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Abstract: Many migratory animals are experiencing rapid population declines, but migration data with
the geographic scope and resolution to quantify the complex network of movements between breeding
and nonbreeding regions are often lacking. Determining the most frequently used migration routes and
nonbreeding regions for a species is critical for understanding population dynamics and making effective
conservation decisions. We tracked the migration of individual Wood Thrushes (Hylocichla mustelina) (n =
102) from across their range with light-level geolocators and, for the first time, quantified migration routes
and wintering regions for distinct breeding populations. We identified regional and species-level migratory
connectivity networks for this declining songbird by combining our tracking results with range-wide breeding
abundance estimates and forest cover data. More than 50% of the species occupied the eastern wintering
range (Honduras to Costa Rica), a region that includes only one-third of all wintering babitat and that is
undergoing intensive deforestation. We estimated that balf of all Wood Thrushes in North America migrate
south through Florida in fall, whereas in spring approximately 73% funnel northward through a narrow span
along the central U.S. Gulf Coast (88-93°W). Identifying migratory networks is a critical step for conservation
of songbirds and we demonstrated with Wood Thrushes how it can bighlight conservation botspots for regional
populations and species as a whole.

Keywords: Central America, geolocator, Hylocichla mustelina, migration network, migration route, migratory
connectivity, tropical deforestation

Conectividad de Sitios de Reproduccion, Invierno y Migracion del Zorzal con Base en Rastreo de Cobertura Amplia

Resumen: Muchos animales migratorios estan experimentando declinaciones poblacionales rdpidas, pero
la informacion migratoria con el enfoque geogrdfico y la resolucion para cuantificar la red completa de
movimientos entre regiones reproductivas y no reproductivas con frecuencia es carente. Determinar las rutas
y las regiones no-reproductivas usadas con mayor frecuencia por una especie es critico para entender las
dinamicas poblacionales y bacer decisiones de conservacion efectivas. Rastreamos la migracion individual
de zorzales (Hylocichla mustelina) (n = 102) a lo largo de su extension con geolocalizadores de bajo nivel
¥, por primera vez, cuantificamos la conectividad de las rutas migratorias y las regiones de invierno para
poblaciones reproductivas diferentes. Identificamos redes de conectividad migratoria regionales y a nivel de
especie para esta ave canora en declive al combinar nuestros resultados de rastreo con los estimados de
abundancia reproductiva de cobertura amplia y los datos de cubierta forestal. Mds del 50% de las especies
ocuparon la cobertura occidental de invierno (de Honduras a Costa Rica), una region que incluye sélo un
tercio de todo el bdbitat de invierno y que estd sometida a una deforestacion intensiva. Estimamos que la
mitad de los zorzales en América del Norte migran al sur por Florida en el otorio, mientras que en la primavera
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aproximadamente el 73% atraviesan un camino estrecho a lo largo del centro de la costa del Golfo en los
Estados Unidos (88-93° W). Identificar las redes migratorias es un paso critico para la conservacion de las
aves canoras y demostramos con los zorzales como puede resaltar sitios de importancia para la conservacion

para poblaciones regionales y para la especie entera.

Palabras Clave: América Central, conectividad migratoria, deforestacion tropical, geolocalizador, red migratoria,

ruta de migracién, Hylocichla mustelina

Introduction

Conserving migratory species is challenging because
threats often occur at unknown locations, thousands of
kilometers away from breeding sites (Martin et al. 2007).
Dozens of species of migratory landbirds have experi-
enced steep population declines driven by multiple stres-
sors at temperate breeding sites, along migration routes,
and on their nonbreeding (hereafter wintering) grounds
(Faaborg et al. 2010). One of the biggest challenges in
migratory songbird conservation has been determining
the link between well-studied temperate breeding popu-
lations and threats elsewhere in their life cycle (Sherry &
Holmes 1996; Sillett et al. 2000) so that conservation ac-
tions can occur where they are most needed and through-
out the range of at-risk populations. Until recently, there
was little or no information on where specific breed-
ing populations migrate to, or how they get there (.e.,
migratory connectivity) (Webster et al. 2002; Marra et al.
2006). The miniaturization of light-level geolocators small
enough for songbirds has provided a breakthrough for
studies of migratory connectivity (Stutchbury et al. 2009).
Geolocators currently provide the most precise (within
approximately 300 km in latitude and approximately
150 km longitude) means to track small birds through-
out their annual cycle, which provides an unprecedented
opportunity to quantify patterns of connectivity for de-
clining migratory songbirds (McKinnon et al. 2013a).
Patterns of migratory connectivity between breeding
and wintering sites of migratory animals can be de-
scribed qualitatively on a gradient from strong to weak
(Webster et al. 2002). If breeding populations segregate
on the wintering grounds, then migratory connectivity
is strong (Supporting Information) and habitat loss at
specific wintering regions should have a large impact on
corresponding breeding regions (Rubenstein et al. 2002).
In contrast, if breeding populations mix extensively in
the nonbreeding season (Supporting Information), then
migratory connectivity is weak and habitat loss in one
nonbreeding region is expected to have a diffuse effect
on breeding populations (Webster et al. 2002).
Migratory connectivity studies based on recaptures of
banded birds in locations other than where they were
banded and intrinsic markers (e.g., genetic structure)
show moderate to strong connectivity at broad conti-
nental (Norris et al. 2006; Ambrosini et al. 2009; Irwin
et al. 2011) and subcontinental (Rubenstein et al. 2002)
scales. Two recent studies that tracked individual Pur-

ple Martins (Progne subis) and Bobolinks (Dolichonyx
oryzivorus) showed breeding-wintering migratory con-
nectivity was very weak and extensive mixing of North
American breeding populations on the wintering grounds
in South America (Fraser et al. 2012; Renfrew et al. 2013).
Therefore, for these species, threats to wintering habitat
will be similar for all breeding populations. Connectivity
of migratory routes has been rarely studied because indi-
rect methods, such as stable isotope or genetic analyses,
cannot provide information on start-to-finish migratory
routes of songbirds. Many species of songbirds exhibit
loop migration, where spring and fall routes occur along
different longitudes (McKinnon et al. 2013a), but for
most species it is unknown to what extent migration
routes vary among breeding populations (but see Fraser
et al. 2013).

A pattern of strong migratory connectivity can be main-
tained by segregation of migration routes by breeding
populations due to major geographical barriers (Delmore
et al. 2012; Fraser et al. 2012) or differences in an-
cestral migration routes (Bairlein et al. 2012; Delmore
etal. 2012). A leap-frog pattern of migratory connectivity,
where birds breeding farther north winter farther south
(Newton 2008), can be a result of a latitudinal gradient in
winter habitat quality if the costs of migrating farther are
mitigated by higher quality habitat (Bell 1997). Strong
connectivity can also result from parallel migration, in
which breeding longitude and winter longitude of indi-
viduals are positively correlated (Newton 2008). Segre-
gation of migration routes, regardless of the mechanism,
means that threats along these routes could differ among
breeding populations.

Migratory connectivity can be described through de-
lineation of a migratory network. The network is used to
identify and quantify the connections between breeding,
migration, and wintering sites (Taylor & Norris 2010).
The network can then be used to develop spatially re-
alistic population models (Marra et al. 2006; Taylor &
Norris 2010) to predict effects of threats in one part of
the migratory network on the species as a whole. The
models show theoretically that habitat loss in one region
can have a ripple effect throughout the network and
can affect populations that are not directly connected
to the region experiencing habitat loss. Networks can
also be used to identify habitat critical for conservation
by highlighting regions used by a large proportion of the
species overall (Martin et al. 2007). There are diverse the-
oretical approaches for understanding spatial networks
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(e.g., Runge & Marra 2005; Marra et al. 2006; Taylor &
Norris 2010), but empirical data to quantify migratory
networks for songbirds are still lacking.

Migratory networks can be useful for conservation at
multiple scales. A migratory network based on a sin-
gle regional population is informative for conservation
organizations and government environmental agencies,
which are often responsible for developing policies to
safeguard specific populations (e.g., at the level of the
state, province, and ecoregion). Certain populations also
may be important to conserve because of local adapta-
tions (Lesica & Allendorf 1995). Species-level conserva-
tion requires identification of the habitat most likely to
benefit the species overall (Martin et al. 2007). A species-
scale network can be used to quantify which migratory
routes and wintering sites are used by the greatest pro-
portion of individuals. A species-level network is also a
prerequisite for testing hypotheses regarding the overall
mechanisms for population declines and for predictive
modeling (Taylor & Norris 2010).

We tracked the round-trip migrations of individual
Wood Thrushes (Hylocichla mustelina) by deploying ge-
olocators at 7 breeding and 4 wintering sites. Like many
other forest songbirds, Wood Thrush populations have
declined (1.8%/year) since 1966 (Sauer et al. 2012). Our
objective was to provide a model of how migration data
can be used to develop migratory networks and inform
conservation measures. We created the first regional and
species-level migratory networks for a songbird, and we
quantified forest loss in its Neotropical wintering range.
Threats at temperate breeding sites have been well stud-
ied (e.g., Hames et al. 2002); however, with information
on migratory connectivity, threats from winter habitat
loss can now be quantified for specific breeding pop-
ulations. Our study provides an operational framework
to assess habitat loss and protection on the wintering
grounds for both specific breeding populations and for a
species as a whole.

Methods

Geolocator Deployment and Data Analyses

We deployed light-level geolocators (n = 733) on Wood
Thrushes at 7 breeding sites and 4 wintering sites from
2007 to 2013 (Supporting Information) and obtained
migration movement data for 102 individuals. In addi-
tion, one bird banded in Nicaragua was recovered on
the breeding grounds. Geolocators were manufactured
by British Antarctic Survey: MK14S (renamed MK5790
in 2013 and manufactured by BioTrack), 1.6 g, n = 78;
MK10S, 1.1 g, n = 9; MK20S + radiotransmitter, 1.6 g,
n = 3; and Lotek: LightBugs, 2 g, n = 12. We captured
birds with mist nets and attached geolocators with a
leg-loop backpack harness (Rappole & Tipton 1991) of
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Teflon ribbon (Stutchbury et al. 2009). The geolocator
and harness weighed <2.2 g, or approximately 4.8% of
the average Wood Thrush body mass (45.9 g [SD 4.3],
n = 241). Geolocator recovery rate varied by site (Sup-
porting Information) due to differences in search effort
and return rate of birds. The percentage of geolocator
birds that returned carrying geolocators ranged from 23%
to 38%, but the percentage was not significantly lower
than return rates of nongeolocator birds (Supporting In-
formation). There were 2 cases of harness failure (1 in
North Carolina and 1 in Vermont). We determined the
sex of birds by breeding behavior and morphology or by
amplifying sex-linked alleles from blood or feather sam-
ples following Griffiths et al. (1998). We used plumage
characteristics to assign birds to age classes (first year vs.
older) (Pyle 1997).

Geolocators record light levels every 2 or 10 min in re-
lation to an internal timer, depending on model and year
of production. This allows the determination of sunrise
and sunset times and thus day length and solar midday
and midnight, which are then used to estimate latitude
and longitude with BASTrak software package (British
Antarctic Survey). We used the “threshold method” to es-
timate location by, where at the light threshold chosen to
define sunrise and sunset, the average angle of the sun on
the horizon is determined from birds at known locations
(details in Supporting Information). Average location er-
ror was 153 km in latitude and 121 km in longitude at
breeding sites and 291 and 83 km at wintering sites (Sup-
porting Information) (McKinnon et al. 2013b). Sample
sizes differed among analyses due to missing data caused
by geolocator battery failure, migration during equinoxes
(when geolocators cannot determine latitude), or habitat
or behavioral shading of the geolocator.

Breeding locations were defined by the average lati-
tude and longitude for June and July, and winter sites
were defined by the average latitude and longitude for
January and February. To extract a conservative measure
of migration route from our data, we examined the point
when birds crossed the Gulf of Mexico (see Support-
ing Information for a map showing the Gulf of Mexico
relative to the Wood Thrush range). Because longitude
measurements from geolocators are more accurate than
latitude measurements for this species (McKinnon et al.
2013b) (Supporting Information), we used longitude of
fall exit from and spring reentry to the United States
at the Gulf of Mexico (at approximately 30°N) to rep-
resent the overall migration route. Therefore, in all of
our subsequent analyses, each bird had a single longi-
tude value associated with its fall or spring migratory
route.

Migratory Connectivity Networks

We broadly defined breeding regions as northeast
(north of Pennsylvania, U.S.A.; approximately 40-50°N,
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77-83°W), central east (North Carolina to Pennsylvania,
approximately 38-43°N, 67-78°W), Midwest (Indiana
south to Alabama, U.S.A., and westward, approximately
36-40°N, 85-94°W), and southeast (South Carolina to
Florida, U.S.A., approximately 30-38°N, 79-85°W) (Sup-
porting Information). We divided the wintering range
into 3 regions according to longitude: western (Mex-
ico excluding Yucatan state; >92°W), central (Yucatan,
Mexico; Belize; Guatemala; El Salvador; and western
Honduras; 87.5-92°W), and eastern (eastern Honduras,
Nicaragua, and Costa Rica, 82.5-87.5°W) (Supporting In-
formation). We did not track birds to or from Panama
because Wood Thrush density there is low. We divided
migration routes into categories spanning 5° longitude
along the northern Gulf of Mexico coast. For the regional-
level network, we used the number of birds tracked from
each breeding and wintering site to quantify the strength
of connectivity. For the species-level network, we used an
estimate of relative abundance of Wood Thrushes in each
breeding region to quantify the connectivity of Wood
Thrush overall between breeding, migration, and winter
sites.

Relative Wood Thrush abundance was determined us-
ing the number of individuals counted along standard-
ized survey routes (Breeding Bird Survey, see Supporting
Information for details) in each breeding region (Sauer
et al. 2012), averaged from 2000 to 2010. We then used
global forest monitoring data (Hansen et al. 2008, 2010)
to estimate total forest area within each breeding region
(Table 1). The percentage of the entire Wood Thrush
population occupying each breeding region was calcu-
lated as relative abundance multiplied by relative forest
area in that region and then converted to a percentage of
the total (Table 1). The strength of connections between
each node determined by geolocator tracking (i.e., the
regional network) was then adjusted according to the
relative population size in each breeding region to create
the species-level network.

Habitat Mapping

We used ArcMap10 (ESRD) to analyze forest cover and loss
within the Wood Thrush breeding and wintering range
by using data from a global forest monitoring database
(http://globalmonitoring.sdstate.edu/projects/gfm)

(Hansen et al. 2008, 2010). Hansen et al. (2008, 2010)
generated these data by integrating moderate spatial
resolution (250 m, 500 m, and 1 km) data from the Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
and high-spatial-resolution Landsat Enhanced Thematic
Mapper Plus (ETM+) data (28.5 m). Hansen et al.
(2008, 2010) integrated data to estimate biome-scale
forest change from 2000 to 2005 and MODIS data to
identify regions of low, medium, and high probability
of forest clearing. A stratified random sample of 18.5 x
18.5 km blocks taken within these regions was
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interpreted for forest cover and forest clearing with
high-spatial-resolution Landsat imagery from 2000 and
2005. To assess potential threats to Wood Thrushes from
tropical deforestation, we quantified lowland humid
tropical forest cover and extent of forest loss from data
retrieved from the global forest monitoring database
(Hansen et al. 2008, 2010) for 3 wintering regions
defined for Wood Thrush (Supporting Information).

Statistical Analyses

We quantified the strength of connectivity between
breeding and wintering locations by calculating the Man-
tel correlation coefficient (ry) (Ambrosini et al. 2009;
Cormier et al. 2013) with XLStat 2014 (Microsoft Corp.).
We calculated a breeding and a wintering distance matrix
(the distance between each individual and every other in-
dividual) based on the geographical coordinates of each
individual bird’s breeding and wintering sites with the Ge-
ographic Distance Matrix Generator version 1.2.3 (Ersts
2013). If individuals that breed close together also winter
close together (i.e., the population shows strong connec-
tivity), then a strong positive correlation is expected be-
tween the 2 matrices. The program uses a randomization
procedure to estimate the expected distribution of 7(4B),
where A and B are the distance matrices for the breeding
and wintering locations. We set the number of random
permutations to 10,000 to estimate the P value of the
observed correlation coefficient 7y

To determine if breeding and wintering sites for the
same individuals followed a spatial pattern (e.g., leap-
frog migration, where birds wintering farther north breed
farther south, and the reverse) (Newton 2008) and if
there was spatial structure in migration routes (e.g.,
birds breeding farther east migrated along a more east-
erly route), we used general linear models (GLMs) and
multinomial logistic regressions in the program R (R
Development Core Team 2011). In the GLM analysis,
breeding latitude and longitude were independent fac-
tors with winter latitude, winter longitude, and longitude
at the northern Gulf coast as response variables. The
multinomial regressions used the broad-scale breeding
and wintering regions and the migratory nodes. Details
and results of this more coarse-scale analysis are in the
Supporting Information. We used a GLM to account for
potential sex effects on breeding-wintering connectivity
and migration route patterns and potential age effects on
spring migration route (because some birds were juve-
niles and thus naive spring migrants). We ran 4 models
with the following dependent variables: winter latitude,
winter longitude, fall route (longitude at gulf crossing),
and spring route (longitude at gulf crossing). Indepen-
dent factors included in the model were breeding loca-
tion (both latitude and longitude), sex, and age (spring
route only). We used a backward step procedure to drop
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Table 1. Habitat and population information on Wood Thrushes by North American breeding region.

Forest Forest area Mean no. of Estimated Population trend
cover relative to Forest area birds/route species 1966-2010, % per year
Region (%) species range (%)" ha) in 2005  birds/route (SE)® population (%)° (95% Bayesian cn?
Northeast 63.2 28.4 33,783,766 3.8 (0.25) 18 —2.76
(—3.06, —2.46)
Central 51.3 18.8 22,369,415 15.2 (0.21) 48 —-1.36
cast
(—-1.62, —1.09)
Southeast 47.4 19.3 22,962,751 5.9 (0.17) 19 —2.53
(—2.89, —2.02)
Midwest 33.3 33.5 39,790,677 2.7 (0.05) 15 —0.94
(—-1.25, —0.63)
Total - - 118,906,609 - - —-1.8(-2.1,-1.7)

4 Percent of the total forest area in each region divided by the total forest area within the entire range.

bAverage abundance per year based on Breeding Bird Surveys from 2000 to 2010.

“Calculated by multiplying the average abundance of Wood Thrushes per region by the relative proportion of forest area in that region.
4Population trends within each region (n = 369, 418, 377, and 782 routes, respectively) calculated with hierarchical Bayesian analysis of

Breeding Bird Survey data.

factors from the full model one by one and evaluated the
model fit with Akaike’s Information Criterion.

Results

Breeding—Wintering Migratory Connectivity

Mapping migration destination (z = 103, includes one
band return) revealed moderate breeding-wintering con-
nectivity (Fig. 1). Almost all (91%; 32 of 35) Wood
Thrushes tracked from northeastern and central eastern
breeding populations wintered in a narrow region in the
eastern part of the winter range (Fig. 1b) (82.5-87.5°W).
In contrast, most (65%; 11 of 17) birds tracked from south-
eastern or midwestern U.S. breeding populations traveled
to the central winter range (87.5-92°W) (Fig. 1¢). Only
2 of 52 birds tracked from breeding sites wintered in the
western wintering range in southern Mexico (both bred
in the Midwest). Tracking via wintering deployments
showed a similar pattern; none of the birds tracked from
the central wintering region (z = 24) bred in the north-
east, and birds tracked from the eastern winter region
rarely (1 of 26) bred in the southeastern or midwestern
breeding range (Figs. 1d-f).

The Mantel correlation coefficient indicated signifi-
cant breeding-wintering connectivity in Wood Thrushes
(ry = 0.33, n = 103, P < 0.0001). Birds tracked from
our main breeding study sites (Pennsylvania and Indi-
ana) were on average 319 km (SE 10.7) (range 15-1196
km) apart from other individuals from the same breeding
population during the winter. For Belize and Costa Rica
deployments, individuals from the same winter popula-
tion averaged 532 km (SE 22.1) (range 11-1611 km) apart
in the breeding season. The GLMs indicated that winter
latitude was predicted by breeding latitude (8 = —0.20
[SE 0.07], t = —2.74, P = 0.007) and breeding longitude
(8 = 0.33 [SE 0.00], t = 5.60, P < 0.001), in that birds
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wintering farther south bred farther north and eastward
(full model results in Table 2). Winter longitude was also
predicted by breeding latitude (8 = —0.21 [SE 0.08],
t = —2.78, P = 0.006) and longitude (8 = 0.25 [SE 0.00],
t = 4.06, P < 0.001), in that birds wintering farther west
bred farther south and west. These results corresponded
to an overall broad pattern of parallel, leap-frog migration
(Fig. 1). Sex was not retained as a factor in the model for
wintering longitude or latitude (Table 2). Overall, breed-
ing location (latitude + longitude) explained 31% of the
variation in winter longitude @ = 0.31, F99 = 22.01,
P < 0.001) and 41% of the variation in winter latitude
(r* = 041, F599 = 34.62, P < 0.001). Results of a multi-
nomial regression supported our GLM and Mantel test
results (Supporting Information).

Migration Route Connectivity

In fall, migration route varied depending on breeding
region; most individuals (83%) from northeastern breed-
ing populations migrated in fall through southern Florida
and Cuba (<83°W) (Fig. 2a), whereas only one quarter of
midwestern and southeastern breeding populations used
this route (Fig. 2¢). In contrast, during spring migration,
most wood thrushes from all breeding regions entered
the United States along a relatively narrow stretch of the
Gulf Coast (88-93°W) (Figs. 2d-f). Breeding longitude
was a significant factor predicting fall migration route
(B = 0.26 [SE 0.10], t = 2.48, P < 0.01), in that birds
breeding farther east also left the United States farther
east. Breeding latitude and sex were not significant pre-
dictors of fall migration route (Table 2). The best model
for spring migration route included breeding longitude
and sex, but not age (first spring migration) or breed-
ing latitude (Table 2). Despite that most birds traveled
through a relatively narrow range of longitudes (88-
93°W) in spring, longitude of breeding destination was
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Table 2. Results of general linear models on wintering sites and migration routes for Wood Thrushes tracked with geolocators.
Dependent factor Independent factor Model estimate (SE) t P
Winter latitude intercept —4.33 (6.70) —0.65 0.52
breeding latitude“ —0.20 (0.07) —2.74 0.007
breeding longitude® 0.33 (0.06) 5.60 <0.001
sex (male) —0.10 (0.37) —0.28 0.78
Winter longitude intercept 74.96 (7.00) 10.7 <0.001
breeding latitude“ —0.21 (0.08) —2.77 0.006
breeding longitude® 0.25 (0.06) 4.06 <0.001
sex (male) 0.15 (0.39) 0.37 0.71
Fall route intercept 57.03 (6.60) 8.62 <0.001
breeding latitude —0.12 (0.12) 1.05 0.30
breeding longitude” 0.34 (0.08) 4.05 0.001
sex (male) —0.42 (0.57) —-0.73 0.47
Spring route intercept 70.85 (10.90) 9.80 <0.001
breeding latitude 0.03 (0.11D) 0.29 0.77
breeding longitude® 0.23 (0.10) 2.30 0.02
sex (male)” 1.07 (0.56) 1.90 0.06
age (juvenile) —0.64 (0.82) —0.78 0.44

“Significant factor retained in the best model.

still a significant predictor of longitude at the U.S. Gulf
Coast during spring migration (8 = 0.23 [SE 0.10], ¢t =
2.30, P = 0.02). Birds breeding farther east crossed the
Gulf of Mexico farther eastward. Controlling for breed-
ing longitude, there was a tendency for females to travel
farther west than males (8 = 1.07 [SE 0.56], ¢ = 1.90,
P =0.006).

Migratory Connectivity Network

Spatial structure in connectivity and migratory routes
was also evident in the regional and species-level migra-
tory networks (Fig. 3). For instance, for the northeastern
breeding region, 83% of individuals migrated through
southern Florida (<83°W) in fall, 96% occupied the east-
ern winter range, and 74% returned in spring via the cen-
tral U.S. Gulf Coast (88-93°W). In contrast, birds from the
southeastern breeding region traveled primarily through
the eastern Gulf of Mexico (50%; 83-88°W) fall migration
route, and most (87%) wintered in the central winter
range. However, most southeastern breeding birds (60%)
also used the central route across the Gulf of Mexico in
spring.

The specieslevel migratory network highlighted
several areas of conservation importance for Wood
Thrushes. The eastern wintering region was estimated to
support 56% of the species, primarily (91%) those from
the northeastern and central eastern breeding regions
(Fig. 3d). The central wintering region was used by 41% of
all Wood Thrushes, which originated from breeding sites
in the Midwest (9%), south (16%), and central east (14%);
few birds (1%) in this wintering region originated from
the northeast (Fig. 3d). A small proportion of all Wood
Thrushes (3%) was estimated to winter in the western
nonbreeding range, and all of these birds bred in the Mid-
west (Fig. 3d). Fall and spring migration showed a loop

migration pattern; no birds used the most westerly route
in fall (>93°W), and none used the most easterly route
in spring (<83°W) (Figs. 3e & 3f). In fall, the southern
Florida route (<83°W) was used by 52% of the species,
and a third used the eastern U.S. Gulf coast (83-88°W)
(Fig. 3e). In spring, Wood Thrushes were even more
concentrated; 73% of the species migrated northward
through the central U.S. Gulf Coast (Fig. 3f), a span of 5°
in longitude (approximately 480 km).

Tropical Deforestation

One of the key benefits of determining migratory con-
nectivity is the ability to assess how potential threats
on the wintering grounds vary among breeding regions.
Wood Thrushes declined significantly throughout most
of their breeding range (Fig. 4a), and the decline was the
steepest in the northeastern and southeastern breeding
regions (Table 1). The eastern winter range supported
about half the species, and almost all northeastern breed-
ers, yet this region contained only one-third of all avail-
able Wood Thrush wintering habitat (Fig. 4b; Supporting
Information) and recent deforestation rates were 0.4%
forest cover lost per year (Fig. 4¢), a cumulative loss of
approximately 2% of forest area in 5 years. Some sites
in eastern Nicaragua had 15-35% forest loss (Fig. 4¢).
The central wintering region supported most southeast-
ern breeders and contained the most extensive Wood
Thrush habitat (50.6%, Fig. 4b; Supporting Information)
and a high deforestation rate (0.5%/year [Fig. 4c]).

Discussion

A major challenge for conservation of migratory
songbirds is determining the geographic connections
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Figure 1. Migration destination of Wood Thrushes
tracked from (a) 7 breeding sites (n = 52 individuals)
to (b, ¢ their wintering sites in Central America and
tracked from (d) 4 wintering sites (n = 50) to (e, f)
their breeding sites in North America. Origin and
destination are color-coded for each bird by
population. Gray shading is breeding and wintering
range; 4 levels of shading on breeding range indicate
relative abundance from Breeding Bird Survey
(2007-2011) (Sauer et al. 2012). Data for the
Nicaragua study site (d, e) include one band recovery
during the 2011 breeding season. Average error in
latitude and longitude from ground-truthing at
deployment sites (McKinnon et al. 2013b) (Supporting
Information) is shown with error bars for one
individual location per panel (b-f).

between declining breeding populations, their migratory
routes, and their nonbreeding sites (Faaborg et al. 2010).
We quantified, for the first time, geographic links across
the entire annual cycle of a migratory songbird, includ-
ing population-specific migration routes and breeding-
wintering connectivity. We found significant migratory
connectivity structure for Wood Thrushes, where north-
eastern breeding populations migrated along more east-
erly routes in fall and wintered the farthest east (paral-
lel migration) and south (leap-frog migration). In spring,
however, there was weak connectivity as geographically
distant breeding populations mixed extensively along a
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9’5 9‘0 8.5 80 7\5"w 9’5 9‘0 8.5 80 7\5°W
Figure 2. Estimated fall (blue) and spring (red)
migration routes for Wood Thrusbes that bred in (a,
d) the nortbeast, (b, e) central east, and (c, f) southeast
and Midwest breeding regions (gray shading,
breeding and wintering range; solid circles, geolocator
deployment sites; line through circle, average location
error from ground-truthing [McKinnon et al. 2013b]J;
dasbed lines, migration movements where location is
uncertain due to persistent shading or during fall or
spring equinox when latitude cannot be resolved; pie
charts, proportion of individuals in each breeding
region making use of migration routes classified
according to longitude along the U.S. Gulf coast;
numbers next to pie charts, sample size).

similar migration route. These results emphasize the im-
portance of measuring migratory connectivity through-
out the annual cycle because breeding populations with
distinct wintering regions may nevertheless share similar
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Figure 3. Migratory connectivity networks for Wood
Thrush (a, d) wintering sites and (b, e) fall and (c, f)
spring migration routes. Regional networks (a-c)
show for each breeding region (MW, Midwest; SE,
southeast; CE, central east; NE, northeast) by
color-coded lines the proportion (width of lines and
Dpercentages) of individuals tracked from that
breeding region that travel to a particular winter
region or migrate along a particular migration route
in fall or spring (indicated by longitude, e.g., 88-93 C.
Gulf = 88-93°W, central Gulf of Mexico route) (n =
number of birds tracked from that breeding region).
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threats during migration when mortality risk is thought
to be highest (Sillett & Holmes 2002).

The migratory network we delineated provides a quan-
titative framework for prioritizing conservation efforts
for Wood Thrushes along the entire 5,000-10,000 km
migration journey. For example, habitat protection fo-
cused on the Mississippi River delta along the U.S. Gulf
Coast (83-88°W) would benefit Wood Thrushes primar-
ily during spring migration and affect 73% of the total
population of this declining species. In contrast, habitat
protection in Florida or western Cuba (<83°W) would
affect wood thrushes almost exclusively during fall mi-
gration and affect primarily central eastern and north-
eastern breeding populations. This example illustrates
the importance of migratory networks in identifying
priority conservation areas, where limited conservation
funds can be directed to conserve the greatest number of
individuals.

The migratory network also highlights how decisions
regarding where to best invest resources can differ de-
pending on whether the goal is regional conservation of
specific breeding populations or the species as whole.
The species-level network suggests that the eastern win-
tering region should be a top conservation priority for
Wood Thrush because it supports over half the species
(Fig. 3d). This relatively small region still has extensive
forest cover, but the rate of tropical deforestation is high
(Figs. 4b & 4¢); for instance, Nicaragua lost 6.9% of forest
cover from 2000 to 2012 (Hansen et al. 2013). Conserva-
tion of forest via protected parks and promotion of rustic
shade coffee (Bakermans et al. 2009; Philpott & Bichier
2012) in this region would benefit the species overall
and is critical for the northeastern breeding populations.
The central wintering region was occupied by birds
from a broader range of breeding populations (Figs. 3d
and 4b), and therefore habitat loss in this region is

« The species-level networks (d- f) indicate the

estimated proportion of the entire Wood Thrush
population that moves between a given breeding and
nonbreeding site, taking into account regional
breeding abundance (Table 1) (lines, color-coded by
breeding origin [as in a-c]; width of line, proportional
to the percentage of the global population traveling to
a given nonbreeding site or using a given fall or
spring route; values inside squares and triangles [i.e.,
nonbreeding sites], proportion of all wood thrushes
that occupy that site; size of circle, proportional to
entire breeding population (Table 1); size of wintering
region squares in (d), relative area of bumid lowland
Jforest cover in 2005 [Supporting Information]).
[Correction added after online publication on October
30, 2014: Figure replaced, amending panel 3(b) to
include a missing orange arrow under “38%”,
connecting the “CE” circle to the “E Gulf” triangle.]
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Figure 4. (a) Population trends of Wood Thrushes on
their breeding grounds based on Breeding Bird Survey
data (1966-2010; Sauer et al. 2012), (b) tropical
Jforest cover in 2005 (Hansen et al. 2010) within the
Wood Thrush winter range, and (c¢) deforestation in
Mexico and Central America in the Wood Thrush
wintering range from 2000 to 2005 (Hansen et al.
2008). Pie charts show the breeding population
(northeast, central east, southeast, and Midwest) of
individuals that wintered in a given region. Numbers
below pie charts are the estimated percentage of the
species that uses each winter region (Fig. 3d). Details
of forest area and deforestation rates per region are
in Supporting Information.

expected to have a diffuse effect on breeding popula-
tions. Guatemala has lost 8.2% of its tropical forest cover
since 2000 and is considered a tropical deforestation
hotspot (Hansen et al. 2013). Although few birds were
tracked to the western wintering range in Mexico, this
forest is nevertheless important at a regional level for
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conservation of midwestern breeding populations of
Wood Thrushes.

A key conservation question is which fall and spring
stopover regions have the greatest impact on fitness of
migrating birds. In Wood Thrushes, annual adult survival
is higher for central eastern and northeastern populations
than for southeastern populations (Saracco et al. 2010),
a pattern that could be due to differences in migratory
routes. Most adults from the central east and northeast
did not cross the Gulf of Mexico in fall; they migrated
through Florida (Fig. 2e). It is not clear which is a riskier
strategy, traversing an urbanized landscape in Florida or,
as is the case for most southeastern birds, an open-water
crossing of 800-1000 km during hurricane season. Field
data on individual birds’ refueling rates could be used to
assess relative habitat quality along the migration routes
we identified (e.g., Guglielmo et al. 2005; Seewagen et al.
2011). Radio tracking could be used to quantify survival
or foraging behavior during migration (e.g., Ktitorov et
al. 2010). It is not yet possible to measure mortality en
route remotely because satellite transmitters are not small
enough to be deployed on songbirds.

Quantitative estimates of migratory connectivity can
be used in comparative studies of the ecological mecha-
nisms that drive connectivity patterns and to test predic-
tions about the consequences of migratory connectivity
for population stability. Measured using the Mantel test,
breeding-wintering connectivity for Wood Thrushes was
higher (ryy = 0.33) than that reported for European Barn
Swallows (Hirundo rustica) (ry = 0.22) (Ambrosini et al.
2009) but less than that reported for coastal populations
of Swainson’s Thrush (Catharus ustulatus) (ry = 0.72)
(Cormier et al. 2013), a species that segregates almost
entirely on the wintering grounds. As more studies quan-
tify connections between breeding and wintering sites
of migratory songbirds, it will be possible to test if the
strength of connectivity is a good predictor of species-
level population declines.

Conservation managers can now be informed of the
specific breeding, stopover, and wintering regions used
by Wood Thrushes from specific breeding regions and
which sites and routes are used most by the species over-
all. According to Breeding Bird Survey data, Wood Thrush
populations have declined by an average of 1.8%/year
(95% CI —1.7 to —2.1) across the breeding range since
1966 (Fig. 4a) and by 3.2%/year from 2001 to 2011 (95%
CI —3.8 to —2.7) (Sauer et al. 2012). Population mod-
eling based on migratory networks parameterized with
demographic estimates for each region, once available,
can be used to explore different scenarios of habitat loss
and protection to predict impacts on population trends
(Faaborg et al. 2010) and prioritize conservation actions
(Mattson et al. 2012). Migratory connectivity networks
have the potential to revolutionize conservation strate-
gies for migratory songbirds because one can finally see
into, and measure, the contents of the so-called black box
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of the migration period (Taylor & Norris 2010). A quan-
titative understanding of migratory connectivity within
a migratory network framework can help conservation
professionals better anticipate and respond to species-
level consequences of environmental change at locations
throughout the annual cycle.
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