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Elegant terns Thalasseus elegans breed in a very limited area of the northern Gulf
of California and the Pacific coast of southern California, with up to 95% (mean
78%, 1991-2014, Perez et al., 2020) of the population nesting on Isla Rasa in the
northern Gulf of California. On Isla Rasa, the primary nesting colony, elegant terns
suffered predation by rodents which raised the possibility of population extinction, with
a substantial proportion of the world population nesting on this single island. Because
of this threat, rodents were successfully removed from Isla Rasa in 1995. The removal
of rodents from Isla Rasa led to a near immediate increase in the population of elegant
terns. That increase was associated with a changing pattern in dispersal by the terns,
including extraordinary movements to the Gulf of Mexico, the Atlantic coast of the
United States north to Massachusetts, and, remarkably, to western Europe. A few
elegant terns successfully bred at these European localities during 2009 to the present.
In this paper we use this exceptional example of long-distance dispersal to illustrate how
rapid population growth during ~ 1995 to present can lead to successful colonization of
remote sites through repeated instances of vagrancy. We tested four Hypotheses that
together support the idea that the growing population of elegant terns has produced
increasing numbers of young, and these young have spread, through the mechanism
of vagrancy, to the Pacific Northwest, the east coast of the United States, and western
Europe. Our Hypotheses are: (1) The nesting population of elegant terns within their core
nesting range has increased since removal of rodents from Isla Rasa; (2) Occurrence of
vagrant elegant terns in the Pacific Northwest is driven by population growth within
the core breeding range. (3) Occurrence of vagrant elegant terns at the east coast of
the United States is driven by population growth within the core breeding range. (4)
Occurrence and colonization of western Europe by elegant terns is driven by nesting
population size within the core breeding range. Corollaries of these Hypotheses are,
(i) that there is a time lag in occurrence of vagrants at each of these areas, based on
increasing distance from the core breeding range and (i) the number of vagrants in any
given year is also related to sea surface temperature (SST), as expressed by Oceanic
Nifio Index, a proxy for food resource levels. Generally we found strong statistical
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support for each of these Hypotheses; an exception was for the occurrence of elegant
terns in the Pacific Northwest, which initially occurred following El Nifio events (low
food supply) and profound breeding failure, but later corresponding to cold water years
with high breeding success. We use elegant terns, exceptional for the highly restricted
breeding range and sustained population growth over 25 years, to illustrate how growing
populations may colonize very distant habitats through repeated instances of vagrancy.

Keywords: elegant tern, vagrancy, exploratory behavior, intelligent dispersal, colonization

INTRODUCTION

Populations of birds, especially but not exclusively migratory
ones, are individually variable in their choice of migratory
orientation, despite having a mean orientation (Gwinner and
Wiltschko, 1978; Phillips, 2000), and distances dispersed by birds
typically follow a leptokurtic probability distribution, so that a
small but substantial fraction travel much farther than the mean
distance dispersed (Moore and Dolbeer, 1989; van den Bosch
et al., 1992; Veit and Lewis, 1996; Veit, 1997; Lewis et al., 2016).
These characteristics are generally true of movement by birds,
regardless of whether the movement consists of “migration,”
“dispersal,” or vagrancy or some combination of these. Therefore,
what is commonly referred to as “vagrancy” (e.g., Howell et al.,
2014) may not require the positing of any additional causal
factor beyond broad variability in inherent migratory orientation,
combined with a strongly leptokurtic distribution of dispersal
distances (Phillips, 2000).

Vagrant birds have previously been thought to be
navigationally defective or blown by storms [summary in Newton
(2008)], and therefore “biologically unimportant” because they
are thought to have been “lost” from the population, despite
Grinnell’s (1922) assertion that “[vagrancy] is the regular thing,
to be expected. There is nothing “accidental” about [vagrancy];
the process is part of the ordinary evolutionary program.” We
support Grinnell’s assertion. Using the very detailed data from
the world population of elegant terns, we show that vagrancy,
in fact, can result in colonization of extremely distant locations,
thousands of km outside of the “normal” range. Demonstrating
the process of colonization by vagrancy is extremely difficult
to do, even with the advent and improvement of satellite
tracking technology, due to enormous samples required. We
are able to show this process of colonization by elegant terns
because of the rather conspicuous nature of elegant terns
themselves, and the enormous interest among both amateur and
professional ornithologists that continually document changes in
abundance and distribution throughout the world. Thus, studies
of colonization by birds are likely to illuminate a similar process
for other, less easily studied, organisms. Vagrancy occurs mainly,
but not exclusively, during the time before an organism first
breeds (Baker, 1978; Ronce, 2007). For passerines studied by Veit
(1997, 2000) and Zawadzki et al. (2019) this amounts to the first
year or two of life. But seabirds often do not breed until they are
much older (up to ~ 10 years in albatrosses, for example), leaving
open the possibility for dispersal over a longer time, perhaps
3 years for elegant terns (Burness et al., 2020).

The concept of what does and what does not constitute
“vagrancy” suffers from multiple definitions as well as a scarcity of
quantitative analysis. To alleviate confusion, we use the following
terminology: “Dispersal” we define as outward movement from
a point source. As such, dispersal does not imply subsequent
breeding, as it does in population genetics. Vagrancy is the
movement by individuals substantially outside the boundaries of
current breeding, wintering or migratory ranges of populations.
This movement often but not always occurs during regular
migration seasons, and can be either directional or seemingly
random (Phillips, 2000). It is a continuing process, as these
boundaries of course change as the population grows. We
do not see compelling evidence that individual vagrants are
acting differently from non-vagrants; rather, vagrants form the
outermost fringe of a population of individuals dispersing in a
way consistent with a correlated random walk (van den Bosch
et al., 1992; DeSante and George, 1994; Barton et al., 2009).
However, since several genes in a variety of organisms have
been linked to dispersal behavior (Toonen and Pawlik, 2001;
Matthysen, 2012), it is quite possible that these exists a yet
undiscovered genetic component to vagrant movements in birds.
We have no data to test that idea. Irruptions are instances
of pronounced vagrancy occurring episodically. Migration is
annually repeated dispersal, usually including spring movement
toward a breeding location and fall movement toward a wintering
location. Dispersal can be divided into three stages: “departure,’
“vagrant,” and “settling” (Ronce, 2007). The movement itself is
important and of interest regardless of whether each individual
act of movement results in colonization of new geographical
territory. Dispersal, migration and vagrancy may be part of a
larger, nuanced, highly variable process which describes how
birds and other organisms move about the landscape (e.g.,
Clobert et al., 2012). What we show using the example of elegant
terns is that long distance dispersal sometimes does result in
colonization of very distant locations, and this lends support
for a hypothesis that vagrancy can be selected for and is not
an aberration attributable to navigationally incompetent birds
(DeSante, 1983; Howell et al., 2014). Further, one can avoid the
unhelpful argument about how far an individual need move to be
considered a vagrant (as opposed to a migrant) by considering
that all individuals within the “vagrant” stage of dispersal, as
described above, are vagrants.

Vagrancy may be a positive response; if environmental
conditions are very good (high resource abundance), lots of
young are produced and these young then disperse, especially if
those young have acquired substantial energy reserves (“strong”
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individuals; Barbraud et al., 2003; Clobert et al., 2009; Kisdi et al.,
2012). On the other hand, vagrancy could also be a negative
response, an act of desperation to escape deteriorating conditions,
though this seems to occur less often (“weak” individuals;
Kisdi et al., 2012). Irruptions of boreal finches or raptors, for
example, may represent a combined response to high food
abundance followed by scarcity as the large number of young
produced then consume the resources and need to disperse in
search of more food (Newton, 2008). These ideas are similar to
those for “nomadic” organisms (Teitelbaum and Mueller, 2019),
although far more species of birds, including supposedly non-
migratory ones, regularly generate long-distance vagrants than
would be considered “nomadic” (Zawadzki et al., 2019). Seabird
populations clearly suffer negative impacts of El Nifio Southern
Oscillation (ENSO) episodes (Schreiber, 2002), in combination
with reduced food supply due to local overfishing and sometimes
shift breeding locations in response (Velarde et al., 2015).

It is not possible to distinguish between “migrant” and
“vagrant” individuals because vagrants are just the extremes
of dispersal (DeSante and George, 1994) and we feel there
is no meaningful difference between individual birds that are
“migrating,” “dispersing” or “acting as a vagrant.” Instead, the
process we are studying is one that results in birds spreading

outward from a source using a variety of different directional
orientations. Those with the most consistent orientations are
often referred to as “migrating,” while all individuals are
“dispersing.” The ones that travel farthest are vagrants. This
pattern is supported by numerous graphics and quantifications
of distances dispersed (e.g., Nathan et al., 2012).

Elegant terns, Thalasseus elegans, provide an especially
data-rich example of how the process of vagrancy or long-
distance dispersal can lead to colonization, despite the relative
low likelihood that any one individual vagrant accomplishes
such colonization. Seabirds differ from other birds in their
requirement for predator-free islands on which to breed; clearly,
this has implications for the probability of successful colonization
following longer distance dispersal, and the choices made
during a process of intelligent dispersal (Barton et al., 2009),
or exploratory behavior (Baker, 1978; Liebl and Martin, 2012;
Santoro et al., 2013; Fayet et al., 2016).

The core breeding population of elegant terns resides on
islands in the northern Gulf of California and on the Pacific
Coast of California between San Diego and Los Angeles (Velarde
et al.,, 2015; Burness et al., 2020). Their nesting population size
and distribution has shifted considerably since their description
during the 1850s, due to the combined effects of introduced

Elegant tern population predictions
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total elegant terns
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|

FIGURE 1 | Growth of core area population of elegant terns, summed over Isla Rasa plus Southern California colonies 1980-2019 [1980 to 2014 taken from Velarde
et al. (2015), 2015 to 2019 from M. Horn and Velarde (unpubl.)]. Statistical support in Table 2. Predicted values and confidence limits shown.
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TABLE 1 | Occurrence of elegant terns in Washington and Oregon during El

Nifio years.

El Nifio Year Number in Washington and Oregon Comments
1972-73 0

1982-83 300 First record for WA/OR
1986-88 154 in 1987 None in 1988
1991-92 1100

1994-95 11

1997-98 545 in 1997 102 in 1998
2002-03 5

2009-10 0

2015-16 900 in 2015 1450 in 2014

Data on El Nifio from https://ggweather.com/enso/oni.htm Data on terns from
North American Birds https://www.aba.org/north-american-birds/, Washington
Ornithological Society https://wos.org/publications/newsletters/, Oregon Birds
https://oregonbirding.org/oregon-birds/and Ryan Merrill (pers comm.).

rodents, harvesting of eggs for food, and fluctuations of schooling
fish populations that form their principal prey (Velarde et al.,
2015). Currently, a large proportion of the population nests
on Isla Rasa in the Midriff Island Region of the Gulf of
California, though an increasing number of these birds abandon
Isla Rasa and shift to colonies in coastal California, especially
when their food supply is lowered during El Nifio years, in
combination with overfishing of their prey base (Velarde et al.,
2015). Despite numerous El Nifio episodes over the past 70 years,
the elegant tern population continues to increase (Figure 1),
mainly as a consequence of the removal of black rats (Rattus
rattus) and house mice (Mus musculus) from Isla Rasa in 1995
(Velarde et al., 2015).

Thus there is an interplay between two factors — removal
of rats on Isla Rasa and fluctuations in food availability caused
by El Nifo and fisheries - that influence population growth by
elegant terns. The primary theme of this paper is that long-term

population growth 1995-2018 has driven increased vagrancy
through production of increased numbers of young that are then
available to disperse. At the same time, there are shorter-term
fluctuations in food availability that also influence the number
of young produced, and, indirectly, the amount of population
growth in that year. Because of this interplay, we include oceanic
fluctuations (“Oceanic Nifo index,” ONI) within our models.

Following the breeding season, some elegant terns travel
northward to forage in the California Current Ecosystem, north
to British Columbia. Elegant terns winter along the coasts of
Central and South America from Nayarit, Mexico to southern
Chile, with most between Ecuador and northern Chile (Howell
and Webb, 1995; Burness et al.,, 2020). This basic pattern has
become obscured over recent years, in that maximum numbers
of birds moving north do not necessarily occur during El Nifio
years, and indeed some of the largest numbers have appeared
during productive breeding seasons during La Nifa rather than
El Nifio conditions (Velarde et al., 2015).

Very long-distance dispersals of elegant terns have been
documented since the late 1960s. Vagrant elegant terns were first
detected at Johnston Atoll in the central Pacific Ocean in 1969
(Amerson and Shelton, 1976) and in France in 1974 (Stoddart
and Batty, 2019). Remarkably, given the ~9000 km distance
separating the Gulf of California from western Europe, elegant
terns have repeatedly prospected Sandwich Tern Thalasseus
sandvicensis colonies in France and Spain beginning in the 1980s,
and have since successfully nested (Dies et al., 2019; Stoddart
and Batty, 2019). Most instances of vagrancy are not followed
by breeding, and indeed this is one of the primary reasons why
the “biological importance” of vagrancy has been dismissed in the
past (Davis and Watson, 2018).

Our basic thesis is that during years when large numbers of
young are produced, those young spread outward over a broad
range of distances as predicted by models using a correlated
random walk, in which the degree of correlation among
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FIGURE 2 | Oceanic Nifo Index (ONI) for the North Pacific Ocean 1950—2020. The 2009-2010 EI Nino was stronger in the Gulf of California than in the California
Current and reduced food availability around Isla Rasa. From https://ggweather.com/enso/oni.htm. Accessed 17 November 2020; used with permission.
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TABLE 2 | Comparison of Gam and GAMM models for core area (California) population size.

Type of model Response Predictors P values AlC R2 Adj Deviance explained
GAM Core Area Population size Year + El Nifio 0.0002 0.46 951 0.59 61.7%
GAMM Core Area Population size Year + El Nifio [AR(1) structure] 2 x 1016 0.007 47 0.61 >61.7%

GAMM incorporates an AR(1) structure. Best model (chosen by AIC) is in boldface.

successive steps correlates positively with distance between
patches of suitable habitat (Barton et al., 2009). Particularly, in
these analyses we posit: (1) The nesting population of elegant
terns within their core nesting range has increased since removal
of rodents from Isla Rasa; (2) Occurrence of vagrant elegant terns
in the Pacific Northwest is driven by population growth within
the core breeding range. (3) Occurrence of vagrant elegant terns
at the east coast of the United States is driven by population
growth within the core breeding range. (4) Occurrence and
colonization of western Europe by elegant terns is driven by
population size within the core breeding range. Corollaries of
these Hypotheses are (i) that there is a time lag in occurrence
of vagrants at each of these areas, based on increasing distance
from the core breeding range and (ii) the number of vagrants
in any given year is also related to sea surface temperature
(SST), as expressed by Oceanic Nino Index, a proxy for food
resource levels.

MATERIALS AND METHODS
Data

We have detailed, annual data on total number of nesting pairs
for the entire population of elegant terns. We interpret significant
population growth over time as evidence of reproductive success.
Since we know where all nesting colonies of elegant terns are
located, bias of this interpretation due to immigration and
emigration is minimal, compared to that for other species. We
used data on numbers of nesting pairs of elegant terns from
Velarde et al. (2015), and M.H. Horn (unpubl. data). Hereafter,
we designate as the “core area” the world breeding population
(except for the new, small colonies in western Europe, see below)
of elegant terns, which are on Isla Rasa in the northern Gulf of
California (up to 95% of pairs), plus the rest on three colonies in
the Southern California, United States area.

We gathered data on occurrence of vagrants in Washington
and Oregon, United States and on the Gulf of Mexico and
Atlantic coasts of the United States from regional reports
the journal North American Birds https://www.aba.org/north-
american-birds/and eBird'. Elegant terns, like other terns, form
large roosts, often near mouths of rivers and estuaries where
schooling small pelagic fish are abundant. These roosts occur
at predictable locations, such as the mouths of the Chetco and
Rogue River mouths in Oregon, and the Columbia River mouth
at the border between Oregon and Washington. These areas are
censused by birders on at least a weekly basis throughout the year,
and maximum counts are consistently tallied in the publications

Uhttps://ebird.org/home

Oregon Birds, Newsletter of the Washington Ornithological Society
and North American Birds (Table 1). These data provide a reliable
and consistent estimate of the total number of elegant terns
appearing in the Pacific Northwest each year.

We also gathered data on occurrence of vagrants and breeding
by Elegant Terns in Europe from Dies et al. (2019) and Stoddart
and Batty (2019). There has been quite a bit of scrutiny of
recent appearances of individual birds in Europe, which fit the
elegant tern phenotype. Multi-locus barcoding on three elegant
terns in France and Spain (Dufour et al., 2017) ruled out the
possibility that these 3 terns are hybrids (of Sandwich and
Elegant Tern); they are pure elegant terns. The Irish Rare Birds
Committee has accepted 5 occurrences of elegant tern in recent
years (1982-2005) (Parkin and Knox, 2010) as a Category A
species, (Species Recorded in a Natural State since 1 January
1950). More recently, the British Ornithologists’ Union Records
Committee (BOURC, 2018) also added elegant tern to the British
List as a Category A species.

We characterized the strength of El Nifio years based on the
Oceanic Nifio Index (ONI)?.

Analyses

We used the statistical program R (R Core Team, 2020) for
all statistical computations and graphics. Given the non-linear
nature of the relationships we sought, we used General Additive
Models to model number of vagrants and population size of

Zhttps://ggweather.com/enso/oni.htm

TABLE 3 | Summary of GAM results for vagrancy models.

Response Model Predictors P values AlC Deviance
type explained
Pac. N\W #  GAM CA Pop, 1.3 x10°° 411 63.4%
vagrants El Nifio 2 x 10716
GAMM CA Pop, 7.7 x 1078 169 >63.4%
El Nifio 0.0001
E. Coast # GAM CA Pop, 0.001 99 33.3%
vagrants El Nifio 0.45
GAMM  CA Pop, 0.002 167 <33.3%
El Nifio 0.15
Europe # GAM CA Pop, 0.007 97 40%
vagrants El Nino 0.42
GAMM  CA Pop, 0.0004 179 <40%
El Nifio 0.52

CA = Core Area. All GAMMs incorporate an AR(1) structure. Best model (chosen
by AIC) is in boldface.
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FIGURE 3 | Time series of abundance of vagrant elegant terns in Washington and Oregon during July-October. Fit of model improved with addition of data on

2000

Year

elegant terns. To test H1, we first modeled the numbers of elegant
terns in the core area over time (including terns from both
Isla Rasa and Southern California, Velarde et al., 2015), as a
function of year and El Niflo. We considered the possibility that
the time series of elegant tern population sizes is autocorrelated;
we conducted a partial autocorrelation analysis to test for this.
The partial autocorrelation gave a significant result at lag 1, and
insignificant results at higher lags, so we used a General Additive
Mixed Model (Zuur et al., 2009; Knape, 2016) to incorporate the
autocorrelation structure into the model (command gamm, in R
package mgcv, correlation = corAR1, family: negative binomial).
We compared these two models using Akaike’s Information
Criterion (AIC), and retained the model with the lowest AIC.

Vagrancy

We tested the hypotheses (H2, H3, and H4) that nesting
population size in California and Baja California (the core area)
significantly predicts the number of vagrants in three different
non-core regions: the Pacific Northwest, the east coast of the
United States, and Europe. We conducted GAM models using
number of vagrants as the response (H2, H3, and H4, respectively,
for the Pacific Northwest, United States east coast and Europe,
and the smoothed terms of core area population size and El

Nifio. We further tested for significant autocorrelation in the
response (Pacific coast vagrant numbers, East coast vagrant
numbers, European vagrant numbers). If we found significant
autocorrelation, we additionally calculated GAMMs using
smoothed year and El Nifio terms as predictors. For each given
region (Pacific Northwest, East Coast United States, Europe) we
used AIC to choose the best model of vagrant numbers.

RESULTS

The core area population of elegant terns (sum of Isla Rasa and
coast of California birds) increased, somewhat intermittently,
from 1980 to the present (Figure 1 and Table 1), with highest
numbers of nesting pairs in 2012 and 2013 (Velarde et al., 2015).
Fluctuations in Oceanic Nifio Index (ONTI) are shown in Figure 2,
with particularly strong El Nifio and La Nifia years marked.

Models of the California and Baja
California Core Population Size (H1)

We first did a partial autocorrelation test of the core area
population size (R command pacf). The correlation coeflicient
(0.50) was significant at lag 1, but not significant thereafter,
indicating that population size in the core area has an
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FIGURE 4 | Time series of abundance of vagrant elegant terns to east coast of North America (Massachusetts to Florida). Predicted values and confidence intervals
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autocorrelated structure at lag 1. With this information,
we formed a GAMM incorporating an autocorrelation
structure (Table 2).

The best model had significant Year and El Nino effects, and
incorporated an autoregressive (lag 1) structure [AR(1)]. This
model explains 61% of the variability in core area population size.

Vagrants to the Pacific Northwest (H2)

Year and core area population are strongly correlated (r = 0.78,
p = 3.9 x 107%); thus, we only included core area population
size (and not year) in our models of vagrant numbers. As well,
a partial autocorrelation function for vagrant numbers in this
region was significant at lag 1, but not significant at higher
lags. Thus, we calculated a GAMM for this region, incorporating
an autoregressive (1) structure. Model results for the following
analyses are listed in Table 3.

The increase in the core area nesting population corresponded
to an increase in abundance during late summer and fall in
Oregon and Washington (Figure 3). This northward movement
into the Pacific Northwest, increased during the early 1980s
(Figure 3), especially after the 1982-1983, 1991-1992, and
1997-1998 El Nino episodes (Figures 2, 3). However, the
largest numbers of elegant terns in the Pacific Northwest
appeared during the years 2012-2014, which were cold water
years (Figure 3).

Given these observations, it is not surprising that the best
model for vagrant numbers to the Pacific Northwest is that
including both core area population size and El Nifio, and

incorporating an autoregressive structure (with an AIC of 169,
Table 3). In this model, both core area population size and El
Nino are significant predictors of Pacific Northwest vagrants.
This model has a deviance explained value of more than 63.4%,
following the logic in Gilman et al. (2012). Although there
is not an agreed method for calculating deviance explained
for a GAMM (Gilman et al., 2012), since the AIC value for
that model is much below the equivalent GAM, the deviance
explained for the GAMM must be larger than that for the GAM
(Gilman et al., 2012).

Vagrants to the United States East Coast
(H3)
This region also showed significant autocorrelated numbers of
vagrants, with an autocorrelation of almost 0.60 at a lag of
1 year, and no significant autocorrelation for lags greater than
1 year. The increase in the observations of vagrant elegant
terns beyond the Pacific Ocean, to both eastern North America
(Figure 4) and Europe (Figure 5) began with individual birds
in 1985-86 (perhaps a consequence of strong 1982-1983 El
Nifio), and then increasing numbers of individuals in about
1999, and continues to the present (Figure 4). A decline of
records on the United States East Coast during 2004-2010
may reflect the weak El Nifio of 2002-2003 and consequent
lowered reproduction.

Models of East Coast vagrants show that the GAM (no
autoregressive structure) is the better model (AIC value of 99
compared to AIC of 167 for the GAMM, Table 3). In both
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cases the core area population term is a significant predictor
(but EI Nifo is not). The GAM then would have a higher
deviance explained (33.3%) compared to that of the GAMM
(Gilman et al., 2012; Table 3).

Vagrants to Europe (H4)

The European vagrants were significantly autocorrelated at
a lag of 1 year (an autocorrelation coefficient of more than
0.60), and not significantly autocorrelated at higher lags.
However, the best model for vagrants to Europe (Figure 5)
is the GAM (not the GAMM, which incorporates the
autocorrelation structure). Both the GAM and the GAMM
have a significant and positive core area population size term.
The GAM has a deviance explained of 40%. In both cases,
the core area population size is a significant predictor (but El
Nifio is not).

Taken together, these results show us that the total core
area population predicts the spread of birds northward to the
Pacific Northwest (Figure 6 and Table 3), the spread to the
United States East Coast (Figure 7 and Table 3) and the
spread to Europe (Figure 8 and Table 3). The El Nino data
does help to increase predictive capacity of the models, but
in itself was a significant predictor only for vagrants to the
Pacific Northwest.

DISCUSSION

Colonization of new habitats, as well as new geographical
locations, is of increasing importance as changes in the earth’s
climate alters existing habitats (DeSante and George, 1994;
Johnson, 1994; Zawadzki et al., 2019). Whether a particular
species is able to survive a changing climate must depend, at
least in part, on the ability to find and colonize new locations.
While this basic process has obviously occurred in the past, as
all or most of the faunas of oceanic islands are ultimately the
result of colonization (Lovette et al., 1999), we do not know
very much about whether birds (or other organisms) can achieve
this rate of colonization at the rate at which the earth’s climate
is warming. Thus, the data-rich example provided by elegant
terns can inform models of possible future colonization, where
colonization depends on the coupled processes of population
growth (Johnson, 1994; Veit, 2000; Veit et al., 2016; Zawadzki
et al., 2019), exploratory behavior, “intelligent dispersal” (Barton
et al, 2009) and “informed dispersal” (Reed et al, 1999
Clobert et al., 2009).

It is perhaps puzzling why elegant terns, who so clearly
suffer from food shortages during major ENSO events (Velarde
et al., 2015, 2019), have nevertheless managed to increase their
population since before the major El Nifo event of 1982-
1983. Part of the explanation is certainly, first, the reduction
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FIGURE 9 | Colonization of Europe by elegant terns. The primary colony, Isla Rasa in the Gulf of California is shown by the blue circle, and the location of three
colonies on the Pacific Coast of California is shown by the blue triangle. European breeding has occurred at L' Albufera de Valencia, Spain (red square) and Banc
D’Arguin, Gironde, France (red diamond) (Dies et al., 2019; Stoddart and Batty, 2019).

of human disturbance since Isla Rasa was protected and, later,
the removal of rats and mice from Isla Rasa in 1993-1995
(Velarde et al., 2015). Furthermore, the nesting sites in southern
California are all located on state or federally protected lands.
Another important factor for the continued increase in the

species population size may be their ability to shift nesting
sites when conditions in one area are adverse. Through genetic
analysis and banding information Perez et al. (2020) have shown
that individual elegant terns move freely between the Gulf of
California and Southern California nesting sites, and this may be
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occurring in response to local conditions of food availability. Our
model results (Tables 2, 3) show that population size in the core
area was the primary driver of vagrancy to the east coast (H3)
and Europe (H4), and El Nifio was not influential, whereas both
population size and El Nifio were drivers for northward dispersal
to the Pacific Northwest. Our interpretation is that during El
Nifo years, disrupted food supplies is enough to trigger relatively
short distance vagrancy to the Pacific Northwest, but sustained
population growth over 25 years is necessary to drive long -
distance vagrancy to the United States east coast and Europe.

Vagrants to the Pacific Northwest

The pattern of occurrence of elegant terns in Oregon and
Washington is not what one would expect if these episodes
of northward dispersal were driven by breeding failure during
ENSO. The first elegant terns recorded in either Oregon or
Washington were observed during summer 1983, when 300
birds appeared following the major El Nifio event of 1982-1983.
Thereafter the association was less clear. The largest numbers
occurred during the summers of 2011-2014 preceding the very
strong 2015-2016 El Nifo, as well as in 1992, itself a strong El
Nifo year, during summer 1997, which preceded the very strong
1997-1998 El Nifio, and 1990, a non -El Nifio year (Figure 2).
The highest abundances of elegant terns in the Pacific Northwest
during in the four summers of 2011-2014, which were La Nifia
years that followed a strong El Nifio in 2009-2010. Thus, our H2
is supported after ~ 2000, but not before then because elegant

terns dispersed northward during and immediately following a
crash of the food supply during El Nifio events.

East Coast of United States

The impact of population growth in California upon the spread of
elegant terns to the East Coast and Europe was more consistent
than the impact of population growth on spread to the Pacific
Northwest H3 and H4. The major increase in records of vagrants
to the United States East Coast and to Europe coincided with the
peak of maximum growth within the core area, which took place
from about 2000-2013 (Figures 1, 6-8). Maximum numbers on
the east coast occurred in 2017-2019, and abundance on the
United States east coast was correlated with breeding population
size (Figure 7). Virtually all records from the Pacific Northwest
are during July-October, and most records on the Gulf and
Atlantic Coasts of the United States are during fall and winter.

Vagrants to Europe
The first elegant tern appeared in Europe in 1974, perhaps
associated with a very strong El Nino in 1972-73, a second
one appeared in 1985, and the main increase began in about
2000, and peaked in 2017-2018 (Figure 5). They first attempted
breeding in 2009, and produced an egg that failed to hatch,
then began breeding successfully in 2012, and produced 7
“pure” and 2 hybrid (with Sandwich Tern) chicks through 2018
(Dies et al., 2019; Figure 9).

Our contention is that colonization of Europe transpired
through repeated vagrancy to Europe by Elegant Terns
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originating in North America. Alternative theories would include
misidentification of Cayenne terns (T. sandwichensis eurygnatha)
in Europe as elegant terns, and origin of correctly identified
elegant terns in Europe in so far undiscovered colonies in Africa
or elsewhere outside of the Western Hemisphere. It is also
possible that elegant terns could be breeding elsewhere on the
eastern side of the Atlantic, perhaps West Africa, among the
very large royal tern colonies there (Cabot and Nisbet, 2013).
The identity of elegant terns in Europe has been confirmed
on the basis of multilocus barcoding as elegant terns (Dufour
et al., 2017). While there is no evidence of breeding by elegant
terns in Africa, despite an increasing number of records from
South Africa (eBird Basic Dataset, 2013) any breeding far outside
their original range in the southern California region supports
our main contention in this paper that colonization following
long-distance vagrancy is a viable means by which birds may
escape climate extinction. Furthermore, if occurrence by elegant
terns on the east coast of North America was part of the dispersive
process bringing elegant terns to Europe, we would expect a
correlation between occurrence in both regions, and this is in fact
true (Spearman’s rho = 0.54, p = 0.00035; Figure 10).

Elegant terns probably do not breed until their third summer
(3 years old; Burness et al., 2020), so they could reasonably
use their first three years of life to prospect for new colonies
using “intelligent dispersal,” which is movement modeled using
a correlated random walk (Bach et al, 2007; Barton et al,
2009). The data on elegant terns appearing on the Pacific coast
during July-November are not segregated by age classes, but
at first glance, adult-plumaged birds seem to dominate the age
composition. An analysis of occurrences in British Columbia
(Toochin and Haviland, 2016) lists 3 hatching year birds out of 30
total records, and our examination of photographs (Birdfellow,
2021; Cornell Laboratory of Ornithology, 2021%) show that at
least some hatching year birds appear there during July to
October. Elegant terns that are one or two years old are very
similar to full adults (Pyle, 2008) and may be overlooked as being
of subadult or pre-breeding age among the larger numbers of full
adults present. Further research should quantify the proportion
of pre-breeding age elegant terns that accompany the larger
number of adults moving along the North American west coast
during fall to determine whether this age ratio varies with El Nifio
versus La Nifa conditions. Such data would resolve the question

3 https://farmé.staticflickr.com/5585/15085202237_al14454c343_o.jpg
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