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European gulls Chroicocephalus ridibundus, Larus canus, and L. graellsii have
dispersed to North America and C. ridibundus and L. graellsii have bred or attempted
to breed. North American gulls L. delawarensis, Leucophaeus atricilla, Leucophaeus
pipixcan, and Chroicocephalus philadelphia have dispersed to Europe, although no
successful breeding by non-hybrid pairs has yet occurred. We hypothesized that as
gull population sizes increase, the number of birds exploring potential new breeding
sites also increases. To test our hypothesis, we compared the number of transatlantic
vagrants to the population size on the previous year using generalized linear models.
We found an increasing number of transatlantic vagrants moving in both directions,
which suggests that vagrancy is not a random phenomenon driven by strong winds nor
caused by reverse migration. Population size predicted transatlantic vagrancy in four
of the seven species. However, our hypothesis that increases in population size drive
increases in vagrancy was only supported in two of these instances. We further looked
at sub-populations of L. delawarensis in North America and tested our hypothesis
for each subpopulation. We found partial support for our hypothesis for these data.
Even within one species, we observed multiple relationships between vagrancy and
population size. Our results showed that size or trend in source population size—
in some circumstances—is clearly a driver of vagrancy, but other factors must play
an important role too. As anthropogenic development continues, and high-quality
habitats become farther apart, it is important that we continue to investigate all
drivers of vagrancy because the persistence of a species may depend crucially on its
longest-distance dispersers.

Keywords: seabirds, gulls, vagrancy, population size, transatlantic

INTRODUCTION

The long-distance movement of individuals that disperse considerably outside the margins of
their current species’ range is called vagrancy (Grinnell, 1922; Baker, 1978). As the size of
populations increases, these margins change, thus, vagrancy is an incessant process (Veit et al.,
2021). On the other hand, migration is a dispersal that occurs annually, usually either toward
a breeding or a non-breeding location (Veit et al., 2021). To distinguish whether a dispersing
individual is a “migrant” or a “vagrant” is impossible because vagrants are just the extremes
of dispersal (DeSante and George, 1994). Thus, all individuals disperse, those with the most
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consistent orientations are “migrants,” while those that disperse
farther than the population average are “vagrants” (Veit, 1997;
Howell et al., 2014; Lees and Gilroy, 2014; Veit et al., 2021).
The majority of vagrants are pre-breeders, usually hatching year
but can be much older in seabirds like gulls that do not breed
until approximately 5 years old (Baird et al., 1958; Kadlec and
Drury, 1968; Veit and Lewis, 1996; Veit, 2000; Newton, 2008).
It is possible that only especially physically fit individuals can
bear the high energetic cost of larger than usual dispersions
typical of vagrancy events (Davis and Watson, 2018). Because of
its exploratory nature, vagrancy is related to range expansions
and distribution shifts that may be critical for an efficient
adaptive response of species to the current human-induced
climate change (Jiguet and Barbet-Massin, 2013). Additionally,
vagrants contribute to the genetic mix of populations and reduce
competitive pressures in the source population (Ronce, 2007).
Thus, understanding the mechanism underlying vagrancy has
important implications for effective conservation planning to
mitigate population losses.

In the case of birds, there have been several proposed
explanations of vagrancy including wind drift hypothesis, reverse
migration hypothesis and increase of population size hypothesis.
According to the wind drift hypothesis, birds are swept by
strong prevailing winds and end up at “wrong” locations during
migration (Mclaren, 1981). However, vagrant birds have been
recorded in years without strong anticyclones (Pfeifer et al.,
2007; Alfrey et al., 2018). Additionally, Baker (1980) argued
that vagrant birds are not helplessly carried by winds, but they
use winds to their advantage when performing long-distance
exploration, which minimizes the energetic cost of the travel. The
reverse migration hypothesis states that the internal navigational
mechanisms of “defective birds” mistake north for south making
them migrate in the “wrong” direction, with a 180◦ rotation of
the usual migratory route of the species (Rabøl, 1969; Thorup,
2004). Nevertheless, moving in the opposite direction or sideways
from the standard migratory route does not imply a malfunction
in the migratory mechanism since this behavior is characteristic
of the exploratory nature of birds (Baker, 1980). The population
size hypothesis, on the other hand, does not assume differences in
behavior between vagrant and non-vagrant birds, and states that
vagrancy occurs as a result of a large reproductive outcome in
the populations, that is, a larger number of young produced and,
consequently, population sizes increased with time (Veit, 1997,
2000). Thus, as the population increases, the carrying capacity of
the currently occupied habitat can be surpassed and competitive
pressures increased, conditions that will lead to increases in
dispersal and vagrancy events (DeSante, 1983) when immature
birds move farther to explore, and potentially find higher-
quality habitats (DeBenedictis, 1971; Mclaren, 1981; Lowe, 2009).
Support for this hypothesis has been found for several passerine
birds (Veit, 2000; Zawadzki et al., 2019) and in raptors (Ławicki
and Perlman, 2017). These hypotheses are not mutually exclusive,
for example, strong winds may contribute to vagrancy events in
populations increasing their size. However, studies considering
both winds and population size have found little support for
winds to explain vagrancy increases, with increasing population
being vagrancy’s main driver (Zawadzki et al., 2019).

The phenomenon of vagrancy is well documented in birds,
although research has been mainly focused on landbirds (Veit,
1997, 2000; Thorup, 2004; Mclaren et al., 2006; Pfeifer et al.,
2007; Bloom et al., 2011; Zawadzki et al., 2019). In seabirds,
on the other hand, the potential causes of vagrancy are still
poorly understood (but see Zawadzki et al., 2021 on Lesser
Black-backed Gull source populations, and Veit et al., 2021 on
elegant tern vagrancy; both in this special issue). Among seabirds,
gulls are feeding and flight generalists with energy efficient
flight modes that allow them to fly over water or land and to
cover long distances, finding suitable food in almost any habitat
(Klaassen et al., 2012). These advantageous characteristics can
contribute to the gulls’ successful long-distance trips and make
them an appealing group for studying vagrancy mechanisms.
For example, Lesser Black-backed Gull individuals perform
long-distance pre- and post-migratory round-trip movements,
sometimes crossing European seas, presumably to explore
potential feeding or wintering habitats (Klaassen et al., 2012).
Additionally, several North American and European gull species
have been recorded annually on the side of the Atlantic opposite
to their original populations since the fifties (American Birding
Association and National Audubon Society, 2019; British Birds
Rarities Committee, 2019). Furthermore, gulls have experienced
changes in population sizes with time (Grandgeorge et al., 2008;
Morris et al., 2011; Camphuysen, 2013; Nisbet et al., 2013; Giroux
et al., 2016). On one hand, the placement of protection laws,
and the affiliation of some gull species to garbage dumps and
fishery wastes in which they find nesting sites and food have
been related to increases in gull population sizes (Grandgeorge
et al., 2008). On the other hand, after 1990, population sizes
of some species decreased markedly due to landfill closures,
the collapse of offshore fisheries, and management measures
like presence of raptors, nest removal and egg oiling (Morris
et al., 2011; Camphuysen, 2013; Nisbet et al., 2013; Giroux et al.,
2016). These documented changes in population sizes enhance
the appeal of gulls as a study group. Despite these facts, to our
knowledge, studies exploring the drivers of vagrancy in gulls
are scarce (Vinicombe, 1985; Boertmann, 2009), most studies
being dedicated to describing their typical migratory patterns and
mechanisms (Kilpi and Saurola, 1984; Bledsoe and Sibley, 1985;
Belant and Dolbeer, 1993; Pedersen et al., 2000; Helberg et al.,
2009; Marques et al., 2010; Stenhouse et al., 2012; Bustnes et al.,
2013; Baert et al., 2018).

In this article we focus specifically on seven gull species
that breed on one side of the North Atlantic Ocean and are
found as vagrants on the opposite side of the Atlantic. These
species have been increasing their vagrancy records, they are
very visible and easily identified. We test the hypothesis that the
annual population size in the source area predicts vagrancy to
the receiving area. The rationale behind this hypothesis is that
increases in population size, based on the number of nesting
pairs in the breeding season or the number of individuals in the
wintering season, imply that large numbers of young are being
produced. Thus, as the population increases, more young birds
need to disperse and may become vagrants in the following year.
Therefore, we expect that the number of transatlantic vagrants
will increase in both directions in proportion to increases in the
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source population size as the immature birds explore potential
new breeding sites.

MATERIALS AND METHODS

Species Selection
To test the hypothesis that the annual population size in the
source area predicts vagrancy to the receiving area, we selected
seven North Atlantic gull species that have reported vagrants on
the side of the Atlantic opposite to their original populations. The
European species are Chroicocephalus ridibundus (Black-headed
Gull), Larus canus (Common Gull), and L. graellsii (Lesser Black-
backed Gull). The American gulls are Larus delawarensis (Ring-
billed Gull), Leucophaeus atricilla (Laughing Gull), Leucophaeus
pipixcan (Franklin’s Gull), and Chroicocephalus philadelphia
(Bonaparte’s Gull). We used the total number of vagrants per
species recorded from 1970 to 2010 as a criterion to include gull
species in our study, since some species occur very infrequently
on the other side of the Atlantic. In the specific case of Herring
Gull, although there is a substantial data set, they were excluded
from the analysis because it is very difficult to differentiate birds
from different source locations (Europe, North America) based
on morphology in the field (Olsen, 2018). Otherwise, all North
Atlantic gulls with substantial vagrant records are used in our
analyses, being Franklin’s Gull the species with the smallest
number of vagrants recorded, with a total number of 87 records
across the study period.

Population Size Data
European Gulls
To estimate the annual population size of the European gulls, we
considered as source areas Scotland, England, Northern Ireland,
Wales, and the Republic of Ireland. We obtained estimates of
the species’ breeding population sizes for these regions from the
British Breeding Seabird Censuses from 1969 to 2009 (BBSC;
Joint Nature Conservation Committee [JNCC], 2019). During
these censuses, stretches of coastline are divided into sites
where species counts are conducted (Joint Nature Conservation
Committee [JNCC], 2019). We included in our study only
sites that were censused in all years of the study period, for
a total of 28 sites (Supplementary Table 1). For our analysis,
we considered the counts of apparent occupied nests, apparent
occupied sites, and apparent occupied territories, adjusted to
represent the number of breeding pairs. We estimated annual
population size for each species as the total number of breeding
pairs across sites. We checked for statistically significant temporal
trends in population size using a non-parametric Spearman rank
correlation coefficient (rs) between the observations and time for
each period (“pastecs” R package).

North American Gulls
For the American species, we considered Canada and the
United States as the source areas (latitudes between 24.597◦

and 81.825◦, longitudes between −176.635◦ and −52.678◦). To
estimate the annual size of the populations of Franklin’s Gull,
Laughing Gull and Ring-billed Gull, we extracted data from the

Breeding Bird Survey from 1969 to 2009 (BBS, Pardieck et al.,
2020). The BBS is a transect survey performed annually between
May and June with routes measuring 39.2 km. Each route is
divided in 50 stops, and, at each stop, every bird seen or heard
is recorded. We included in the analysis only BBS routes that
were sampled in all years of the study period, for a total of 115
routes (Supplementary Table 2). In the case of Bonaparte’s Gull,
there were not enough annual BBS data to warrant our analysis.
Bonaparte’s Gull nests in trees in habitats remote from human
settlements making their detection difficult in surveys like the
BBS (Burger and Gochfeld, 2020). In winter, however, Bonaparte’s
Gull is found in large flocks in coastal areas close to human
activity (Burger and Gochfeld, 2020). Therefore, for this species,
we used instead population data extracted from the Christmas
Bird Count (CBC) from 1969 to 2009 (National Audubon Society,
2019). The CBC is an annual survey performed at the beginning
of the winter season in circles of about 24 km diameter in
which abundances of all birds seen or heard within the circle are
recorded. We included in the analysis only CBC circles that were
sampled in all years of the study period and that had reported
a sampling effort (i.e., number of party hours) greater than 0 h,
for a total of 351 circles (Supplementary Table 3). We recognize
that the numbers reported in the CBC are not an exact estimate
of these species’ total population size, however, an increase in
the total breeding population size will lead to an increase in the
number of birds overwintering in the United States and Canada,
which will be reflected in the gull’s numbers recorded during the
CBC. Additionally, the CBC gulls’ numbers represent individuals
that stay close to breeding ranges instead of migrating south in
winter, individuals that might be, in turn, more likely to continue
the eastward movement and cross the Atlantic Ocean, which
makes this data set appropriate for testing our hypothesis for
Bonaparte’s Gull. The fact that we used wintering populations for
this species did not bias our results because our objective was
not to compare populations between seasons. We consistently
estimated population changes in the source area from year to year
for each species and compared these changes with the number
of vagrants to the receiving area. In any case, an increase in
population due to reproductive output will be reflected in both
wintering and breeding populations.

We estimated annual population size for Franklin’s Gull,
Laughing Gull, and Ring-billed Gull as the total number of
individuals across BBS routes. For Bonaparte’s Gull, we estimated
annual population size as the total number of individuals across
CBC circles divided by party hours, to account for sampling
effort. For all the species, we checked for statistically significant
temporal trends in population size as described above.

Vagrants’ Data
To estimate the annual number of European gulls’ transatlantic
vagrants, we considered the East of North America (i.e.,
Northeastern Maritime Region, Atlantic Canada Region, New
England Region, Hudson Delaware Region, Middle Atlantic
Coast Region, Southern Atlantic Coast Region, and Florida
Region) as the receiving area. We compiled vagrancy data
reported in North American Birds journals for these species in
these regions during fall and winter (i.e., August 1st to February
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28th next year) from 1970 to 2010 (American Birding Association
and National Audubon Society, 2019).

For the North American transatlantic vagrant gulls, we
considered as receiving areas the United Kingdom, the Republic
of Ireland and Iceland. These are obviously not the only areas
which might receive vagrant individuals, but they have a long
history of substantially sampled areas. To estimate the annual
number of transatlantic vagrants reported in these areas from
1970 to 2010, we extracted vagrancy data for Laughing Gull,
Franklin’s Gull and Bonaparte’s Gull from the rare birds reports
published by the Birds Rarities Committees in these countries
(British Birds Rarities Committee, 2019; Icelandic Institute of
Natural History and Icelandic Rarities Committee [IINHIRC],
2020; Irish Rare Birds Committee [IRBC], 2020). For the Ring-
billed Gull’s transatlantic vagrants, the data were taken exclusively
from the reports on scarce migrant birds in Britain (Fraser and
Rogers, 2002; White and Kehoe, 2017) and the Icelandic records
(Icelandic Institute of Natural History and Icelandic Rarities
Committee [IINHIRC], 2020). All these reports include vagrants
sighted across all the seasons in a given year. We did not include
Ring-billed Gull vagrants’ data from Ireland because the Irish
Rare Birds Committee stopped assessing Ring-billed Gull records
in 1994 as Ring-billed Gulls were so regularly occurring that
they no longer met the criteria of being a rare bird (Colum
Flynn, Irish Rare Birds Committee, personal communication).
Therefore, including Irish records for this species only up to 1994
would have biased our vagrancy estimates.

We checked for statistically significant temporal trends in
vagrancy as described above.

Within Species Analysis: Ring-Billed Gull’
Data
Because results from our transatlantic analysis might be due to
interspecific differences in ecology, we assessed local variation
in individual vagrancy within a single species. We chose Ring-
billed Gull for its abundant data, and easily delimited regions

within a widespread breeding range. We divided the species
range into four regions: West (California, Washington, Oregon,
Nevada, and British Columbia), West Central (Idaho, Alberta,
Montana, Colorado, and Saskatchewan), East Central (Manitoba,
North Dakota, South Dakota, and Minnesota), and East
(Michigan, Illinois, Indiana, Ontario, Quebec, Newfoundland,
New Brunswick, Nova Scotia, Maine, Vermont, New Hampshire,
New York, Pennsylvania, and Ohio), and used these regional
counts as indices of total population size within each region.

We utilized BBS data for breeding population estimates, and
band recovery data from the Bird Banding Lab (USGS Bird
Banding Laboratory, 2019) for the period 1960–2017. Since
band recovery data informs about how far species disperse,
we assessed vagrancy by using the number of recaptures with
dispersal distances greater than zero as the response variable and
breeding population size (estimated as the number of individuals
divided by the number of routes sampled each year) as the
explanatory variable. Correcting breeding population sizes by
number of routes allowed comparison across years, in case there
were differing numbers of routes where Ring-billed Gull were
detected, across years (Supplementary Figure 1). For vagrancy
numbers, we were better able to quantify sampling effort. As
a measure of annual total effort per region, we analyzed the
temporal trend of total bander days (number of days that a
bander spent banding, summed over all banders in a given
year and region). Bander effort significantly declined in East (p
< 0.001) and West Central (p = 0.009) regions but did not change
significantly in East Central or West regions (Supplementary
Figure 2). Based on these results, we did not correct our recapture
numbers for sampling effort because this probably did not bias
the changes observed with time.

Statistical Analyses
To assess whether the total number of transatlantic vagrant gulls
was increasing in both directions, we checked for statistically
significant temporal trends in both the annual total number of

FIGURE 1 | Annual total number of transatlantic vagrants from Europe to eastern North America (EUGU, solid line) and from North America to Europe (NAGU,
dashed line) during 1970–2010. There was a strong positive correlation between the annual number of European and North American transatlantic vagrants
(Spearman rank correlation rs = 0.63, p = 1.04 × 10−05).
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FIGURE 2 | Temporal trends for the European gulls. Left column: Breeding population size (1969–2009). Right column: Number of vagrants reported in eastern
North America (1970–2010). Note that the y-axes have different scales.

European vagrants reported in the east of North America and
the annual total number of North American vagrants recorded
in the European receiving areas as described above. Additionally,
we performed a correlation analysis between the annual total
number of European vagrants reported in the east of North
America and the annual total number of North American
vagrants recorded in the European receiving areas. To calculate
the annual total number of vagrants, we added all vagrant records
of species coming from each source area for each year.

Statistical Models
The data for both population size and vagrancy were not
normally distributed (Supplementary Table 4), and the variance
of our response variable was greater than its mean in all
the species (Supplementary Table 5). Thus, in our analysis
we utilized generalized linear models (GLM, base R package)
parameterized with the log link function and Negative Binomial
family for the distribution of errors, as has been shown for
seabirds in other studies (Veit and Manne, 2015). The fitted
models related the source population size in a given year as
explanatory variable of the number of transatlantic vagrants in
the following year. To assess the GLM performance, we included
a null model (no predictor) for each species. Of each pair of
models per species, we selected as the best model the one with
the lowest Akaike’s Information Criterion adjusted for small

sample sizes (AICc; Burnham and Anderson, 2002; function
aictab R package AICcmodavg; Mazerolle, 2020). Models with
difference in AICc values lower than two units were considered
as equivalent (Burnham and Anderson, 2002). In addition,
we conducted Generalized Additive Models (GAMs) which, in
most cases, showed AICc values very similar to the GLMs
(Supplementary Table 6).

To test the hypothesis that the relationship between vagrancy
and population size may be particular to local circumstances, we
conducted the same analyses for four subpopulations of Ring-
billed Gull (region definitions as above). As described above,
we fitted a GLM (base package in R) for Ring-billed Gull in
each geographic region (family = Negative Binomial and link
function = “log”). In this case, the explanatory variable was
the breeding population size and the response variable was the
number of recaptures with dispersal distances greater than zero.

All statistical analyses were performed using R software (R
Core Team, 2020).

RESULTS

Transatlantic Vagrancy in Both Directions
The total number of European vagrants reported in east North
America showed a significant increase with time (Figure 1,
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Spearman rank correlation rs = 0.86, p < 0.001). Likewise, the
total number of North American vagrants reported in the selected
European areas showed an increase through time (Figure 1,
Spearman rank correlation rs = 0.68, p < 0.001). Additionally,
these two estimates were strongly positively correlated to each
other (Spearman rank correlation rs = 0.63, p < 0.001). Taken
together, these results indicate that transatlantic vagrancy has
increased in both directions between 1970 and 2010.

Among the European species, Lesser Black-backed Gull had
the highest number of vagrants reported for the study period,
with a maximum per year of 1194 vagrants, while Common Gull
had the lowest annual vagrant numbers, with never more than
24 vagrants in one year. Of the North American species, Ring-
billed Gull had the highest number of vagrants throughout the
study with maximum of 109 individuals sighted per year, while
Franklin’s Gull demonstrated the lowest annual vagrant numbers
with never more than 11 vagrants in one year.

Between 1970 and 2010, vagrancy increased significantly
with time for all species except for Black-headed Gull and
Ring-billed Gull (Figures 2, 3 right panels, Supplementary
Table 7). For Black-headed Gull (Figure 2, top right), we
did not detect a significant temporal trend in vagrancy.

Interestingly, for Ring-billed Gull (Figure 3, bottom right), we
found that transatlantic vagrant numbers significantly increased
before 1990 (p < 0.001, Supplementary Table 7), while after
this year, the number of birds reported in the European
receiving areas significantly declined with time (p = 0.002,
Supplementary Table 7).

Population Size as Driver of Transatlantic
Vagrancy
Population size increased significantly with time for Black-
headed Gull, Common Gull, and Laughing Gull, while it
significantly declined for Franklin’s Gull, and it did not
significantly change for Lesser Black-backed Gull and Bonaparte’s
Gull (Figures 2, 3 left panels, Supplementary Table 7). For Ring-
billed Gull, population size significantly increased before 1990
and after this year it started to decline, although this negative
trend was not statistically significant (Figure 3 bottom left and
Supplementary Table 7).

Our GLMs predicted a statistically significant positive
relationship between annual population size in the source areas
and vagrancy to the receiving areas in the following year for

FIGURE 3 | Temporal trends for the North American gulls. Left column: Population size (1969–2009). Right column: Number of vagrants reported in the European
receiving areas (1970–2010). Note that the y-axes have different scales.
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FIGURE 4 | Relationship between the number of European gull vagrants
reported in eastern North America in a given year and the size of their source
populations in the previous year. Only Common Gull showed a statistically
significant relationship between these two variables. Note that both axes have
different scales.

Common Gull (Figure 4 and Table 1), Laughing Gull, and Ring-
billed Gull (Figure 5 and Table 1). Thus, vagrancy tended to
increase with increases in population size for these three species.
In the case of Laughing Gull, the GLM including the predictor
(full model) was statistically significant, however, its performance
(as measured by the AICc) was not different from the null
model (Table 1). For Bonaparte’s Gull the relationship between
vagrancy and population size was significantly negative (Figure 5
and Table 1). Thus, higher numbers in population size were
associated with lower numbers in transatlantic vagrancy.

For Black-headed Gull, Lesser Black-baked Gull and Franklin’s
Gull, our models did not predict a statistically significant

relationship between population size and vagrancy (Figures 4, 5,
Table 1). In the case of the temporal trend of Black-headed
Gull’s population size, we detected an increase in the number
of breeding pairs from 1,991 to 21,235 pairs (Figure 2). To
further investigate the effect of these low sizes in our results,
we repeated the models considering only data after 1,985, that
showed breeding sizes above 21,235 pairs. We did not detect a
statistically significant relationship between population size and
vagrancy in this instance either.

Within Species Analysis: Ring-Billed Gull
In all regions except the East Central region, we detected a
sharp change in the temporal trends of the subpopulations’ size
after 1990 (Figure 6). Before 1990, the subpopulations in the
West, West Central and East regions increased significantly with
time, while after this year the number of gulls per BBS route
significantly declined. However, for the West and West Central
regions, we did not have enough non-zero distance band recovery
records to justify analyses of two time periods. Therefore, for all
regions except the East region we performed the analyses for the
full study period (i.e., 1960–2017). For the East region we present
our results for two periods: before and after 1990.

The four subpopulations (regions) behaved differently with
respect to if and how vagrancy related to population size
(Table 2). For the West region, the GLM predicted a
significantly negative relationship between number of recoveries
and population size (p = 0.02, Figure 7 top and Table 2). For the
two subpopulations in the center of North America, our models
did not detect a statistically significant relationship between
number of recoveries and population size (Table 2). For the East
region, as described above, population size increased significantly
prior to 1990 and significantly decreased after 1990 (Figure 6
bottom panel). However, these changes in population numbers
prior to 1990 were not positively associated with our index of
vagrancy (Table 2). Figure 7 (bottom left panel) shows that
recaptures decreased with increasing population size (p < 0.001)
during this earlier period, contrary to our expectation. After 1990,
recaptures significantly increased with increasing population size
(p = 0.004, Figure 7 bottom right panel and Table 2).

DISCUSSION

In this analysis, we found that there was a strong positive
correlation between the total number of transatlantic vagrants
in both directions. According to our models, the population size
in the source area predicted changes in transatlantic vagrancy
for four of the seven species analyzed. However, in one of
these four species, increases in population size were associated
with decreases in the number of vagrants, contrary to our
expectation. Consequently, population size in the source area
as a driver of vagrancy to the receiving area may be related
to the particular species analyzed, or the particular conditions
a species is experiencing (i.e., food availability, nesting sites
and intraspecific or interspecific competition). These results are
supported by the within species analyses for Ring-billed Gull
since different subpopulations showed different patterns of the
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TABLE 1 | Parameter estimates for Generalized Linear Models of the relationship between population size in the source area (explanatory variable) and the number of
transatlantic vagrants in the receiving area in the following year (response variable).

Species Model type Population size p-value N AICc AICc weight R2

Black-headed Gull Full* 2.7 × 10−05 0.07 33 420.07 1 0.95

Null − − 515.16 0 −

Common Gull Full* 0.002 0.01 32 194.51 1 0.81

Null − − 245.72 0 −

Lesser Black-backed Gull Full* 2.2 × 10−05 0.22 24 340.42 1 1.00

Null − − 547.01 0 −

Bonaparte’s Gull Full* −0.001 0.01 41 236.23 0.91 0.16

Null − − 240.87 0.09 −

Franklin’s Gull Full* −0.004 0.16 38 153.23 1.00 0.31

Null − − 164.80 0.00 −

Laughing Gull Full 0.001 0.02 41 234.24 0.58 0.07

Null − − 234.85 0.42 −

Ring-billed Gull Full* 0.001 <0.001 41 397.25 0.97 0.21

Null − − 404.46 0.03 −

Models were parameterized with negative binomial distribution of errors and log link function. Effect sizes are listed for the predictor. *Best model as selected based on
the lowest AICc value. Significant p-values of the explanatory variable are shown in bold (i.e., p < 0.05).

relationship between population size and recaptured birds. Thus,
the existence of a statistical relationship between population
size and vagrancy inside the United States and Canada also
depends on the particularities of each region and on the time
period examined.

When using long-term survey data for analyses, as in our
study, there is always the possibility of increases in observer effort
biasing the results. For the BBSC, at each site, every individual or
pair of a species is counted. For the BBS, at each route only one
citizen scientist highly skilled in avian identification performs the
count. Thus, for these two data sets, we minimized the probability
of observer effort bias by estimating population size in the areas
of origin using only sites that were sampled in all the 41 years of
the study period (1969–2009). In the specific case of Bonaparte’s
Gull, in which we used CBC data, we minimized the probability of
observer effort bias by using only CBC circles that were sampled
in all the 41 years of the study period (1969–2009) and by
accounting for sampling effort at each circle (dividing population
size estimates by the number of party hours). In the case of the
vagrant’s temporal trends detected in our study, we consider that
observer effort was unlikely to be strongly biasing the changes
observed with time. For example, for the European gulls, while
Common and Lesser Black-backed Gull were increasing vagrancy
with time, Black-headed Gull did not show any significant
trend. In the case of the American gulls, Bonaparte’s, Franklin’s,
and Laughing Gull increased their vagrant number in time,
while for Ring-billed Gull vagrancy increased before 1990 but
significantly declined after this year. Observer effort cannot
explain all these opposite trends at the same time. Additional
evidence of opposing temporal trends in vagrancy exists for Asian
warbler species recorded in Britain between 1990 and 2019 (ex.,
Phylloscopus inornatus, P. proregulus, Acrocephalus dumetorum,
and Hippolais polyglotta, White and Kehoe, 2018, 2021), and
for northern-breeding warblers and vireo species recorded in
California, North America (see Patten and Marantz, 1996). These
opposite trends found by us in gull species on both sides of

the Atlantic, as well as the reports for Passerine species, do
not support the idea that observer effort results in increasing
vagrancy records.

Other possible biases of these data sets include limited access
to data. Particularly for the Seabird Breeding censuses of Britain
and Ireland, there were only 28 sites that met our inclusion
criteria. This database contains valuable long-term information
but is also limited because survey coverage has increased in more
recent censuses and the intensity of monitoring has been higher
in some locations and periods than others in Great Britain (White
and Kehoe, 2018, 2021). Additionally, in the specific case of
Ring-billed Gull, we were not able to include vagrant records
from Ireland, which can have affected our results for this species.
Data limitation also precluded us to conduct an intra-population
analysis for Common Gull similar to the one conducted for Ring-
billed Gull. Common Gull is an appealing candidate to conduct
subregional analysis since its range includes most of Eurasia,
however, we did not have access to breeding data for this species
outside of the United Kingdom.

Below we treat each analysis in turn.

Transatlantic Vagrancy in Both Directions
We found that the annual total number of vagrants for both
European and North American gull species was significantly
increasing with time. Thus, the strong positive correlation found
between the annual total numbers of European and North
American vagrants was expected. In conjunction, these results
showed that vagrancy across the Atlantic Ocean was increasing
both eastwards toward Europe and westward toward North
America. In addition, when analyzed on a per-species basis, the
number of vagrant gulls significantly and consistently increased
with time for all the species studied except for Black-headed
Gull and for Ring-billed Gull after 1990. These results align with
the idea of vagrancy being an adaptive response and are not
consistent with the notion that vagrants are predominantly blown
off course by extreme weather events. Wind-driven vagrancy
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FIGURE 5 | Relationship between the number of North American gull
vagrants reported in the European receiving areas in a given year and the size
of their population of origin in the previous year. Only Franklin’s Gull did not
show a statistically significant relationship between these two variables. Note
that both axes have different scales.

should have had a pattern of peaks of higher than usual number of
vagrants only in some years -the storm-occurring years- and not
the consistent increase or decrease we observed on the species
that have a significant temporal trend in vagrancy. Moreover,
under the wind-driven hypothesis, prevailing winds in the north
Atlantic, which have a west to east direction, may have promoted
vagrancy increases from North America to Europe but not vice
versa, which partially contradict our results, particularly for
Ring-billed Gull, a North American species in which vagrancy
started to significantly decline after 1990. It is important to note
that we did not include a weather predictor in our analyses,

FIGURE 6 | Ring-billed Gull breeding size in time for four subpopulations of
North America (1960–2017). Population size increased in the West (top), West
Central (top center), and East (bottom) regions prior to 1990 and decreased
after 1990. In the East Central region, the population size increased
throughout the whole study period (bottom center). Note that the y axes have
different scales and do not start at zero.
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therefore, we cannot categorically exclude this factor as a driver
of vagrancy. However, the results presented above are difficult
to interpret under the wind-driven hypothesis and point toward
population size in the source area as a better explanation of
the increases in transatlantic vagrancy. Additionally, gulls are
generalist species that use different flight strategies and can
rest on water and find food potentially everywhere (Klaassen
et al., 2012), therefore, weather conditions may not play such
an important role as a driver of transatlantic vagrancy in this
group. Our findings are also difficult to explain under the reverse
migration hypothesis which is based on a “defective bird” with a
180◦ shift in orientation from the typical migration direction of
its species. For gulls, this idea is uninterpretable since virtually
all species studied show a broad range of orientations, so it is not
evident what a 180◦ shift means [i.e., 180◦ from what? see Newton
(2008), Phillips (2000)].

Population Size as Driver of Transatlantic
Vagrancy
The models of population size in the source areas as a predictor
of vagrancy across the Atlantic showed multiple relationships
between vagrancy and population size. For four of the seven
gulls studied, our models predicted a statistically significant
relationship between these variables.

However, our hypothesis of a positive association between
increasing bird population size and vagrancy was supported
only for two species: Common Gull and Ring-billed Gull. The
results for these species are consistent with the propensity of
immature birds from burgeoning populations more frequently
dispersing farther distances and exploring potential new breeding
sites. Particularly gulls take 3–6 years to reach reproductive
maturity, so they might undergo explorative behavior over this
entire period (Olsen and Larsson, 2004). This extended period of
immaturity in these long-lived birds might in part account for
the direct correspondence between the number of birds born last
summer and vagrancy the following year. Significant correlations
between vagrancy and population size have been also reported
for several landbird species (Veit, 1997, 2000; Zawadzki et al.,
2019). For example, Zawadzki et al. (2019) found that the effect
of population size on the number of Ash-throated Flycatcher
vagrants on the East Coast of North America had a larger effect
on vagrancy than measures of reproductive success or prevailing
winds. In general, increasing populations not only increase the
number of young individuals that are potential vagrants but also
increase selective pressures (i.e., competition, inbreeding) that
can in turn favor vagrancy as an adaptive strategy. Thus, vagrancy
may have an evolutionary value since, through exploration of
new habitats, it confers to birds the ability to expand their
distributional ranges, to escape conspecific competition over
limited resources and to adapt to anthropogenic climate change
by avoiding deteriorating conditions in the source population
areas (Ronce, 2007).

In the case of Laughing Gull, although both population size
and vagrancy were increasing in time and the GLM showed a
significantly positive relationship between them, this GLM was
no different from the null model. Thus, we consider that our

hypothesis was not supported in this instance. In fact, the positive
temporal trend in the number of vagrants was driven by two
outlier years in which an unusually high number of vagrants were
reported. Once these outliers were removed, vagrancy did not
statistically change with time (p = 0.06).

For Bonaparte’s Gull, although our models showed a
statistically significant relationship between vagrancy and
population size, our hypothesis was not supported since higher
population size in the source areas was associated with lower
transatlantic vagrant numbers. Bonaparte’s Gull population size
showed a decline in time (although not statistically significant,
p = 0.11). These results may reflect the susceptibility of these
gulls to human disturbance and to the loss of nesting sites
in prairie marshes (Burger and Gochfeld, 2020). Therefore,
even if their reproductive output is sufficient to maintain
populations (Southern, 1980) it might not be enough to drive
transatlantic vagrancy.

For Franklin’s Gull, Black-headed Gull, and Lesser Black-
backed Gull we did not find statistical support for our hypothesis.
This might be a result of the particularities of the temporal
trends in either the population size or the number of transatlantic
vagrants. For example, in Franklin’s Gull population size was
low throughout the study period (maximum size below 450
individuals) and showed a statistically significant decline with
time. Thus, these levels of population size might not be high
enough to support vagrancy. For Black-headed Gull, neither the
population size after 1985 nor the temporal trend in the number
of transatlantic vagrants had significantly changed, thus, local
factors such as food availability, predation or competition may be
influencing vagrancy in this species. In the case of Lesser Black-
backed Gull, although population size in the source areas did not
significantly change with time, vagrants to eastern North America
consistently increased their numbers across the study period.
This species is known for its colonization of Greenland during
the twentieth century, and the range expansion to this novel
habitat has been attributed to vagrancy events promoted by the
growth of source populations from Iceland and northwest Europe
(Boertmann, 2009). Thus, we propose that the increasing influx
of Lesser Black-backed Gull’ vagrants to East North America may
have come from the closer colonies in Greenland instead of from
Europe (Zawadzki et al., 2021). Our lab is currently investigating
this latter hypothesis with Icarus satellite trackers deployed on
Lesser Black-backed Gull, in order to understand where they
typically travel.

The differences that we found in the statistical significance
of our models indicate variability in species-specific responses
and the changes in local conditions with time. These results
suggest that increases in population size may be necessary but not
sufficient to drive transatlantic vagrancy. Thus, for these species,
further research exploring factors not accounted for in this study
may shed light on other drivers of vagrancy.

Within Species Analysis: Ring-Billed Gull
Variability in vagrancy as a response to changes in the size of
the source population was not only found among species but
also among populations of a single species at the local level.
While for the East Central and West Central breeding colonies
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TABLE 2 | Parameter estimates for Generalized Linear Models of the relationship between population size (explanatory variable) and the number of non-zero distance
band recoveries (response variable) in four North American sub-populations of Ring-billed Gull.

Region Model type Population size p-value N AICc AICc weight R2

West Full* −0.18 0.02 24 157.31 1.00 0.20

Null − − 168.43 0.00 −

West Central Full* −0.11 0.19 18 132.64 0.91 0.06

Null − − 137.39 0.09 −

East Central Full 0.07 0.31 29 170.91 0.34 0.26

Null − − 169.62 0.66 −

East < 1990 Full* 0.18 <0.01 24 298.66 1.00 0.54

Null − − 323.56 0.00 −

East > 1990 Full* 0.19 0.004 29 311.38 0.87 0.10

Null − − 315.25 0.13 −

Models were parameterized with negative binomial distribution of errors and log link function. Effect sizes are listed for the predictor. *Best model as selected based on
the lowest AICc value. Significant p-values of the explanatory variable are shown in bold (i.e., p < 0.05).

of Ring-billed Gull increases in the size of the source population
were not related to changes in the number of recaptures (and
thus possible vagrancy events), for West populations increasing
population sizes were generally related to decreasing numbers
of recaptures. On the other hand, Eastern populations changed
their relationship between population sizes and the number of
recaptures with time. Before 1990, increases in population sizes

FIGURE 7 | The association between Ring-billed Gull population size and
band recoveries was significantly negative in the West region (top). Declines
and increases in bird recoveries with increasing size (Eastern birds, pre- and
post-1990, respectively) (bottom), no relationship between recoveries and size
evident for East Central and West Central regions (not shown).

were related to declines in the number of recaptures. We propose
two possible explanations for these findings. First, suitable
environmental conditions may have existed before 1990. In this
period there was high food availability linked to the existence
of landfills and the existence of protection laws (Grandgeorge
et al., 2008). Thus, these factors may have promoted not only
increases in the population size but also likely reduced movement
of young birds which might, in turn, result in lower numbers of
recaptured gulls. Second, this result may be an indication that
before 1990 the young gulls were traveling farther, contributing
to the number of transatlantic vagrants, and decreasing the
number of recaptures inside the United States and Canada,
since we found that before 1990 the number of Ring-billed
Gull transatlantic vagrants significantly increased. After 1990,
Eastern population size and number of recaptures significantly
decreased, and there was a significant positive relationship
between these variables. Consistent with these trends, the number
of transatlantic vagrants declined significantly with time after
1990. In this case, the general decline in vagrancy and in the
number of recaptured birds was likely driven by declines in the
source population size.

CONCLUSION

The larger interpretation of what we have shown here is
that vagrancy in several gull species increased on both sides
of the Atlantic, a result not easily explained by reverse
orientation or wind-drift. Our results showed that size or
trend in source population size is clearly a partial driver
of vagrancy, but for some species other factors may affect
transatlantic vagrancy. These results were mirrored at the
species level, since subpopulations of the same species
showed a wide variety of relationships between vagrancy
and population size. Thus, vagrancy in a single species can
be driven by increasing population sizes, but increasing
population may be necessary, but not sufficient to drive
increasing vagrancy. Other factors must be necessary as well,
reflecting local conditions and particular species tolerances.
As anthropogenic development continues, and high-quality
habitats become farther apart, it is relevant that we continue to
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investigate drivers of vagrancy because the persistence of a species
may depend crucially on its longest-distance dispersers.
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