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Understanding and conserving metapopulations of long-distancemigrants is challenging since breeding popula-
tion structure may not be delimited simply by geography, but also by migration or wintering distributions. We
present the first study of the relative importance of breeding, migration and wintering distributions for regional
metapopulation processes in breeding areas. Using a species for which life-history and demography are exten-
sively studied (common terns Sterna hirundo), we explored population genetics across eastern North America
to distinguish between these potential drivers of metapopulation structure, understand recent population de-
clines in inland areas, and direct appropriate conservation efforts. We analyzed nuclear and mitochondrial
DNA to determine changes in population structure and dispersal over prehistoric, historical and contemporary
time at regional, sub-regional and local spatial scales. We found evidence for conservation-relevant, hierarchical
metapopulation structurewithin breeding areas: at (i) local and sub-regional scales resulting from restricted dis-
persal distances, and (ii) between inland and coastal regions as a result of non-breeding distributions. Crucially, at
regional scales (ii), asymmetrical dispersal rates from inland to coastal colonies have increased ten-fold since the
1960s, contributing to recent, largely-enigmatic inland population declines. Migrating inland common terns pass
over coastal colonies but the reverse is not true. Thus, asymmetrical dispersal from inland to coastal areas pro-
vides the first demonstration that migration routes, not wintering distributions, are drivers of breeding popula-
tion structure in the absence of physical barriers. Our results illustrate the conservation importance of this
determination for long-distance migrants: definitive evidence connecting metapopulation demographics to re-
gional population declines for common terns, previously only speculated at despite N100 years of banding effort.
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1. Introduction

Understanding demography of declining populations is of key im-
portance for interpreting and addressing numerical declines (Lande,
1988; Frankham, 2005). Populations rarely exist in isolation, but instead
as a metapopulations where they are in flux between extinction and
colonization and are connected by immigration and emigration
(Hanski, 1991; Harrison, 1991). While classical metapopulations
(“Levins metapopulations”) are relatively rare for vertebrates
(Fronhofer et al., 2012), groups of populations are commonly linked
by dispersal and thus exhibit predictable “metapopulation” dynamics
at both local and regional scales that have important conservation im-
plications (Hanski, 1998; Harrison, 1991). Since metapopulation pro-
cesses act at a variety of spatial scales and often in conjunction with

landscape heterogeneity (Olsen et al., 2010; Pavlacky et al., 2012;
Sutherland et al., 2012), this can lead to a hierarchical metapopulations
(population structure and dispersal across multiple scales). Under-
standing such hierarchical metapopulation structure is therefore essen-
tial to inform conservation priorities for declining regional populations.

Empirical demographic studies across metapopulations, such as
multi-site capture-recapture (Lebreton et al., 2003), are logistically
challenging forwide-ranging organisms, especially long-rangemigrants
with low rates of recruitment and widespread breeding distributions
(Esler, 2000). Terns (Family Sternidae) are a good example of this chal-
lenge and while demographic studies have been achieved for small
metapopulations at small spatial scales (b40 km distant; Breton et al.,
2014; Palestis and Hines, 2015) and occasionally for distances of up to
300 km (Spendelow et al., 1995), even these distances are relatively
small when compared to breeding dispersal documented from banding
recoveries (e.g. up to 950 km for common terns Sterna hirundo in North
America; Nisbet, 2002). Population genetics can be used instead to infer
both population connectivity and diversity (e.g. Bicknell et al., 2012;
Boutilier et al., 2014; Szczys et al., 2012). Moreover, analyses of gene
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flow in current, historical and prehistoric time can provide an important
conservation tool for understanding dispersal between populations and
prioritizing populations for conservation efforts (Dudaniec et al., 2011;
Osborne et al., 2012; Welch et al., 2012).

Unfortunately, typical approaches for regional and landscape-scale
population genetics (Manel and Holderegger, 2013) are not as simple
to apply for long-distance migrants as for resident species (e.g.,
Pavlacky et al., 2012), chiefly because population structure cannot be
defined unequivocally based on geography or life stage (Esler, 2000).
This is especially true for seabirds and waterbirds, since often (but not
always: e.g. Bicknell et al., 2012; Boutilier et al., 2014) barriers to dis-
persal are not static geography (e.g. land barriers, mountain ranges)
but may be caused by ocean regimes (e.g. currents, fronts and mixing),
nonbreeding distributions, foraging distributions, and breeding phenol-
ogy (Friesen, 2015). In the absence of land barriers, nonbreeding distri-
butions have been implicated as the most important factor affecting
population structure and dispersal for migratory seabirds (Friesen,
2015; Friesen et al., 2007) and of importance for shorebirds
(Kraaijeveld, 2008) and landbirds (Kelly andHutto, 2005). Nonbreeding
distributions include migration routes and wintering areas, but the rel-
ative extent to which each is driving population structure and dispersal
is currently unclear. Few studies differentiate between these life stages
and explicitly investigate, or even speculate, on the potential influence
of each on breeding populations. Breeding populations of Cassin's
auklets (Ptychoramphus aleuticus) and black-browed albatrosses
(Thalassarche melanophris) have been suggested as being structured ac-
cording to their distinct wintering distributions, although the degree to
which migratory route might play a role is unclear (Burg and Croxall,
2001; Wallace et al., 2015). The only previous studies to investigate mi-
gration route are for Eurasian blackcaps (Sylvia atricapilla), where there
is evidence of influences of both wintering distribution and migration
route on population differentiation (Bearhop et al., 2005; Rolshausen
et al., 2009). However, in this case, blackcaps from distinct wintering
grounds also had distinct migration routes and thus it is not possible
to distinguish the individual effects of migration route and wintering
distribution on genetic structure of these breeding populations.

Common terns are long-distance migratory waterbirds that main-
tain breeding colonies in coastal and inland regions across the temper-
ate northern hemisphere and winter in temperate, subtropical and
tropical coasts of the southern hemisphere (Gochfeld et al., 2016).
Banding and geolocator tracking data indicate that common terns
breeding on the Atlantic coast of North America migrate solely offshore
from the Atlantic coast (Austin, 1953; Nisbet et al., 2011). Migration
routes for inland breeders from the Great Lakes to Manitoba are gener-
ally inland to the west of the Florida Panhandle (Austin, 1953; Blokpoel
et al., 1987) but a proportion of these birds also travel up the Atlantic
coast (Austin, 1953). This latter route is confirmed by geolocator track-
ing studies as important for inland breeders, especially during spring
migration (Nisbet et al., in press). Atlantic coast breeding populations
are generally stable (Nisbet et al., in press) (despite declines within
some areas; Palestis and Hines, 2015), however, region-wide declines
across Great Lakes populations have continued since the 1970s, by
18% overall and over 40% in Ontario (Morris et al., 2010, 2012). Further-
more, prevailing views that larger breeding populations in Manitoba
(36–39% of known North American population, Morris et al., 2012)
could compensate for these declines have been overturned by latest
census data that indicate a 57–67% decline in abundance within these
populations in the last 20 years (Wilson et al., 2014). Significant popu-
lation declines over several decades for common terns are not unique
to North America as similar trends were reported in Germany, The
Netherlands, Norway and inland Britain (Becker and Ludwigs, 2004;
Szostek and Becker, 2012). Thus, determining the factors that affect
population structure and dispersal across inland and coastal colonies
is of key importance for directing urgent conservation initiatives for
common terns in inland North America and can inform similar strate-
gies in Europe. Moreover, common terns are one of the most widely

studied waterbird species, with an abundance of life-history and demo-
graphic data. This is especially true in North America, where, in addition
to research (Nisbet, 2002; Nisbet et al., in press), colonies have been
monitored regularly since the 1800s (Nisbet, 2002); regular compre-
hensive censuses of large areas have occurred since the 1960s (e.g.
Kress et al., 1983; Morris et al., 2010); banding has been ongoing since
at least 1909 (Cleaves, 1913) [over 1.5 million common terns have
now been banded and over 32,000 recoveries are available through
the USGS Bird Banding Laboratory (D. Bystrak and I. Nisbet pers.
comm.)], and recent tracking studies have used geolocators to delimit
migration, staging and wintering areas of common terns breeding
across North America (Nisbet et al., 2011, in press; E. Craig, D. J.
Moore, A. Bracey and A. McKellar unpubl. data). However, like many
other diverse avian taxa, they are wide-ranging, long-distancemigrants
and thus little is known of their metapopulation demography at region-
al scales because of the logistical challenges described above.

We explore population genetics of breeding common terns across
eastern North America, from Lake St. Joseph, Kenora District, ON in
the west to coastal Newfoundland in the east (a study area
spanning N 2500 km) to assess dispersal and metapopulation structure
that have direct relevance for conservation andmanagement.We inves-
tigate changes in these metapopulation processes at regional
(N1000 km), sub-regional (b400 km), and local (between sites,
~100 km+) spatial scales and across three temporal scales: contempo-
rary (2–3 generations), historical (5+ generations) and prehistoric
(thousands of years). Possible drivers of population structure include
factors acting within the breeding distribution, on migratory routes, or
at wintering grounds. Since the last glaciation, no formidable physical
barriers have existed across our study area: common terns are able to
cross large expanses of open water (and even rest on water for up to
11 h) (Nisbet et al., 2011), the area is permeated by an abundance of
lakes and rivers, and there are no large mountain ranges. Given that,
we predict that any contemporary genetic structure among these
breeding populationswill be the product of non-physical barriers, chief-
ly (i) species-specific limits to breeding dispersal distance (generally
b40 km [Breton et al., 2014; Haymes and Blokpoel, 1978; Palestis and
Hines, 2015] but occasionally up to 950 km [Nisbet, 2002]) for local or
sub-regional structure, and (ii) differences in nonbreeding distribution
(either migration routes or wintering distributions) between coastal
and inland breeders for regional structure. If migration routes are the
most important driver of regional population structure, we predict
asymmetrical dispersal from inland regions to the coast (since coastal
breeders migrate only eastward of the Atlantic coast and thus potential
recruits do not encounter inland colonies). Conversely, if mixing in
overlapping wintering areas is most important, we expect symmetrical
dispersal to be evident. Identifying which parts of the annual cycle
shape population structure would be amajor step towards understand-
ing the factors behind ongoing population declines.

In summary, we explore the genetic evidence for metapopulation
structure in this region across a range of spatial and temporal scales,
examine the importance of dispersal during breeding, migration and
wintering stages in maintaining this structure, and implicate the poten-
tial factors behind observed temporal changes. So doing, we aim to for-
ward our understanding of inland population declines and formulate
conservation initiatives for this species. More broadly, we provide an
understanding of how non-breeding distributions can impact metapop-
ulation processes and illustrate how our approach can address conser-
vation questions that remain unresolved, even for well-studied species.

2. Materials & methods

2.1. Sampling and genotyping

Blood from 238 non-sibling, common tern chicks was collected fol-
lowingmethods of Szczys et al. (2012) at 12 sites throughout the north-
eastern United States and southern Canada between 2008 and 2012, at
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