusetts and Great Lakes sites, devices were attached
using variations of a chest harness, with the transmitter
resting on the upper back, secured with loops around
the wings and joined at the chest [31]. At the eastern
Arctic, Newfoundland, Sable Island, and Bay of Fundy
sites, devices were attached using a leg loop harness,
with the transmitter resting on the lower back and se-
cured with loops around the bird’s legs [32]. These har-
nesses have not been observed to influence survival or
behaviour of large gulls [33].

Birds were equipped either with Ecotone devices,
which archive global positioning system (GPS) data
internally and transmit data to a base station at the
breeding site; or with platform terminal transmitters
(PTTs), which derive location data from either GPS
and/or Doppler shifts and transmit through the Argos
satellite system [34]. Doppler-derived data were col-
lated and processed by Argos, and categorized into
four location error classes [34]. Data from GPS were
considered to have a fixed location with an error ra-
dius of O0m. Tracking devices weighed 11.5g to 30g
(<3% of average Herring Gull body mass) and were
programmed with a variety of duty cycles (Table 1).
Tracking devices do not appear to alter the behaviour,
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Fig. 1 a Breeding locations (circles) and individual 90% kernel utilization distributions for each bird Herring Gull tracked from the eastern Arctic,
the Great Lakes, Newfoundland, Sable Island, and the Bay of Fundy, illustrating the extent of migratory connectivity between populations. b-d
Habitat availability within the population 90% kernel utilization distributions for the b eastern Arctic, ¢ Great Lakes, and d Newfoundland, Sable
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survival, and reproductive success of large gulls [33,
35, 36]. After removing tracks that did not contain
both breeding and wintering locations, we obtained
tracks from 43 individuals, with eight to ten individ-
uals from each population (Table 1). Most individuals
were tracked for 1year, but 14 birds were tracked for
2-5years, giving a total of 65 winter tracks.

Preparation of movement data

We used Bayesian State—Space Models to model the
birds’ movement paths from location data, which both
accounts for differences in location errors from the
different tracking methods and provides location esti-
mates at regular 24 h intervals (See Additional file 1
for a full description). To delineate the wintering
period, we visualized the tracks to identify the dates
where autumn migration ceased and spring migration

started, which can be observed as a sudden change
the distance travelled per day. Herring Gulls from the
Great Lakes are a resident population; there are some
intra-seasonal differences their movement and use of
space, but they do not undertake a clear migration to
a distinct wintering area [37, 38]. For the Great Lakes
population, we defined the wintering period as starting
when the individual travelled away from their nest site,
and ending when they returned. We confirmed that our
definitions of the wintering period for each population
seemed appropriate, as there were no major variations in
habitat use or the location of home ranges when the win-
ter was subdivided into several smaller periods. The tim-
ing and length of the wintering period varied widely
among individuals and populations (Table 2). We ex-
cluded annual wintering periods with less than 30 days of
tracking data.
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Table 2 Duration (n=2, 5, 14, 13, 12), arrival dates (=8, 9, 12,
18, 13), and departure dates (n=2, 5, 14, 13, 12) for the
wintering period of Herring Gulls tracked from the eastern
Arctic, the Great Lakes, Newfoundland, Sable Island, and the Bay
of Fundy. Most individuals were tracked for 1 year, but some
were tracked for up to 5years. All summary statistics are
presented as mean + SD (range)

Breeding Population Winter Duration  Arrival Date Departure Date

Eastern Arctic 144 +70 Nov 28  £32 May5 +18
(94-193) (Oct29-Jan 19)  (Apr 22 — May 18)
Great Lakes 164 +66 Aug 18  +34  Mar?2 +28
(89-241) (Jul 30 - Nov 13) (Feb 9 - Apr 3)
Newfoundland 143 +41 Oct 31 +28 Mar30 +£9
(33-202) (Sep 27 - Dec 21)  (Mar 16 - Apr 16)
Sable Island 176 +53 Sept29 458 Mar25 8
(89-253) (uly 7 -Jan 18)  (Mar 15 - Apr 12)
Bay of Fundy 162 +75 Oct16  +64  Apr?2 +21
(79-271) (uly 13-Dec 28)  (Mar 8 - May 14)

Winter home range

We calculated the extent and area of home range for indi-
vidual birds and for each population as 90% kernel density
utilization distributions (kernel UD) using the R package
adehabitatHR [38]. Given the small sample sizes of
tracked individuals from each population, we calculated
the population home range area for a sequence of sample
sizes from 1 to # for each population and plotted to see if
the area approached an asymptote (as in [39]). The
Newfoundland, Sable Island and Bay of Fundy populations
did approach an asymptote, while the eastern Arctic and
Great Lakes populations still showed some variation in
the rate of change at the maximum sample size, suggest-
ing that the home range for these two populations may be
underestimated (Additional file 1: Figure S1).

We assessed the strength of migratory connectivity be-
tween breeding and non-breeding sites by using a Mantel
correlation coefficient [40], calculated with the R package
aded [41]. We defined breeding sites as an individual’s nest-
ing colony location, and wintering sites as the centroid of
an individual’s winter home range. We used the Geographic
Distance Matrix Generator v. 1.2.3 [42] to create two pair-
wise matrices of the distance between all individuals, one
for each season. We tested for a correlation between the
two matrices, with 9999 permutations to determine statis-
tical significance. A significant positive correlation suggests
strong migratory connectivity.

Winter habitat use and selection

We obtained habitat data from the 2010 North American
Land Cover database [43]. In this database, remote
sensing data from Moderate Resolution Imaging Spec-
troradiometer [44] have been categorized into 19 land
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cover classes at a 250 m spatial resolution. We used
ArcGIS to simplify the dataset into five land cover
classes: marine, freshwater, cropland, urban, and nat-
ural. The two aquatic habitats, “Marine” and “Fresh-
water”, were both originally classified as water
covering at least 75% of a 250 m pixel. We separated
the two using the ocean coastline feature from the
2010 North America Environmental Atlas Bathymetry
dataset [45]. The “Wetland” cover class consisted of
areas dominated by wetland vegetation where water is
present for a substantial period annually, and was
merged with the “Freshwater” class. We retained two
anthropogenic land cover classes from the original
dataset classifications: “Urban” was defined as areas
containing >30% urban constructed materials for hu-
man activities such as buildings and roads, and
“Cropland” was defined as areas dominated by inten-
sively managed crops, with crop vegetation accounting
for >20% of total vegetation. The remaining 16 land
classes were grouped as a single “Natural Land” land
cover class, which included forests, shrublands, grass-
lands, and barren lands.

To assess habitat use, we extracted the habitat type as-
sociated with each observed location within the popula-
tion kernel UD. We used logistic resource selection
functions (RSFs) with a use-availability design to assess
habitat selection for each population. We defined habitat
availability at the level of the population home range
(Design II approach [46]), within which we assessed indi-
vidual habitat use (third-order selection [47]). We randomly
sampled available locations within the population kernel
UD at a 10:1 ratio to used locations [48]. To account for
differences in tracking length and behaviour, we included
individual as a random effect in our models [49]. With this
design, RSFs are interpreted as a ranking of which habitats
are most strongly correlated with use rather than a prob-
ability of use [50]. We checked goodness-of-fit using a like-
lihood ratio test with a null model.

To summarize how individuals budgeted their time be-
tween the five habitat types, we used principal compo-
nents analysis (PCA) with Aitchison compositional
scaling to account for proportional data [51]. We used
ANOVA to assess if the first two principal components
differed by population.

All maps are displayed using a North America Lambert
Conformal Conic projection. Statistical analyses were per-
formed in R version 3 [52]. Means are reported through-
out the text + standard deviation (SD). Measurements to
determine sex were not available.

Results

Winter home range

Each breeding populations was tracked to a distinct win-
ter home range, suggesting relatively strong migratory
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Fig. 2 a Proportion of marine, natural land, cropland, urban, and freshwater habitats available within the winter home range of Herring Gull
populations from the eastern Arctic, the Great Lakes, Newfoundland, Sable Island, and the Bay of Fundy; b Proportion of time spent in each
habitat by individual Herring Gulls. Boxes represent the 95% confidence interval of the median individual habitat use for each population,
acquired through 1000-fold bootstrapping; ¢ Relative probability of habitat selection predicted by logistic resource selection functions

connectivity (Fig. 1a; Mantel correlation coefficient = 0.30,
p=0.001, n=43) suggesting relatively strong migratory
connectivity. Herring Gulls that bred on Southampton Is-
land, NU spent most the winter offshore from Louisiana,
Texas and Mexico. Herring Gulls that bred in the Great
Lakes spent the majority of the winter in the Great Lakes
basin, although individual birds spent time in Massachusetts,
the Ottawa Valley in Ontario, and the Gaspé Peninsula in
Quebec. The three populations from Atlantic Canada win-
tered in the northeastern United States: birds from
Newfoundland ranging from Cape Cod to New Jersey birds
from Sable Island concentrated around New Jersey, and birds
from the Bay of Fundy ranging from New Jersey to Delaware
Bay. Two individuals from the Bay of Fundy did not migrate,
spending the entire winter in Nova Scotia within 50 km of
their breeding site. For individuals that were tracked over the
entire season, the wintering period was 160 (£57) days on
average (Table 2).

The Great Lakes population had a winter home range
area of 1,153,000 km? larger than the eastern Arctic
population (506,000 km?), the Bay of Fundy population
(381,000 km?), and the Newfoundland population
(181,000 km?), with the smallest being the Sable Island
population (58,000 km?). Individual home range size
had a strong left skew: 34 individuals had home range
of 100km? to 90,00 km? while nine individuals had
home ranges of 170,000 km? to 1,446,000 km?> (overall
median = 16,000 km?). Individual home range sizes did
not differ by population (F=1.15, p =0.35).

Winter habitat use and selection

Randomized available habitat in the winter home range
of Arctic-breeding Herring Gulls was dominated by mar-
ine habitat (63%; Fig. 2b). For the Great Lakes popula-
tion, available habitat was largely composed of natural
(48%) and cropland (25%) habitats (Fig. 2c). For the
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Table 3 Model coefficient {3, coefficient standard error (SE 3),
and Log Odds Ratio for habitat selection of wintering Herring
Gulls breeding in the eastern Arctic, the Great Lakes,
Newfoundland, Sable Island, and the Bay of Fundy

Population Habitat B SEB  Log Odds Ratio
Eastern Arctic Intercept (Urban)  -233 030 -

Natural Land 001 035 1.01

Cropland -138 032 025

Freshwater 061 040 184

Marine 095 031 2.60
Great Lakes Intercept (Urban)  -034  0.12 -

Natural Land -1.74 014 017

Cropland -130 0.5 0.27
Freshwater -094 015 039
Marine -276 047 0.06
Newfoundland Intercept (Urban)  —=0.72  0.05 -
Natural Land -109 007 034
Cropland -106 009 035
Freshwater -026 009 077
Marine -158 008 021
Sable Island Intercept (Urban)  -079 003 -
Natural Land -179 006 017
Cropland -143 010 024
Freshwater 045 007 157
Marine -124 006 029
Bay of Fundy Intercept (Urban)  —149 008 -
Natural Land 009 010 1.0
Cropland -027 012 077
Freshwater 094 013 256
Marine -043 010 065

Newfoundland, Sable Island, and Bay of Fundy popula-
tions (Fig. 2d), available locations were comprised of nat-
ural (42, 37, and 30% respectively) and marine (26, 30,
and 50%) habitats, as well as a higher proportion of
available urban habitat (20%) in the Sable Island home
range.

Individuals from the eastern Arctic spent most of their
time in marine habitats (82%). They appeared to use both
coastal and pelagic habitats; locations in marine habitats
were a mean of 43 km offshore, up to a maximum of 286
km. Birds from the three Atlantic populations largely used
marine habitats close to shore, with a mean distance of 8
km from the coast. Herring Gulls from the Great Lakes
used natural (30%), freshwater (27%), cropland (24%) and
urban (17%) habitats fairly equally. The three Atlantic
populations spent most of their time in a combination of
natural (Newfoundland and Bay of Fundy), urban
(Newfoundland and Sable Island) or marine habitats (Bay
of Fundy and Sable Island).
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Resource selection functions showed that relative to
availability, all five selected for freshwater habitats
(Table 3). The eastern Arctic population also used mar-
ine habitats in greater proportion than their availability.
The Great Lakes, Newfoundland, and Sable Island popu-
lations showed selective use of urban habitats (Fig. 2c).

Principal components analysis

Individual Herring Gulls predominantly used either marine,
natural land or urban habitat, and individual time budgets in
these habitat types differed by breeding population (Fig. 3).
When we assessed individual habitat preferences using PCA,
the first principal component explained 58% of the variance
in habitat use, with loadings which contrasted the influence
of marine (+ 0.72) and urban (- 0.68) habitats. The second
principal component explained 27% of the variance, con-
trasting marine (+ 0.45) and urban (+ 0.58) from natural land
(- 0.61) habitats. The three populations differed in their habi-
tat use time budgets (PC1: F =204, p<0.001; PC2: F=9.1,
p<0.001). Post-hoc Tukey tests showed that individuals
from the eastern Arctic population used marine habitats
more than individuals from the other populations (PC1). In-
dividuals from the Great Lakes and the Bay of Fundy used
natural land habitats more than individuals from the eastern
Arctic and Sable Island (PC2). When looking at habitats
where individuals spent the most time, all Herring Gulls
from the eastern Arctic used marine habitats, 6 of 8 individ-
uals from Sable Island used urban habitats, and individuals
from the other three populations varied in which habitat type
they used most (Fig. 3). Ten of eleven birds that specialized
in urban habitats came from one of the Atlantic populations.

Discussion
In this study, we compared the wintering distribution of
Herring Gulls breeding in the eastern Arctic, the Great
Lakes, Newfoundland, Sable Island, and the Bay of Fundy.
Most individual Herring Gulls spent the winter within a
home range of less than 20,000 km?. This is consistent with
reports that individual Herring Gulls have high site fidelity
between years [28] and often specialize in specific feeding
locations [53]. Adult Herring Gulls in eastern North Amer-
ica appeared to exhibit strong migratory connectivity in this
study, with populations consistently migrating to their own
discrete wintering area. However, the winter home range of
the Atlantic Canada breeding population overlaps with an-
other resident population of Herring Gulls breeding on the
Atlantic coast of the United States which were not tracked
in this study [27]. In contrast, juvenile Herring Gulls
banded as chicks in both the Atlantic and Great Lakes re-
gions disperse more widely than adults, showing weaker
migratory connectivity [27, 54].

All populations showed a preference for aquatic habi-
tats. This is not surprising, as fish and intertidal organ-
isms are typically the most common source of food for
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Fig. 3 Individual values for the first two principal components from Principal Components Analysis of the proportion of time individual Herring
Gulls spent in marine, natural land, cropland, urban, and freshwater habitats. The PCA loadings for each habitat type are indicated by arrows. Grey
polygons enclose all individuals who spent the most time in marine, natural land, and urban habitats. Individuals who spent the most time in
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Herring Gulls [55-57]. Herring Gulls rely on open, un-
frozen areas to access these food sources during the win-
ter [27]. However, Herring Gulls from the eastern Arctic
selected more strongly for marine habitats during the
winter, whereas the other populations selected for fresh-
water habitats. In marine habitats, Herring Gulls from
the Arctic were observed across the full extent of the
continental shelf, while those from Atlantic Canada
largely stayed close to shore. One environmental factor
that may contribute differences between populations is
the seasonality of these winter habitats. The winter
home ranges of these populations differ in temperature,
the extent of ice and snow, and the ecology of prey spe-
cies (temperate freshwater vs temperate marine vs sub-
tropical marine).

Although there was evidence that gulls from the
Great Lakes, Bay of Fundy and Sable Island popula-
tions preferentially selected urban habitats, the greater
availability of urban habitats in the two Atlantic pop-
ulations means that their overall use of urban habitats
is greater than the Great Lakes population. Virtually
all individuals that spent more time in urban areas
than other habitats came from one of the Atlantic
populations. Interestingly, Robertson et al. [10] found
the lowest survival in North American Herring Gulls
was for Atlantic breeding birds, and they speculated
that their likely higher use of urban or polluted habi-
tats in the winter might be linked to lower survival.
However, mechanisms by which habitat may nega-
tively influence the survival of Herring Gulls during
the winter are still unknown.

The differences we observed in habitat use between
populations may not necessarily correspond to differ-
ences in diet. Although nesting habitat selection is corre-
lated with the diet of Herring Gulls during the breeding
season [24, 58], this same relationship has never been
quantified for the wintering period. In Herring Gulls
sampled from culls at a New York City airport, marine
organisms were found in the stomachs of more than
60% of individual birds, and made up more than 50% of
food volume [59]. It is possible Herring Gulls on the At-
lantic coast may be able to forage efficiently in marine
environments, potentially by taking advantage of fishing
vessels [27], and thus the time in urban areas may reflect
time spent loafing rather than foraging. Generally, the
diet of Herring Gulls in New York City appears similar
to diet of Herring Gulls in the Great Lakes and Atlantic
Canada [56, 58—60], although there have been few stud-
ies of gull diets during the winter. Herring Gulls may
not be actively selecting urban habitats, but may simply
be returning to the same coastal habitats they inhabited
before these habitats were altered by humans.

Another mechanism that may decrease survival of
Herring Gulls in Atlantic Canada is direct mortality
from human influences [54]. Herring Gulls are a com-
mon bycatch species in fisheries because they are
attracted to vessels [61]. However, fisheries mortalities
seem unlikely to be the source of significant differences
in survival rates. Bycatch occurs in both the Gulf of
Mexico and the Atlantic Region [62, 63], and reductions
in fishing effort since 1992 have likely reduced the mag-
nitude of seabird bycatch on the Atlantic Coast [64].
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In urban and industrial areas, Herring Gulls may be
harassed and shot as part of active management pro-
grams, particularly at airports [22]. For example, the
large-scale culling of gulls appears to have played a sig-
nificant role in the decline of Herring Gull populations
across the UK during the last 45 years [65]. In eastern
North America, the U.S. Fish and Wildlife Service has
developed Potential Biological Removal models which
suggest annual take of more than 16,725 (95% CI = 7788
— 25,397) Herring Gulls would lead to population de-
clines in the region spanning Delaware Bay to Nova Sco-
tia [66]. Between 2010 and 2013, the average annual take
of Herring Gulls was 4445 in the northeastern United
States [67]. However, more than 80% of gulls are lethally
taken during the period from September to March [66].
Gull control programs in the United States may have a
disproportionate effect on the Herring Gulls breeding in
Atlantic Canada, which move into this region during this
same period of the autumn and winter. To get a better
sense of the impact of culling on gull populations in
North America, it would be beneficial to conduct a re-
view similar to Coulson’s [65] evaluation of the roles
landfills and culling have played in the population dy-
namics of British Herring Gulls.

Herring Gulls have long been used as a model species
for understanding contaminant dynamics [68], and under-
standing the nature of their full annual cycle and migra-
tory connectivity could help us understand how
contaminants are transferred geographically. The contam-
inant burden of Herring Gulls is known to be dependent,
at least in part, on where birds migrate to and what they
eat during the winter [69, 70]. Herring Gull eggs from the
Great Lakes are known to have higher organochlorine
burdens than eggs from Atlantic Canada and the Arctic
[71]. These patterns could be attributed to specific envi-
ronments for each population since they are geographic-
ally separated for their whole annual cycle. Interestingly,
Gebbink et al. [72] found that perfluorinated compounds
(flame retardants) were particularly high in Herring Gull
eggs from Sable Island, which is consistent with their high
degree of winter urban habitat use. Although gulls are typ-
ically regarded more as income breeders on the spectrum
of endogenous-exogenous resource use [73, 74], factors
like egg order, egg component, and environmental condi-
tions influence the extent to which resources accumulated
prior to the breeding season are deposited in eggs [75, 76].

Conclusions

Our results provide new insights into winter habitat use
by Herring Gulls in eastern North America. Herring
Gulls breeding in the Eastern Arctic spent the clear ma-
jority of their time in marine environment of the Gulf of
Mexico. Birds from the Great Lakes used a diverse set
up habitats during the winter. While the three Atlantic
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populations also used a variety of habitats, the New-
foundland and Sable Island populations selected for
urban habitats, and almost all individuals the specialized
in urban habitats came from one of the three Atlantic
populations. These conclusions provide are consistent
with the hypothesis that lower survival rates for Herring
Gulls in eastern North America may be related to char-
acteristics of their wintering areas, suggesting it would
be worthwhile to investigate both the foraging ecology
and causes of direct mortality for Herring Gulls during
the non-breeding season.

Additional file

Additional file 1: Supplementary methods for state-space models and
estimating home range bias. (DOCX 67 kb)

Acknowledgements

We thank everyone on the field crews that deployed transmitters, as well as
the support staff that made field work possible at each of our research sites.
Thank you to Phil Taylor, Sabina Wilhelm and several anonymous reviewers
for commenting on earlier drafts of this manuscript.

Funding

This research was supported financially by NSERC (MLM grants # 418551,
424234), MITACS (11-1-205885), Environment and Climate Change Canada,
Polar Knowledge Canada, Baffinland Iron Mines Corporation, Encana
Corporation’s Research and Development Fund, New Brunswick Wildlife Trust
Fund, Environmental Damages Fund, Nova Scotia Habitat Conservation Fund,
the Polar Continental Shelf Program, and the Massachusetts Department of
Conservation and Recreation. In kind support was provided by the Grand
Manan Whale and Seabird Research Station.

Availability of data and materials

Some of the datasets generated and/or analyzed during the current study
are available in the Movebank repository, https.//www.movebank.org/,
Movebank ID: 11815535. The other datasets used and/or analyzed during the
current study are available from the corresponding author on reasonable
request.

Authors’ contributions

CMA, HGG, GJR and MLM conceived the study. CMA and MLM designed the
study. HGG, RAR, KRS, DEC, and DVCW contributed the data. CMA analyzed
the data and wrote the manuscript, and all other authors provided editorial
advice for the final manuscript. All authors read and approved the final
manuscript.

Ethics approval

All work was carried out under appropriate provincial and federal scientific
permits, as well as approved animal care permits from Environment and
Climate Change Canada and the University of Massachusetts-Amherst.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Departmem of Biology, Acadia University, 33 Westwood Ave, Wolfville, NS
B4P 2R6, Canada. “Wildlife Research Division, Environment and Climate


https://doi.org/10.1186/s40462-019-0152-x
https://www.movebank.org/

Anderson et al. Movement Ecology (2019) 7:8

Change Canada, National Wildlife Research Centre, Ottawa, ON K1S 5B6,
Canada. *Canadian Wildlife Service, Environment and Climate Change
Canada, 45 Alderney Dr, Dartmouth, NS B2Y 2N6, Canada. *Atlantic Lab for
Avian Research, Department of Biology, University of New Brunswick, P.O.
Box 4400, 10 Bailey Drive, Fredericton, NB E3B 5A3, Canada. *Massachusetts
Department of Conservation and Recreation, Division of Water Supply
Protection, 485 Ware Road, Belchertown, MA 01007, USA. ®Canadian Wildlife
Service, Environment and Climate Change Canada, 4905 Dufferin Ave,
Toronto, ON M3H 5T4, Canada. “Wildlife Research Division, Environment and
Climate Change Canada, 6 Bruce Street, Mount Pearl, NL ATN 4T3, Canada.

Received: 21 August 2018 Accepted: 7 February 2019
Published online: 07 March 2019

References

1. Morales JM, Moorcroft PR, Matthiopoulos J, Frair JL, Kie JG, Powell RA, et al.
Building the bridge between animal movement and population dynamics.
Philos Trans R Soc B Biol Sci. 2010;365:2289-301.

2. Webster MS, Marra PP. The Importance of understanding migratory connectivity
and seasonal interactions. In: Greenberg R, Marra PP, editors. Birds Two Worlds
Ecol Evol Migr. Baltimore: John Hopkins University Press; 2005. p. 199-209.

3. Taylor CM, Norris DR. Population dynamics in migratory networks. Theor
Ecol. 2010;3:65-73.

4. Knight SM, Bradley DW, Clark RG, Gow EA, Bélisle M, Berzins LL, et al.
Constructing and evaluating a continent-wide migratory songbird network
across the annual cycle. Ecol Monogr. 2018;0:1-16.

5. Webster MS, Marra PP, Haig SM, Bensch S, Holmes RT. Links between
worlds: unraveling migratory connectivity. Trends Ecol Evol. 2002;17:76-83.

6. Rubenstein DR, Chamberlain CP, Holmes RT, Ayres MP, Waldbauer JR,
Graves GR, et al. Linking breeding and wintering ranges of a migratory
songbird using stable isotopes. Science. 2002,295:1062-5.

7. Martin TG, Chadeés |, Arcese P, Marra PP, Possingham HP, Norris DR. Optimal
conservation of migratory species. PLoS One. 2007;2:3-7.

8. Kadlec JA. A re-evaluation of mortality rates in adult herring gulls. Bird-
Banding. 1976;47:8-12.

9. Freeman SN, Morgan BJ. A modelling strategy for recovery data from birds
ringed as nestlings. Biometrics. 1992;48:217-35.

10.  Robertson GJ, Fife DT, Mallory ML, Calvert AM. Survival of large gulls
breeding in eastern Newfoundland, Canada. Waterbirds. 2016;39:278-87.

11. Allard KA, Breton AR, Gilchrist HG, Diamond AW. Adult survival of herring
qgulls breeding in the Canadian Arctic. Waterbirds. 2006;29:163-8.

12. Breton AR, Fox GS, Chardine JW. Survival of adult herring gulls (Larus
argentatus) from a Lake Ontario Colony over two decades of environmental
change. Waterbirds. 2008;31:15-23.

13. Coulson JC, Butterfield JI. Adult survival rates. Bird Study. 1986;33:51-4.

4. Anderson JGT, Shlepr KR, Bond AL, Ronconi RA. Introduction : a historical
perspective on trends in some gulls in eastern North America, with
reference to other regions. Waterbirds. 2016;39:1-9.

15. Ronconi RA, Stephens JR, Crysler ZJ, Ingrid L, Fife DT, Horn AG, et al.
Distribution, abundance and trends of gulls and terns breeding on Sable
Island, Nova Scotia , Canada. Waterbirds. 2016;39:44-56.

16. Wilhelm SI, Rail J-F, Regular PM, Gjerdrum C, Robertson GJ. Large-scale
changes in abundance of breeding herring gulls (Larus argentatus) and
great black-backed gulls (Larus marinus) relative to reduced fishing activities
in southeastern Canada. Waterbirds. 2016;39:136-42.

17. Bond AL, Wilhelm SI, Robertson GJ, Avery-Gomm S. Differential declines
among nesting habitats of breeding herring gulls (Larus argentatus) and
great black-backed gulls (Larus marinus) in Witless Bay, Newfoundland and
Labrador, Canada. Waterbirds. 2016;39:143-51.

18. Bennett JL, Jamieson EG, Ronconi RA, Wong SNP. Variability in egg size and
population declines of herring gulls in. Avian Conserv Ecol. 2017;12:16.

19. Foster S, Swann RL, Furness RW. Can changes in fishery landings
explain long-term population trends in gulls? Bird Study Taylor Francis.
2017,64:90-7.

20. Gaston AJ, Brewer D, Diamond AW, Woodsworth EJ, Collins BT. Canadian
Atlas of Bird Banding, vol. 2: Seabirds, 1921-1995. Ottawa: Canadian Wildlife
Service; 2008.

21. Sanderson EW, Jaiteh M, Levy MA, Redford KH, Wannebo AV, Woolmer G.
The human footprint and the last of the wild. Bioscience. 2002;52:891-904.

22. Belant JL. Gulls in urban environments: landscape-level management to
reduce conflict. Landsc Urban Plan. 1997,38:245-58.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 10 of 11

Ronconi RA, Steenweg RJ, Taylor PD, Mallory ML. Gull diets reveal dietary
partitioning, influences of isotopic signatures on body condition, and
ecosystem changes at a remote colony. Mar Ecol Prog Ser. 2014;514:247-61.
Robertson GJ, Fifield D, Massaro M, Chardine JW. Changes in nesting-habitat use of
large gulls breeding in Witless Bay, Newfoundland. Can J Zool. 2001,792159-67.
Rodway MS, Regehr HM. Habitat selection and reproductive performance of
food-stressed herring gulls. Condor. 1999;101:566-76.

Belant JL, Seamans TW, Gabrey SW, Ickes SK. Importance of landfills to
nesting herring gulls. Condor. 1983;95:817-30.

Nisbet ICT, Weseloh DV, Hebert CE, Mallory ML, Poole AF, Ellis JC, et al.
Herring Gull (Larus argentatus), version 3.0. In: Rodewald PG, editor. Bird
North Am. Ithaca: Cornell Lab of Ornithology; 2017.

Clark DE, Koenen KKG, Whitney JJ, Mackenzie G, Destefano S. Fidelity and
persistence of ring-billed (Larus delawarensis) and herring (Larus argentatus)
qgulls to wintering sites. Waterbirds. 2016;39:220-34.

Mills AJA, Ryder JP. Trap for Capturing Shore and Seabirds. Bird-Banding.
1979;50:121-3.

Clark DE, Koenen KKG, MacKenzie KG, Pereira JW, Destefano S.
Evaluation of a net launcher for capturing urban gulls. Wildl Soc Bull.
2014;38:605-10.

Morris RD, Benkel MC, Biernacki A, Ross JM. A new transmitter package
assembly for adult herring gulls. J F Ornithol. 1981;3:242-4.

Mallory ML, Gilbert CD. Leg-loop harness design for attaching external
transmitters to seabirds. Mar Ornithol. 2008;36:183-8.

Thaxter CB, Ross-Smith VH, Clark JA, Clark NA, Conway GJ, Masden EA, et al.
Contrasting effects of GPS device and harness attachment on adult survival
of Lesser Black-backed Gulls Larus fuscus and Great Skuas Stercorarius skua.
Ibis (Lond 1859). 2016;158:279-90.

Argos. Argos User's Manual. 2016. Available from: http://www.argos-system.
org/manual/. [cited 2014 Nov 25]

Kavelaars MM, Stienen E, Matheve H, Buijs RJ, Lens L, Mller W. GPS tracking
during parental care does not affect early offspring development in lesser
black-backed gulls. Mar Biol. 2018;165:1-8.

Shlepr KR. The geography of diet: diversity in diet and foraging behavior in
Herring Gulls (Larus argentatus) across Atlantic Canada; 2017. p. 92.
Anderson CM. Annual spatial ecology of herring gulls (Larus argentatus) in
eastern North America. Fredriction: University of New Brunswick; 2017.
Moore FR. The dynamics of seasonal distribution of Great Lakes herring
gulls. Bird-Banding. 1976;47:141-59.

Gutowsky SE, Leonard ML, Conners MG, Shaffer SA, Jonsen ID.
Individual-level variation and higher-level interpretations of space use in
wide-ranging species: an albatross case study of sampling effects. Front
Mar Sci. 2015;2:93.

Ambrosini R, Meller AP, Saino N. A quantitative measure of migratory
connectivity. J Theor Biol. 2009,257:203-11.

Dray S, Dufour A. The ade4 package: implementing the duality diagram for
ecologists. J Stat Softw. 2007,22:1-20.

Ersts PJ. Geographic distance matrix generator (version 1.2.3). New York:
American Museum of Natural History, Center for Biodiversity and
Conservation; 2013. http://biodiversityinformatics.amnh.org/open_source/
gdmg. Accessed 23 Nov 2018

Latifovic R, Homer C, Ressl R, Pouliot D, Hossain SN, Colditz RR, et al. North
American land change monitoring system. In: Giri CP, editor. Remote Sens L
use L cover Princ Appl. Boca Raton: CRC Press; 2012. p. 303-24.

Justice CO, Vermote E, Townshend JRG, DeFries RS, Roy DP, Hall DK, et al. The
moderate resolution imaging Spectroradiometer (MODIS): land remote sensing
for global change research. IEEE Trans Geosci Remote Sens. 1998;36:1228-49.
Commission for Environmental Cooperation. Bathymetry. Atlas: North Am.
Environ; 2010. Available from: http://www.cec.org/sites/default/atlas/map/.
Accessed 25 Jan 2016

Manly BF, McDonald LL, Thomas DL, McDonald TL, Erickson WP.
Introduction to resource selection studies. Resource selection by animals:
statistical design and analysis for field studies. 2nd ed. Boston: Kluwer
Academic Publishers; 2002.

Johnson DH. The comparison of usage and availability measurements for
evaluating resource preference. Ecology. 1980,61:65-71.

Nad'o L, Karuch P. Why sampling ratio matters: logistic regression and
studies of habitat use. PLoS One. 2018;13:20200742.

Gillies CS, Hebblewhite M, Nielsen SE, Krawchuk MA, Aldridge CL, Frair JL,
Saher DJ, Stevens CE, Jerde CL. Application of random effects to the study
of resource selection by animals. J Anim Ecol. 2006;75:387-98.


http://www.argos-system.org/manual/
http://www.argos-system.org/manual/
http://biodiversityinformatics.amnh.org/open_source/gdmg
http://biodiversityinformatics.amnh.org/open_source/gdmg
http://www.cec.org/sites/default/atlas/map

Anderson et al. Movement Ecology

50.
51.
52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

(2019) 7:8

Keating KA, Cherry S. Use and interpretation of logistic regression in habitat- 74.
selection studies. J Wildl Manag. 2004;68:774-89.

Aitchison J. The statistical analysis of compositional data. J R Stat Soc. 1982;
44:139-77. 75.
R Core Team. R: A language and environment for statistical computing.

Vienna: R Found. Stat. Comput; 2017. https.//www.r-project.org/

Davis JWF. Specialization in feeding location by herring gulls. Br Ecol Soc. 76.

1975;44:795-804.

Robertson GJ. Temporal comparisons of encounters of herring gulls (Larus
argentatus) banded as chicks in eastern Newfoundland, Canada. Waterbirds.
2016;39:159-65.

Fox GA, Allan LJ, Weseloh DV, Mineau P. The diet of herring gulls during the
nesting period in Canadian waters of the Great Lakes. Can J Zool. 1990,68:
1075-85.

Ewins PJ, Weseloh DV, Groom JH, Dobos RZ, Mineau P. The diet of Herring
Gulls (Larus argentatus) during winter and early spring on the lower Great
Lakes. Hydrobiologia. 1994;279/280:39-55.

Steenweg RJ, Ronconi RA, Leonard ML. Seasonal and Age-Dependent
Dietary Partitioning between the Great Black-backed and Herring Guills.
Condor. 2011;113:795-805.

Pierotti R, Annett CA. Diet choice in the herring Gull: constraints imposed
by reproductive and ecological factors. Ecology. 1991;72:319-28.

Washburn BE, Bernhardt GE, Kutschbach-Brohl L, Chipman RB, Francoeur LC.
Foraging ecology of four Gull species at a coastal-urban Interface. Condor.
2013;115:67-76.

Hebert CE, Shutt JL, Hobson KA, Weseloh DVC. Spatial and temporal
differences in the diet of Great Lakes herring gulls (Larus argentatus):
evidence from stable isotope analysis. Can J Fish Aquat Sci. 1999;56:323-38.
Skov H, Durinck J. Seabird attraction to fishing vessels is a local process. Mar
Ecol Prog Ser. 2001;214:289-98.

Li Y, Jiao Y, Browder JA. Assessment of seabird bycatch in the US Atlantic
pelagic longline fishery, with an extra exploration on modeling spatial
variation. ICES J Mar Sci J du Cons. 2016;73:2687-94.

Hedd A, Regular PM, Wilhelm S, Rail JF, Drolet B, Fowler M, et al.
Characterization of seabird bycatch in eastern Canadian waters, 1998-2011,
assessed from onboard fisheries observer data. Aquat Conserv Mar Freshw
Ecosyst. 2016;,26:530-48.

Regular P, Montevecchi W, Hedd A, Robertson G, Wilhelm S. Canadian
fishery closures provide a large-scale test of the impact of gillnet bycatch
on seabird populations. Biol Lett. 2013;9:20130088.

Coulson JC. Re-evaluation of the role of landfills and culling in the historic
changes in the herring Gull (Larus argentatus) population in Great Britain.
Waterbirds. 2015;38:339-54.

USDA. Environmental Assessment: Reducing Gull Damage in the
Commonwealth of Massachussetts. Massachussetts: United States
Department of Agriculture; 2010.

USDA. Supplement to the Environmental Assessment: Reducing Bird
Damage In the State of Rhode Island. Rhode Island: United States
Department of Agriculture; 2015.

De Solla SR, Weseloh DVC, Hughes KD, Moore DJ. Forty-year decline of
organic contaminants in eggs of herring gulls (Larus argentatus) from the
Great Lakes, 1974 to 2013. Waterbirds. 2016;39:166-79.

Hebert CE. Winter severity affects migration and contaminant accumulation
in northern Great Lakes herring gulls. Ecol Appl. 1998;8:669-79.

Burgess NM, Bond AL, Hebert CE, Neugebauer E, Champoux L. Mercury
trends in herring gull (Larus argentatus) eggs from Atlantic Canada,
1972-2008: temporal change or dietary shift? Environ Pollut. 2013;172:
216-22.

Page 11 of 11

Hobson KA. Reconstructing avian diets using stable-carbon and nitrogen
isotope analysis of egg Components : patterns of isotopic fractionation and
turnover. Condor. 1995,97:752-62.

Verreault J, Villa RA, Gabrielsen GW, Skaare JU, Letcher RJ. Maternal transfer
of organohalogen contaminants and metabolites to eggs of Arctic-breeding
glaucous gulls. Environ Pollut. 2006;144:1053-60.

Elliott KH, Davis M, Elliott JE. Equations for lipid normalization of carbon
stable isotope ratios in aquatic bird eggs. PLoS One. 2014,9:33-6.

Lavoie RA, Champoux L, Rail JF, Lean DRS. Organochlorines, brominated
flame retardants and mercury levels in six seabird species from the Gulf of
St. Lawrence (Canada): relationships with feeding ecology, migration and
molt. Environ Pollut. 2010;158:2189-99.

Gebbink WA, Letcher RJ, Burgess NM, Champoux L, Elliott JE, Hebert CE,

et al. Perfluoroalky! carboxylates and sulfonates and precursors in relation to
dietary source tracers in the eggs of four species of gulls (Larids) from
breeding sites spanning Atlantic to Pacific Canada. Environ Int. 2011;37:
1175-82.

Hobson KA, Hughes KD, Ewins PJ. Using stable-isotope analysis to
identify endogenous and exogenous sources of nutrients in eggs of
migratory birds: applications to Great Lakes contaminants Reseach. Auk.
1997;114:467-78.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.r-project.org

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Tracking
	Preparation of movement data
	Winter home range
	Winter habitat use and selection

	Results
	Winter home range
	Winter habitat use and selection
	Principal components analysis

	Discussion
	Conclusions
	Additional file
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

