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Assessing migratory connectivity for a long—distance migratory bird
using multiple intrinsic markers
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Abstract. Patterns of migratory connectivity are a vital yet poorly understood component
of the ecology and evolution of migratory birds. Our ability to accurately characterize patterns
of migratory connectivity is often limited by the spatial resolution of the data, but recent
advances in probabilistic assignment approaches have begun pairing stable isotopes with other
sources of data (e.g., genetic and mark—recapture) to improve the accuracy and precision of
inferences based on a single marker. Here, we combine stable isotopes and geographic
variation in morphology (wing length) to probabilistically assign Wood Thrush (Hylocichla
mustilena) captured on the wintering grounds to breeding locations. In addition, we use
known-origin samples to validate our model and assess potentially important impacts of
isotopic and morphological covariates (age, sex, and breeding location). Our results show that
despite relatively high levels of mixing across their breeding and nonbreeding ranges, moderate
levels of migratory connectivity exist along an east-west gradient. In addition, combining
stable isotopes with geographic variation in wing length improved the precision of breeding
assignments by 10% and 37% compared to assignments based on isotopes alone or wing length
alone, respectively. These results demonstrate that geographical variation in morphological
traits can greatly improve estimates of migratory connectivity when combined with other
intrinsic markers (e.g., stable isotopes or genetic data). The wealth of morphological data
available from museum specimens across the world represents a tremendously valuable, but
largely untapped, resource that is widely applicable for quantifying patterns of migratory

connectivity.
Key words:

deuterium, geographical variation; hydrogen isoscapes;, Hylocichla mustilena; intrinsic

markers; migratory connectivity, morphology, probabilistic assignment; stable isotopes; Wood Thrush.

INTRODUCTION

Quantifying the migratory connectivity of animal
populations is essential for understanding the evolu-
tionary processes that shape life history and the
ecological processes that affect population dynamics
(Webster et al. 2002), as well as for interpreting
population trends (Runge and Marra 2005, Dunn et
al. 2006) and determining the principal threats driving
regional population trends (Hobson 2005, Faaborg et al.
2010, Marra et al. 2011). This is in large part because
events in the avian annual cycle are often inextricably
linked, such that events in one season can “carry over”
to subsequent seasons, having profound impacts on
population dynamics (Marra et al. 1998). Despite the
long-standing interest in movement ecology, establishing
the linkages between populations of migratory species
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has remained challenging because these species generally
occupy a variety of disparate locations and move across
jurisdictional boundaries throughout their annual cycle
(Rubenstein and Hobson 2004, Webster and Marra
2005, Faaborg et al. 2010).

To track the migratory movements of birds, scientists
have utilized both extrinsic (e.g., mark—recapture, VHF
and satellite telemetry, light-level archival geolocators;
Combreau et al. 2011, Ryder et al. 2011) and intrinsic
approaches (e.g., morphology, genetics, and stable
isotopes; Rubenstein and Hobson 2004). Extrinsic
approaches such as mark-recapture are often limited
by low recapture rates (Webster et al. 2002), whereas
direct-tracking technologies can be costly (e.g., satellite
telemetry) and suffer from low resolution (e.g., geo-
locators). Genetic markers suffer from low resolution
because many migratory species show little genetic
structure across their breeding or nonbreeding ranges
(Colbeck et al. 2008, Irwin et al. 2011), although these
markers have proven useful when such structure exists
(Chabot et al. 2012, Rundel et al. 2013). Stable isotopes,
however, are a valuable tool for understanding migra-
tory patterns because, despite low resolution, they are

445



446

relatively inexpensive, large numbers of samples can be
obtained, and the abundance of certain stable isotopes
varies predictably over large geographic areas (Hobson
2005, Hobson and Wassenaar 2008, Inger and Bearhop
2008).

In particular, stable hydrogen isotopes have emerged
as a key tool for estimating migratory connectivity in
many bird species. The composition of stable hydrogen
isotopes in rainfall varies with latitude and altitude
across North America (Bowen et al. 2005), and this
stable isotopic signature is incorporated into the tissues
grown at a given location (e.g., feathers and claws;
Hobson and Wassenaar 1997). Because most migratory
songbirds molt their feathers on their breeding grounds
prior to fall migration (Pyle 1997), and because feathers
are metabolically inert after growth (Hobson and
Wassenaar 1997), stable hydrogen isotope signatures
in feathers (8°H;) can be compared with known
isoscapes to determine the geographic origin of birds
sampled away from their breeding sites (Hobson et al.
2012). The ability to use these feather isoscapes to make
probabilistic assignments to their region of origin has
been one of the largest advances for quantifying the
migratory connectivity of both Nearctic—Neotropical
migrants (Hobson et al. 2004, Norris et al. 2006,
Sarasola et al. 2008) and Palearctic-Afrotropical mi-
grants (Pain et al. 2004, Szép et al. 2009). Despite these
advances, a number of limitations and challenges
associated with using stable isotopes to make geographic
assignments still exist (Van Wilgenburg and Hobson
2011).

The main limitation of using hydrogen isotopes to
make probabilistic assignments and assess migratory
connectivity is the limited resolution of inference. First,
the continental isoscape for hydrogen isotopes provides
broad latitudinal clines, but has much poorer longitu-
dinal resolution (Bowen et al. 2005), often resulting in
broad geographic assignments of origin (Wunder et al.
2005). Moreover, the precipitation-based hydrological
models used to estimate hydrogen isoscapes are based
on long-term averages and may fail to reflect interannual
variation (Hobson et al. 2012). Second, interindividual
variation due to age can reduce the resolution of
assignments and decrease the probability of correct
assignments (Langin et al. 2007, Haché et al. 2012).
Finally, given that a number of ecophysiological factors
may influence the isotopic discrimination linking rainfall
and tissue, researchers may require species-specific tissue
base maps and assignment algorithms (Hobson 2011,
Hobson et al. 2012, Hallworth et al. 2013).

Given the challenges of using stable isotopes to
quantify migratory connectivity, researchers continue
to seek approaches that will improve accuracy and
precision of the geographic assignments based on
hydrogen isotopes. One recent advance has been the
development of assignment algorithms that can proba-
bilistically determine the origin of individuals across a
continuous surface (Van Wilgenburg and Hobson 2011).
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Unlike earlier methods that assigned individuals to
large, predefined regions (Royle and Rubenstein 2004,
Boulet et al. 2006, Norris et al. 2006), the use of a
continuous surface provides a more accurate assessment
of potential breeding origins. Furthermore, this ap-
proach allows researchers to easily estimate the uncer-
tainty associated with assignments by quantifying the
size of the geographic area identified as potential origin
(Chabot et al. 2012). The ability to quantify uncertainty
is an important advance because imprecise assignments
are of little use for assessing migratory connectivity even
if accuracy is high (Martin et al. 2007).

A second recent development toward improving
assignments and establishing linkages between breeding
and wintering populations involves combining stable
isotopes with other sources of data. At present, most
assignments based on multiple data sources have
combined multiple stable isotopes (Royle and Ruben-
stein 2004, Hobson et al. 2009) or stable isotope data
with genetic data (Clegg et al. 2003, Kelly et al. 2005,
Boulet et al. 2006, Chabot et al. 2012, Rundel et al.
2013), banding data (Van Wilgenburg and Hobson
2011), or regional abundance (Royle and Rubenstein
2004, Norris et al. 2006). Combining multiple sources of
data has been shown to improve both the accuracy
(Royle and Rubenstein 2004, Kelly et al. 2005, Rundel et
al. 2013) and precision (Van Wilgenburg and Hobson
2011, Chabot et al. 2012) of assignments, but each of
these data sources has inherent limitations and not all
sources are equally useful for all species. As a result,
there is a continued need to identify and combine novel
data sources that can help to characterize species-specific
geographical variation.

One source of geographic variation that has not been
combined with stable isotopes or widely used in
migratory connectivity studies is morphological traits
that show predictable geographical variation (Gomez-
Diaz and Gonzalez-Solis 2007). Many species of
migratory birds show geographic variation in morphol-
ogy, including body size (Conklin et al. 2011), wing
length (Saracco et al. 2009), bill size (Greenberg et al.
2012), and plumage characteristics (Lehtonen et al.
2009, Paxton et al. 2010). These morphological traits
represent a potentially valuable source of data for
studying migratory connectivity in many species (Paxton
et al. 2010), but to date there have been no attempts to
combine morphological traits with other data sources to
probabilistically assign individuals to breeding loca-
tions.

Here, we combine stable isotope and morphological
data to probabilistically assign Wood Thrush (Hylo-
cichla mustilena) captured on the wintering grounds to
breeding locations. In addition, we use data from
breeding Wood Thrush to validate the accuracy and
precision of our model and to assess how factors such as
age, sex, and breeding origin influence our assignments.
Finally, we use these probabilistic assignments to assess
the degree of migratory connectivity between breeding
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and wintering populations. Wood Thrush represent an
ideal species to assess these methods because their
breeding range spans a large stable isotopic gradient and
wing length in this species is positively correlated with
latitude (Fig. 1). In addition, Wood Thrush populations
in North America have declined by >50% since the
1960s (Evans et al. 2011). Given the extent of this
decline, the Wood Thrush is listed as a “Species of
Conservation Concern” (U.S. Fish and Wildlife Service
2008), a “priority species” for 30 U.S. states, and is
considered threatened by the Committee on Endangered
Species of Canada. Accurate estimates of migratory
connectivity are critical to identifying the principle
threats driving regional population trends and develop-
ing effective strategies and partnerships to mitigate these
threats (Marra et al. 2011).

METHODS
Data collection

Wood Thrushes were captured during the nonbreed-
ing season (November—March) at six banding stations
that were operated as part of the Monitoreo de
Sobrevivencia Invernal (MoSI) program between 1999
and 2008 (DeSante et al. 2005). Study areas included
Los Tuxtlas in southern Veracruz, Mexico (RBTT);
Cerro San Gil (CSGI) in eastern (Izabal) Guatemala;
Reserva Privada El Jaguar (JAGU), Reserva Nacional
Volcan Mombacho (MOMB), and Esperanza Verde
(GUAT) in Nicaragua, and at Centro Agrondémico
Tropical de Investigacion y Ensefianza (CATI) in Costa
Rica. Individuals were banded with USGS aluminum
bands and aged (second-year, SY; vs. after-second-year,
ASY) using plumage criteria and rectrix shape following
Pyle (1997). For each individual, we collected morpho-
logical data (unflattened wing chord) and sampled
feathers (e.g., two outer rectrices, one from each side).
These feathers were stored in the Neotropical Migratory
Bird Conservation Genetics Project of the University of
California, Los Angeles, California, USA (T. B. Smith).
Stable isotope analysis of all feather samples was
performed at the Smithsonian Stable Isotope Mass
Spectrometry Laboratory in Suitland, Maryland, USA
(Appendix A).

To assess the degree of migratory connectivity
between breeding and nonbreeding populations, we
grouped individuals into three broad regions corre-
sponding roughly to the northern, central, and southern
portions of the nonbreeding range (Fig. 2). Because
sample sizes from several MoSI stations were small
(Table 1), these groupings were necessary to detect
significant differences from random mixing of breeding
populations.

Assignment models

To assign individuals to potential breeding locations,
we first created base maps describing the variation in
hydrogen isotope abundance in feathers (8*°Hy) and wing
chord (W) across the Wood Thrush breeding range.
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Given that second-year (SY) Wood Thrush have
significantly shorter wings than adults (ASY; Fy_j0079 =
455.50, P < 0.001), we produced separate wing chord
base maps for SY and ASY individuals. To estimate the
hydrogen isoscape (Appendix C: Fig. Cl), we converted
a map of expected amount-weighted growing-season
precipitation 8°H values (SZHP; Bowen et al. 2005) to
expected feather 8°H values (8°Hy) using the following
correction factor: 8°Hy = —175.57 + 0.95 SZHp, which
was estimated from a large sample of ground foraging
Neotropical migratory songbirds (Hobson et al. 2012).
In their analysis, Hobson et al. (2012) found no support
for age-based differences in hydrogen isotope discrim-
ination and therefore we did not apply any age-specific
correction to the 8?H values.

To interpolate age-specific spatial variation in Wood
Thrush wing morphology, we used unflattened wing
chord measurements from 2271 individuals sampled at
64 bird-banding stations operated during the breeding
season (May—August) as part of the Monitoring Avian
Productivity and Survivorship (MAPS) program be-
tween 2002 and 2011 (DeSante and Kaschube 2009; Fig.
1A). We used ordinary kriging with a stable semivario-
gram model (Nugget = 2.92, Sill = 1.55, Lag = 0.88) to
create an interpolated map of range-wide variation in
wing chord (Fig. 1A). Specifically, we used mean wing
chord values from MAPS sampling locations to predict
wing chord across the entire breeding range. We then
extracted predicated wing chord values to a 30 X 30 km
grid equivalent to that which had been used for stable
isotope analyses. Although wing chord varies by sex, we
chose not to create sex-specific maps because we did not
have information about the sex of nonbreeding birds.
While including sex-specific wing chord variation in the
model would improve the accuracy and precision of our
assignments, assignment rates of known-origin birds
were high without this information (see Validation
results), suggesting that our methods were adequate
for estimating the breeding origin of both male and
female Wood Thrush. All spatial analyses were done
using geostatistical analyst in ArcMap version 10.1
(ESRI 2012).

Assignments of nonbreeding individuals

We first assigned nonbreeding birds to potential
breeding locations using isotope values and wing chord
separately. To do this, we calculated the likelihood that
each raster cell represented the breeding location for
each individual using a normal probability density
function:

B (rx — Hi)z
e 202

% i,O) =
Folw0) =— ot
where f(y*|p;,0) is the likelihood that an individual
with 8°Hy or W = y* originated from cell i; p; is the
predicted 8°Hy or W value for cell i; and o is the
standard deviation of 8°H; or W values within a single
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Fic. 1.

Sampling locations of feathers (bird icons) and morphological data (white dots) used in validation and to

probabilistically assign Wood Thrush (Hylocichla mustelina) sampled in nonbreeding areas to their breeding origin. (A) Ordinary
kriging shows the spatial pattern of latitudinal variation in Wood Thrush morphology. (B) Wood Thrush wing chord length shows
a linear increase with latitude (wing = 90.54 + 0.39 X latitude; F; 4367 =376.29, P < 0.001, #2=0.07). The key indicates that point

size is proportional to the number of individuals sampled for morphological data.

breeding site. Wing chord standard deviation was
calculated using data collected at the MAPS stations
located across the breeding range and was estimated to
be 3.3 mm. We estimated the 8*H; standard deviation
from published values of within-site 8°H; variation in
Wood Thrush; this SD was assumed to be 10%o (Powell
and Hobson 2006).

Next, we assigned individuals using both stable
isotope values and wing chord by estimating the
likelihood that each raster cell represented the breeding
location of each nonbreeding individual, using a
bivariate normal probability function as follows:

f(x*ay* | His 2)

IR S RN S [ 10
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where f(x*, y* |, X) is the likelihood that an individual
with 8%Hy = x* and W = y* originated from cell i; p; =

(ﬁx> is the mean &°H; and W of cell i p is the

y
correlation between 8°Hy and W; and

s [ o2 pcxcy]

po.c, O,

is the variance covariance matrix for 8°H and W, which
was estimated from the predicted 5°H and W values for
each cell across the entire breeding range. All analyses
were performed in the R statistical computing environ-
ment (R Development Core Team 2008) using the
“mnormt” package (Azzalini 2012).

Mapping “likely” breeding origins

For each nonbreeding individual, the likelihoods
calculated for the three assignment models (wing chord,
isotope, and wing chord + isotope) were rescaled to
highest likelihood for that assignment, resulting in
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FiG. 2. The predicted probability of Wood Thrush origin using data from stable isotopes and geographic variation in wing
morphology for birds sampled in the (A) northern, (B) central, and (C) southern portions of the nonbreeding range (gray shaded
area in the inset). Red circles in the nonbreeding range map mark the MoSI (Monitoreo de Sobrevivencia Invernal) stations where
feather samples and wing chord measurements were collected for nonbreeding Wood Thrush, i.e., the stations in Table 1.

relative likelihoods that ranged from 0 to 1. We then
converted the relative likelihoods to “likely” or “unlike-
ly” breeding locations by assigning cells containing the
upper 75% of relative likelihoods a value of “1” and all
other cells a value of “0” (Van Wilgenburg and Hobson
2011). This resulted in a binary map for each individual
showing the most likely breeding origins based on each
assignment model. More stringent thresholds (90%)
would result in more cells being identified as likely,
resulting in higher accuracy but lower precision, whereas
less stringent thresholds (67%) have the opposite effects.
We chose to use a 75% threshold to balance this trade-
off, but present results using a 67% threshold for
comparison.

We then produced overall “connectivity” maps for
each nonbreeding region by overlaying the assignment
maps of all individuals from that region and summing
the number of individuals predicted to have originated
within each cell using a raster calculator in ArcMap
version 10. To quantify migratory connectivity be-

tween breeding and nonbreeding regions, we divided
the breeding region into four quadrants (northeast,
northwest, southeast, southwest; Appendix C: Fig.
C1). For each individual, we calculated the mean
likelihood of all raster cells within each quadrant and
assigned individuals to the quadrant with the highest
mean likelihood. For each nonbreeding region, we
then summed these assignments to determine the
percentage of individuals assigned to each breeding
quadrant. We further used these assignments to test for
latitudinal or longitudinal trends in patterns of
migration. To test for latitudinal patterns (e.g., chain
vs. leap-frog migration), we classified individuals
assigned to the northeast and northwest quadrants as
“northern” and individuals assigned to the southeast
and southwest quadrants as “southern.” To test for
longitudinal patterns (e.g., migratory divide), we
combined the northeast and southeast quadrants and
the northwest and northeast quadrants to create
“eastern” and “western” regions.
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Given the null expectation of complete mixing of
breeding populations on the nonbreeding grounds (i.e.,
no connectivity), the percentage of individuals assigned
to each breeding quadrant should be equal to relative
breeding abundance of each quadrant (Royle and
Rubenstein 2004). Significant differences from this null
expectation indicate regions that exhibit stronger
connectivity than expected under complete mixing. To
estimate the null expectation for our assignments, we
used data from the North American Breeding Bird
Survey (BBS; Robbins et al. 1986) to estimate the
relative abundance of Wood Thrush breeding in each
quadrant. Specifically, we used the mean count for each
BBS route to compute relative numbers of Wood
Thrush counted in each quadrant. Although BBS data
suffer from several limitations (Sauer and Link 2011),
Wood Thrush are easily detected during the breeding
season and BBS surveys cover the entire breeding range.
As a result, these data should provide a reasonable
estimate of the expected percentages for our breeding
quadrants.

Model validation

To assess the accuracy of our assignment models, we
conducted a separate analysis using wing chord and
isotope data collected from breeding Wood Thrush.
Individuals were captured between 2009 and 2011 as
part of separate projects at six locations that span the
breeding range (bird symbols in Fig. 1A) and represent a
mixture of age and sex classes (Table 2). To ensure that
individuals were breeding at the location where they
were sampled, we only included individuals captured
between 1 June and 31 July. We assigned each individual
using the models previously described, and individuals
were assigned correctly if the raster cell containing the
actual breeding location was identified as a likely origin.
We estimated the uncertainty of each assignment as the
total number of raster cells that were scored as likely
breeding locations.

RESULTS

The assignments of nonbreeding individuals to
potential breeding locations using stable isotopes and
morphology suggest that Wood Thrush exhibit moder-

TABLE 1.
coordinates, and the number of ASY and SY individuals.
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ate connectivity across their breeding and nonbreeding
ranges (Table 3, Fig. 2). Only region A, the western-
most nonbreeding region, had breeding assignments that
differed from the null expectation of complete mixing
(x*=58.52, df =3, P < 0.001), indicating that this region
had significantly more birds assigned to the northwest
quadrant than expected, based on the relative breeding
abundance in the northwest. In contrast, the percentage
of assignments to each quadrant did not differ from
complete mixing in region B (x> =3.67, df =3, P =0.29)
or in region C (x> =1.16, df = 3, P = 0.76).

When quadrants were paired (i.e., north vs. south and
east vs. west), the assignments suggest that Wood
Thrush exhibit a weak migratory divide, with western
breeding populations more likely to winter in western
nonbreeding sites and eastern breeding populations
more likely to winter in eastern nonbreeding sites (Table
3). Region A contained more western individuals than
expected based on complete mixing (x> =4.34, df =1, P
=0.04), whereas region B, the most central nonbreeding
region, contained nearly equal numbers of eastern and
western individuals (x* = 0.88, df = 1, P = 0.35). Region
C did contain more birds from the eastern half of the
breeding range (Table 3), although the proportion of
eastern and western individuals did not differ from
complete mixing (x> = 0.072, df =1, P =0.79).

No clear latitudinal migration pattern (e.g., leap-frog
vs. chain) emerged from our assignments. Region A did
contain more northern individuals than expected based
on complete mixing (x> = 12.38, df = 1, P = 0.004), but
region B (32 =0.13, df = 1, P=0.72) and region C (3° =
1.066, df = 1, P = 0.31) did not. Taken together, our
assignments suggest that there is a generally high level of
mixing of breeding populations on the nonbreeding
grounds, particularly for eastern and southern breeding
populations. However, western populations, particularly
individuals from the northwestern portion of the
breeding range, do appear to show some degree of
connectivity during the nonbreeding season.

Validation results

Overall, the assignment rate for the wing chord model
(97.5%; Table 4) was significantly higher than the rate of
the hydrogen model (80.1%; x> =17.3, df =1, P < 0.01)

Summary of nonbreeding sampling regions for Wood Thrush (Hylocichla mustelina), with station codes, geographic

Sample size
Region Station Latitude (°N) Longitude (°W) ASY SY Total
A RBTT 18.58694 95.07722 15 3 18
B CSGI 15.63889 88.86944 9 3 12
B JAGU 13.23250 86.05250 5 2 7
C MOMB 11.83222 86.00833 5 0 S
C GUAT 11.08639 84.73611 4 3 7
C CATI 9.89865 83.86944 2 3 5

Notes: Regions and stations are shown in Fig. 2; ASY and SY are after-second-year and second-year birds.
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Summary of validation sampling locations for Wood Thrush, with geographic coordinates and the number of ASY and

SY individuals of each sex captured at each Monitoring Avian Productivity and Survival (MAPS) station used to validate our

assignment models.

ASY SY
State Latitude (°N) Longitude (°W) Male Female Male Female Total
North Carolina 3541114 83.12166 15 3 13 1 32
Virginia 38.70961 77.146699 13 2 11 1 27
Indiana 38.83829 86.82134 24 3 0 1 28
Michigan 42.15833 85.47387 3 3 0 0 6
Vermont 44.50697 73.15053 8 0 19 0 27

and the joint model (74.1%; x*>=26.8, df =1, P < 0.01).
The assignment rates did not differ between the
hydrogen and joint models (3> = 1.53, df = 1, P =
0.22). Assignment rates using the joint model did not
differ between age classes (x> =0.42, df =1, P=0.52) or
between males and females (y*> = 0.06, df = 1, P = 0.94;
Table 5). As expected, the assignment rates were lower
when a 67% threshold was used to identify likely
breeding locations (Appendix B: Table B1)

The differences in assignment rates were driven
mainly by the low assignment rate of North Carolina
samples using the hydrogen and joint models (Table 4).
The North Carolina site is located within a mountainous
area in the western part of the state (Fig. 1), and the high
elevations result in predicted hydrogen values that are
more depleted than at low-elevation sites at the same
latitude (Appendix C: Fig. C1). However, Wood Thrush
generally breed only at low elevations (Evans et al.
2011), resulting in hydrogen values that are enriched
relative to the predicted values. Thus, many North
Carolina individuals were assigned to more southerly
locations, even when wing chord was included in the
assignments. When the North Carolina samples were
excluded, the assignment rates did not differ between the
models (x> = 1.1, df =1, P = 0.58).

Although wing chord data alone produced an
accurate assignment model, combining the two markers
substantially reduced the uncertainty of assignments and
increased model precision (mean = SD number of cells
identified as likely: hydrogen only = 2071 *= 586 cells;
wing chord only = 2943 = 586 cells; joint assignment =
1877 £ 592 cells). On average, the joint model resulted
in a 37% reduction in the area assigned as “likely”
compared to the assignments based on wing chord alone
(paired 7 test: 1 =18.7, df =119, P < 0.01), and a 10%

TABLE 3.

reduction compared to assignments based on hydrogen
alone (1 =6.73, df =119, P < 0.01).

DiscussioN

Quantifying patterns of migratory connectivity is
critical to understanding the ecology and evolution of
migratory species as well as for creating effective
management and conservation strategies. In this study,
we present a novel method for quantifying migratory
connectivity that combines multiple intrinsic data
sources to probabilistically assign individuals to breed-
ing locations. Our results for Wood Thrush demonstrate
that, despite relatively high levels of mixing across their
breeding and nonbreeding ranges, there is evidence of
moderate connectivity along an east-west gradient. This
pattern is consistent with previously reported east—west
divides in several other species of Nearctic—-Neotropical
migrants (Smith et al. 2005, Boulet et al. 2006, Norris et
al. 2006). Our ability to detect longitudinal migration
patterns is surprising, given that both hydrogen isotopes
and wing chord are considered latitudinal markers
(Hobson and Wassenaar 1997). However, while both
markers vary primarily along a north-south gradient,
the clines of each marker run at a slight angle (Fig. 1;
Appendix C: Fig. C1), and our results suggest that this
amount of longitudinal information is sufficient to
detect eastern vs. western migration patterns.

The longitudinal patterns of migratory connectivity
described here for Wood Thrush are largely consistent
with data from other sources (e.g., geolocators; Stutch-
bury et al. 2009, Stanley et al. 2012). Previous studies,
however, were largely based on single breeding popula-
tions and as such have limited ability to assess range-
wide linkages between breeding and wintering sites
(McKinnon et al. 2013). The use of historical migration
routes is one hypothesis that might explain east-west

Summary of nonbreeding assignments for Wood Thrush: the percentage of individuals

from each nonbreeding region assigned to each breeding quadrant.

Nonbreeding region Northeast Northwest Southeast Southwest
A 15.0 (3/20) 55.0 (11/20) 20.0 (4/20) 10.0 (2/20)
B 31.6 (6/19) 5.3 (1/19) 15.8 (3/19) 47.3 (9/19)
C 33.3 (6/18) 11.1 (2/18) 27.8 (5/18) 27.8 (5/18)

Note: In parentheses are the number of individuals assigned and the total sample size.
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TaBLE 4. Results of validation assignments for Wood Thrush: the percentage of individuals

correctly assigned to their breeding location.

State Hydrogen only

Wing chord only Joint

North Carolina 40.1 (13/32)

Virginia 85.2 (23/27)
Indiana 96.4 (27/28)
Michigan 100 (6/6)
Vermont 100 (27/27)
Total 80.1 (97/120)

100 (32/32)
92.6 (25/27)
89.2 (25/28)

100 (6/6)
96.3 (26/27)
97.5 (117/120)

25.0 (8/32)
81.5 (22/27)
96.4 (27/28)
100 (6/6)
96.3 (26/27)
74.1 (89/120)

Note: In parentheses are the number of individuals correctly assigned and the total sample size.

patterns of connectivity in Wood Thrush. Populations
may be genetically predisposed to use migratory routes
established prior to population range expansion (Del-
more et al. 2012), and these “traditional” routes may be
reinforced and/or constrained by contemporary weather
conditions and the associated costs of using alternatives
(Able 1973, Lundberg and Alerstam 1986). Data from
both Swainson’s Thrush and Wood Thrush appear to
support the idea that breeding longitude is a good
predictor of fall migration routes and, to a lesser extent,
subsequent wintering areas (Stanley et al. 2012, Cormier
et al. 2013; C. Q. Stanley et al., unpublished data).
Regardless of the exact mechanisms that maintain
patterns of longitudinal migratory connectivity, these
linkages probably reflect both ecological and evolution-
ary factors.
Accuracy and precision in probabilistic assignment models
Validation is critical to testing the accuracy and
precision of assignment models; our validation tests
confirm that our models correctly assigned most
individuals to their breeding location regardless of age
or sex. Interestingly, although the assignment rate of our
joint model was similar to that for other taxa (e.g., birds,
Chabot et al. [2012]; sea turtles, Stewart et al. [2013]), the
assignments based on wing chord alone were often more
accurate but less precise than the joint assignments.
Incorrect assignments based on the joint model tended
to occur when individuals had strong disagreement
between the markers. For example, five individuals from
the North Carolina population had unusually enriched
isotope values (indicating southern origin), but unusu-
ally long wing chord (indicating northern origin). In
each case, the assignments based on only one marker
correctly identified the actual breeding location, yet in
each case the true site was at the periphery of the area

TABLE 5.
assigned to their breeding location.

identified as the “likely” origin. When the markers were
combined, the relative likelihood for the true location
dropped below the critical threshold required for correct
assignment, leading to incorrect assignment for these
individuals using the joint model.

To improve the spatial resolution of connectivity
maps, assignment models should aim to simultaneous-
ly maximize accuracy and precision because highly
accurate but imprecise assignments provide limited
information about the degree of migratory connectiv-
ity and the development of regional conservation
priorities (Martin et al. 2007). While combined data
sources in the joint model led to a slight reduction in
the accuracy of assignments for some locations (e.g.,
North Carolina), the use of multiple markers led to a
large increase in the precision of assignments. For
example, our assignments based on wing chord alone
had very high accuracy (97.5%), but very low precision
(mean = SD =2943 + 586). While precision was better
when using isotopes alone (2071 £ 586 cells identified
as “likely” origin), combining the markers resulted in a
37% increase in precision of wing chord alone and a
10% increase over isotopes alone. Similar increases in
precision have been found in other studies that make
probabilistic assignments using multiple data sources.
For example, combining stable isotope data with band
recoveries resulted in a 67% increase in the precision of
assignments of White-throated Sparrows (Zonotrichia
albicollis) compared to assignments based on isotopes
alone (Van Wilgenburg and Hobson 2011). Similarly,
Chabot et al. (2012) found that assignments of
Loggerhead Shrikes (Lanius [udovicianus) based on
both genetic data and stable isotopes led to a three- to
fivefold increase in precision compared to either
marker alone. Ultimately, given the balance between
maximizing region-specific accuracy and range-wide

Age- and sex-specific assignment rates for Wood Thrush using joint assignment: the percentage of individuals correctly

State ASY correct SY correct Male correct Female correct
North Carolina 16.6 (3/18) 35.7 (5/14) 28.6 (8/28) 0 (0/4)
Virginia 73.3 (11/15) 91.7 (11/12) 79.2 (19/24) 100 (3/3)
Indiana 92.5(25/27) 100 (1/1) 91.2 (22/24) 100 (4/4)
Michigan 100 (6/6) NA (0/0) 100 (3/3) 100 (3/3)
Vermont 100 (8/8) 94.7 (18/19) 96.3 (26/27) NA (0/0)
Total 68.7 (46/67) 76.1 (35/46) 73.6 (78/106) 76.9 (10/13)

Note: In parentheses are the number of individuals correctly assigned and the total sample size.
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precision, we argue that the increased precision
associated with the joint model justifies the slight
decrease in accuracy compared to the use of either
marker alone.

Despite the strong performance of our model, there
are a number of important caveats to consider when
making probabilistic assignments with isotope and
morphology data. First, the accuracy of our validation
samples could have been influenced by the dispersal of
individuals between breeding locations (Chabot et al.
2012). Results of our validation assignments, however,
only would have been impacted by long-distance
dispersal events (roughly >100 km), given the spatial
resolution of our markers. Given that long-distance
dispersal of this magnitude is generally rare (Tittler et al.
2009), we expect that dispersal events probably had a
small impact on the accuracy of our validation
assignments. Furthermore, while long-distance dispersal
may have lowered the accuracy of our validation
samples, dispersal between breeding sites would not
influence the assignment of birds sampled during the
nonbreeding season, and therefore dispersal does not
impact our conclusions about migratory connectivity.

A second factor that could influence both the
accuracy and precision of our assignments is site-specific
individual variation in isotope signatures and wing
morphometrics. Several studies have shown that 8*H;
feather values from passerines known to have originated
at the same location can vary by as much as 10—15%o
(Powell and Hobson 2006, Langin et al. 2007; C.
Rushing, unpublished data) and wing chord can show
similar within-site variation. Some of this variation may
be due to age or sex differences in isotope discrimination
or body size. For example, there is some evidence that
hydrogen isotope discrimination varies between age
classes, leading several studies to apply age-specific
correction factors (Haché et al. 2012, Studds et al. 2012).
However, based on the results of Hobson et al. (2012),
we chose not to apply any age corrections to our base
map. The fact that assignment rates were similar for
both ASY and SY individuals confirms that our models
were robust to any age-specific isotope discriminations.
Although our models were able to correct for age, we
were unable to account for sex-specific variation because
thrushes on the wintering grounds cannot be accurately
sexed using plumage characters alone. Including sex-
specific wing chord predictions in our model would
almost certainly improve the accuracy and precision of
our assignments. Regardless, even after controlling for
age and sex, residual within-site variation (Langin et al.
2007) will still remain a key source of error for both
accuracy and precision. As probabilistic assignment
approaches advance, the incorporation of multiple
isotope markers, particularly those that vary longitudi-
nally (Sellick et al. 2009), and the use of informative
priors in Bayesian models (Royle and Rubenstein 2004,
Van Wilgenburg and Hobson 2011, Hallworth et al.
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2013), will undoubtedly help to improve model perfor-
mance.

Using morphological variation to inform
migratory connectivity

Evolutionary biologists and taxonomists alike have
long been interested in characterizing and explaining
geographic variation in avian morphology across
species’ ranges including along latitudinal or altitudinal
gradients (Mayr 1956, Hamilton 1961, Browning 1994,
Arizaga et al. 2006, Nudds and Oswald 2007, McKay
2008, Rising et al. 2009, Paxton et al. 2010, Greenberg et
al. 2012). Moreover, a substantial body of work has
characterized how natural selection (Greenberg et al.
1998, Lehtonen et al. 2009) and sexual selection (Mgller
1995, Dunn et al. 2008, Potti and Canal 2011) have
shaped phenotypic variation. Although the ecological
and evolutionary forces behind these patterns remain
controversial (Watt et al. 2010), these investigations
have produced a wealth of data that can provide
valuable information for geographic assignments (Conk-
lin et al. 2011). Here, we have demonstrated that
geographic variation in morphology has the potential
to greatly improve estimates of migratory connectivity
when combined with other markers, particularly in cases
where gradients of morphological variation complement
gradients of other markers (e.g., isotopes or genetic
data).

Morphological data offer several distinct advantages
for quantifying migratory connectivity. First, geograph-
ic variation of many traits has already been described for
many species, providing researchers with readily acces-
sible information for conducting assignments (McKay
2008). Second, in cases where geographic variation has
not been adequately quantified, base maps can be
created using data from museum collections (Pyke and
Ehrlich 2010). Third, morphological data are often
easier and less expensive to collect than other forms of
data, making it feasible to sample a large number of
individuals. Furthermore, many relevant traits (e.g.,
body size, wing length) are measured as part of standard
sampling protocols, making it possible to conduct
assignments using existing data sets. Given the wide-
spread morphological variation observed in many
species, the wealth of existing data, and the advantages
just outlined, morphological traits represent a tremen-
dously valuable, but largely untapped, resource for
quantifying patterns of migratory connectivity.

Although the enigmatic declines of migratory song-
birds have been well publicized, closer examination
reveals that most species show substantial variation in
regional population trends, with some areas showing
sharp declines while others have remained stable or even
increased (Faaborg et al. 2010). Without accurate
information about migratory connectivity, it is impos-
sible to determine where and when populations face
limiting factors or to develop effective management
strategies to mitigate regional threats (Martin et al.
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2007, Marra et al. 2011). Here, we demonstrate that
combining intrinsic data sources is a useful approach for
increasing the spatial precision of range-wide migratory
connectivity estimates. Further development of these
methods, for example by combining intrinsic markers
with novel extrinsic markers (e.g., geolocators), prom-
ises to advance our understanding of the basic ecology
and evolution of long-distance migrant birds, and will
allow strategic habitat conservation to protect declining
populations.
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Summary

1. The processes by which individuals select breeding sites have important consequences for
individual tness as well as population- and community-dynamics. Although there is increasing
evidence that many animal species use information acquired from conspecics to assess the
suitability of potential breeding sites, little is known about how the use of this social informa-
tion is modified by biotic and abiotic conditions.

2. We used an automated playback experiment to simulate two types of social information,
post-breeding public information and pre-breeding location cues, to determine the relative
importance of these cues for breeding site selection by a migratory songbird, the American
redstart (Setophaga ruticilla). In addition, we used stable hydrogen isotopes to determine the
dispersal status of individuals that responded to our experimental treatments and quantify
whether long-distance dispersers use different social cues to select breeding sites compared to
philopatric individuals.

3. We found that points that received pre-breeding location cue treatments were signi cantly
more likely to be settled by redstarts than control points that received no playback. However,
we found no evidence the redstarts used post-breeding public information gathered during
one season to select breeding sites the following year. Breeding site habitat structure was also
a strong predictor of settlement probability, indicating that redstarts modi ed the use of social
information based on habitat cues. Furthermore, stable hydrogen isotope signatures from
individuals that responded to location cue treatments suggest that long-distance dispersers
may rely more heavily on these cues than local recruits.

4. Collectively, these results indicate that redstarts use multiple sources of information to
select breeding sites, which could buffer individuals from selecting suboptimal sites when they
breed in unfamiliar locations or when habitat quality becomes decoupled from social cues.

Key-words: conspecific attraction, deuterium, habitat selection, location cues, public infor-
mation, Setophaga ruticilla, social information

individuals use to assess and select breeding sites is thus a
central question in ecology, evolution and conservation
(Morris 2003; Danchin er al. 2004; Ahlering & Faaborg
2006). In recent decades, empirical research has demon-

Introduction

The ability to locate and select high-quality breeding sites
is a key behavioural process that links individual fitness

to population- and community-level dynamics, including strated that information acquired from conspecifics,

population regulation (Fretwell & Lucas 1970; Pulliam
1988), community assembly (Fletcher 2008; Betts, Nocera
& Hadley 2010) and maintaining biological diversity
(Ward & Schlossberg 2004). Understanding the cues that

*Correspondence author. E-mail: rushingc@si.edu

termed social information, is widely used by many species
to assess the quality of potential breeding sites (Reed
et al. 1999; Valone 2007). Compared to other sources of
information (e.g. habitat features or previous reproductive
success), social information is relatively efficient to collect,
can provide information about habitat quality even when
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the features that influence fitness are not apparent, and is
available to most individuals regardless of age or repro-
ductive experience (Szymkowiak 2013). However, not all
types of social information are equally reliable and under-
standing when and under what conditions individuals use
different types of social information remains poorly
understood (Doligez et al. 2003; Danchin et al. 2004;
Stamps & Krishnan 2005).

Social information is generally divided into two catego-
ries: information about the presence/absence of conspecif-
ics, termed /location cues, and information about the
reproductive performance of conspecifics, termed public
information (Danchin et al. 2004). When the quality of
breeding sites is predictable across years, both cues can
provide information about the location of suitable breed-
ing sites. However, while the presence of breeding individ-
uals is generally associated with suitable habitat, location
cues do not provide direct information about the relative
quality of different sites, and under certain circumstances,
it is possible for location cues to become uncoupled from
habitat quality (i.e. ecological traps, Schlaepfer, Runge &
Sherman 2002). In contrast, because public information is
based directly on conspecific performance, it is generally a
highly reliable cue for assessing breeding site quality. For
this reason, public information should be favoured over
location cues in stable environments (Doligez er al. 2003).
Despite this prediction, empirical studies have demon-
strated that location cues are widely used by many species
(e.g. Serrano et al. 2004; Ahlering, Johnson & Faaborg
2006; Szostek, Schaub & Becker 2014). Explaining the
coexistence of these two strategies is an important step to
developing a general theory of breeding site selection
(Szymkowiak 2013).

Several hypotheses may explain why individuals use
location cues even when public information provides
more reliable information about breeding site quality.
First, when all individuals in a population breed synchro-
nously, young individuals do not have the opportunity to
gather public information (Nocera, Forbes & Giraldeau
2006) and may be forced to rely on location cues (Doligez
et al. 2004). Secondly, dispersers forfeit any previously
acquired public information when they move to new loca-
tions, and therefore, immigrants may be more reliant on
location cues than philopatric individuals (Szostek,
Schaub & Becker 2014). Although interspecific compari-
sons of social information use provide some empirical
support for both hypotheses (Reed ef al. 1999; Stamps &
Krishnan 2005), the dynamics of populations are ulti-
mately influenced by intraspecific variation in habitat
selection behaviour (Kristan 2003). Therefore, linking
individual behaviour to population dynamics requires
understanding the causes of intraspecific variation in
breeding site selection. Few studies, however, have simul-
taneously quantified the relative importance of public
information and location cues for individuals within the
same population (but see Doligez et al. 2004; Nocera,
Forbes & Giraldeau 2006).

In this study, we simulated post-breeding public infor-
mation and pre-breeding location cues to experimentally
test the relative importance of each cue for breeding site
selection in a migratory songbird, the American redstart
(Setophaga ruticilla). This experimental simulation allowed
us to test the following predictions:

1. Redstarts use both pre-breeding location cues and
post-breeding public information to select breeding
sites: Several studies have documented the use of pre-
breeding location cues by American redstarts (Hahn &
Silverman 2006; Fletcher 2007), and therefore, we pre-
dicted that this would be an important source of social
information for birds in our population. The use of
post-breeding public information by redstarts has not
been studied, but Betts er al. (2008) experimentally
demonstrated that individuals of the closely related
black-throated blue warbler (Setophaga caerulescens)
monitor the reproductive performance of conspecifics
and use this information to select breeding sites the
following year. Given the close phylogenetic relation-
ship between these two species (Lovette et al. 2010)
and the similarity of their breeding habitat, we pre-
dicted that redstarts would also use post-breeding
public information to select breeding sites.

2. Pre-breeding location cues are a more important
source of information than post-breeding public infor-
mation: Black-throated blue warblers often produce
two broods per season, and this asynchrony provides
individuals from early broods the opportunity to
gather public information from the territories of suc-
cessful second broods (Betts ez al. 2008). In contrast,
because redstarts are obligate single brooders (Sherry
& Holmes 1997), their short, synchronous breeding
season may prevent newly fledged redstarts from gath-
ering public information (Nocera, Forbes & Giraldeau
2006). Therefore, we predicted that post-breeding pub-
lic information would be a less important source of
social information than pre-breeding location cues for
redstarts.

3. The use of social information differs between adults
and yearlings due to asynchronous opportunities to
collect public information: Although newly fledged
redstarts may not have the opportunity to collect pub-
lic information, many yearling males in our popula-
tion remain unmated throughout the breeding season
(C. Rushing pers. obs.) and these individuals provide
a potential pool of prospectors that could gather and
use post-breeding public information when they return
as adults the following year (Doligez et al. 2004).
Therefore, we predicted that adults would be more
likely than yearlings to settle in response to post-
breeding public information treatments, whereas pre-
breeding location cues would be more important for
yearlings attempting to breed for the first time.

4. Long-distance dispersal modifies the use of social
information cues: Because dispersing individuals
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cannot rely on post-breeding public information gath-
ered the previous year, we predicted that immigrants
would be more likely to use pre-breeding location cues
than philopatric individuals.

Materials and methods

STUDY SPECIES AND EXPERIMENTAL DESIGN

American redstarts are long-distance neotropical migratory song-
birds that breed throughout North America and winter in the
Caribbean and Latin America (Sherry & Holmes 1997). Since
2009, we have studied a large population of redstarts breeding at
the Patuxent Research Refuge in Laurel, Maryland, USA (39
04N, 76" 47"W). The 250-ha study area consists primarily of
beech-dominated bottomland forests adjacent to the Patuxent
River.

To test our predictions, we simulated both post-breeding public
information and pre-breeding location cues at points located
within the larger population of redstarts at our study site. The
basic experimental design consisted of simulating post-breeding
public information cues during the fledging period of one breed-
ing season (to simulate successful territories) and then simulating
pre-breeding location cues at a different set of locations during
the arrival period the following year (to simulate the presence of
territorial males). During the second year of the experiment, all
points were monitored to determine the number of redstarts hold-
ing territories in the vicinity of each point. We repeated this
design twice, with the first round initiated during the 2011 fledg-
ing period and completed during the 2012 arrival period (hereaf-
ter referred to as the 2012 round) and the second initiated in
2012 and completed in 2013 (hereafter referred to as the 2013
round).

In 2011 and then again in 2012, we selected points for our
experiment and randomly assigned each point to one of three
treatments: post-breeding public information (n = 20), pre-breed-
ing location cues (n = 20) or control (n = 30). To minimize the
influence of habitat structure or previous experience, we selected
points that were similar in general habitat structure (e.g. forested)
and we used point counts and territory surveys to ensure that all
sites were >150m from existing redstart territories in the years of
the experiment, though we were unable to determine whether
sites had been occupied by redstarts in previous years. Addition-
ally, all points were separated by >250 m. Playback treatments
were not audible at distances greater than 100, so 250 m was
adequate to ensure independence of experimental treatments.

For both the post-breeding public information and pre-breed-
ing location cue treatments, playback was broadcast using a por-
table CD player (Supersonic SC251) housed in a waterproof box
and connected to two speakers (Dual LU43PW) mounted 2 m
above the ground, 20 m apart and facing in opposite directions.
An automated timer (Borg General TA5027) turned on the play-
back each morning at 0500 and broadcast the treatment until
1400. Each song track was separated by 15 of silence and was
alternated between the two speakers every 5 min to minimize
habituation. Post-breeding public information treatments were
broadcast during the local redstart fledging period (June I-
August 1) and consisted of locally recorded male and female red-
starts vocalizing while feeding young and fledgling begging calls.
Pre-breeding location cue treatments were broadcast during the
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arrival period at our study site (April 10-May 15) and consisted
of locally recorded territorial male songs. In 2013, one pre-breed-
ing location cue station failed and was removed from analysis,
resulting in a total of 19 replications for this treatment. Because
both anthropogenic and heterospecific cues can influence settle-
ment patterns of birds, we chose not to apply any playback at
control points (Betts et al. 2008).

To determine whether redstarts collect post-breeding public
information by observing the reproductive performance of con-
specifics (i.e. prospecting), we conducted 10-min point counts
once per week during the public information treatment period at
all post-breeding public information and control points. All point
counts were conducted between 0600 and 1000 on days without
rain or wind. After a 2-min settling period, any redstart seen or
heard within 50 m of point during the 10-min point count was
considered a prospector and we used a logistic regression to com-
pare the number of prospectors at public information and control
point. During the post-breeding period, the age and sex of red-
starts with female-like plumage cannot be reliably determined
(Pyle, Howell & Ruck 1997), so we did not record the age or sex
of prospectors unless they were adult males.

During the 2012 and 2013 arrival periods, all treatment and
control points were surveyed daily to record the presence of male
redstarts. Any male that was observed within 75 m of a point on
>3 consecutive days and responded aggressively to conspecific
song was considered to be settled at that point.

MEASURING HABITAT STRUCTURE

Although treatment and control points were visually inspected to
ensure similar habitat structure, fine-scale differences in habitat
features could still have influenced settlement decisions. To con-
trol for the influence of habitat structure, we quantified vegeta-
tion features within a 5-m-radius circle centred on each point and
within three more circles located 25 m from the centre at 0, 120
and 240" (Tarof, Ratcliffe & Grubb 2004). Within each circle, we
measured five habitat features: the number of saplings [<3 cm
diameter at breast height (DBH)], the number of trees (>3 cm
DBH), the number of beech trees, the percentage shrub cover
and the percentage canopy cover. For each tree, DBH was mea-
sured 2 m above the ground using a diameter tape. We chose to
record the number of beech trees because this is the preferred
nesting tree for redstarts at our study site (C. Rushing unpub-
lished data) and therefore may influence settlement decisions.
Shrub cover was visually estimated as the percentage of the
ground covered in shrubs and was recorded on a scale of 14 (1 =
0-25%; 2 = 26-50%; 3 = 51-75%; 4 = 76-100%). To estimate
percentage canopy cover, we photographed the canopy directly
above each circle using a Nikon Coolpix 990 digital camera fitted
with a Nikon LC-ER1 8 mm 180" fisheye converter and vertically
mounted on a tripod. We then used Gap Light Analyzer 2-0 (Fra-
zer, Canham & Lertzman 1999) to quantify the percentage canopy
cover within each photograph. In addition to these five habitat fea-
tures, we also estimated the mean tree basal area and the total
basal area (TBA) within each circle. We calculated tree basal area
as 0-005454xDBH* (James & Shugart 1970). To estimate TBA, we
converted the tree basal areas to basal area/acre (00700007854 xtree
basal area) and then summed these measures for all trees within the
circle (James & Shugart 1970).

For each habitat feature, measurements were averaged across
the four circles to derive a single estimate for the entire point. A
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multivariate ANova indicated that the mean scores of the seven
habitat variables did not systematically differ among the three
treatments (Fy4122 = 1-22,P = 0-27). To reduce the number of
dimensions used to measure habitat structure, we then used a
princile component analysis (PCA) to collapse our original seven
variables into a smaller number of orthogonal predictors. The
first two principle components described over half of the varia-
tion in habitat structure (see Supporting Information, Table S1),
and we included these scores in our analysis of settlement at play-
back points (see below).

INFERRING DISPERSAL STATUS

To test our prediction about the influence of long-distance dis-
persal on the use of social information, we attempted to capture
all males that responded to our experimental treatments and
used stable hydrogen isotopes to determine the dispersal status
of each individual. All individuals were captured in mist nets
using decoys and playback of conspecific song. After capture,
each individual was classified as either a yearling (1 year old) or
an adult (>1 year old) following Pyle, Howell & Ruck (1997), fit-
ted with an aluminium USFWS leg band and a unique combina-
tion of plastic colour bands, weighed to the nearest 0-1 g,
measured for body size (bill length, bill width, bill depth, tarsus
length and unflattened wing chord) to the nearest 0-5 mm and
released.

During banding, we also collected one tail feather (R3) for sta-
ble hydrogen isotope analysis. Stable hydrogen isotopes in feather
samples (521-],) vary geographically (Chamberlain et al. 1997;
Hobson & Wassenaar 1997) and can be used to infer long-dis-
tance movements in birds (Wunder, 2010, 2012). Because redstarts
grow tail feathers at their breeding location prior to fall migra-
tion, 8*H values from redstarts that bred at our study site in 2011
and 2012 and were recaptured in 2012 and 2013 provided the
expected Ssz distributions for birds originating at our study site
during the years of our experiment. We then used these distribu-
tions to probabilistically determine dispersal status of individuals
captured at playback stations, with each individual classified as
local or an immigrant based on a predefined threshold of correctly
classifying local individuals (Van Wilgenburg et al. 2012). To
determine whether our results were sensitive to the threshold used
to classify dispersal status, we carried out our analyses using three
progressively stringent thresholds (4 : 1 odds, 9 : 1 odds, 19 : 1
odds). See Appendix S2 for more details about stable isotope
analysis and inferring dispersal status.

In addition to the individuals that responded to our experi-
mental treatments, we also collected isotope data from 97 un-
banded male redstarts (2012: »n =62, 2013: n=35) in the
general population at our study site. These data served as a
baseline for comparing immigration patterns in our treatment
groups.

ANALYSIS

Do social information and habitat structure influence
settlement decisions?

To determine whether playback treatments and habitat character-
istics influenced settlement decisions of redstarts, we tested
whether the probability that sites settled by redstarts differed
between treatments using a logistic regression model, which we

refer to as the settlement model. Because we predicted a priori
that settlement patterns would differ for adults and yearlings, we
fit separate settlement models for each age class. For each age
class, we modelled whether or not each site i was occupied by >1
redstart (denoted C;) as a Bernoulli trial as follows:

C; ~ Bernoulli(\;) eqn 1

logit(\;) = o+ B, Trt; + B, Year; + B;PC1; + B,PC2;

+BsPCL*Trt, + BPC2 * Trty+ By Year, * Tryy, SO0
where \; is the probability of settlement at site i, o is the base-
line settlement probability at control sites, Trt; is a dummy vari-
ables indicating whether site 7 received location cue treatment or
post-breeding public information treatment, Year; is a dummy
variable indicating whether the treatment was applied in the sec-
ond year of the experiment, and PC1; and PC2; are the first two
habitat scores for site i. To test our predictions about the factors
that influence breeding site selection of redstarts, we dropped
each of the predictors from two and then tested the fit of the
reduced model using a likelihood ratio test (LRT). For predic-
tors that were included in significant interaction terms, main
effects were tested by dropping both the main effect and interac-
tions.

Does long-distance dispersal modify the use of social
information?

Given the small sample size of our experiment, we used a simple
Bayesian binomial model (Kéry 2010) to test whether individuals
that settled at playback sites were more or less likely to be immi-
grants than individuals from the general population. We mod-
elled dispersal by independently fitting binomial models for each
of the treatment types and for the population as a whole. For
each model, the parameter of interest was the probability that an
immigrant settled a site. We also derived the posterior distribu-
tion for differences between the dispersal probability of each
treatment and for the general population (denoted pgirr). For
example, a positive pyirr indicated that individuals responding to
playback were more likely to be immigrants than individuals
from the general population and a negative value indicates that
playback individuals were less likely to be immigrants. We evalu-
ated the degree of overlap in 95% credible intervals for the esti-
mates of pgirr to identify significant differences in immigration
probability.

We estimated posterior probability distributions with MCMC
algorithms in jaGs 3.4.0 (Plummer 2003) via the R2jags package
(Su & Yajima 2014) in R v3.0.2 (R Core Team 2013). We used
uninformative priors for all parameters: Normal (0, 100) for
regression parameters in the settlement model and Uniform (0, 1)
for parameters in the immigration model. Three chains were com-
puted for each parameter, and we stored 25 000 samples from
each chain after discarding the first 10 000 iterations as burn-in.
Convergence of the chains was assured by visual inspection of
trace plots and by Gelman diagnostics (Brooks & Gelman 1998).
To assess model fit, we used posterior predictive checking (Kru-
schke 2010). For each model, we used draws from the posterior
distribution of each parameter to simulate a data set of the same
size as the observed data. We then plotted the simulated data
against the observed data to graphically inspect the fit of each
model (Appendix S3).
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Results

THE USE OF SOCIAL INFORMATION BY AMERICAN
REDSTARTS

Over the course of our experiment, 52:6% (10/19) of the
sites receiving pre-breeding location cue treatments were
settled by at least one adult redstart, compared to 10%
(3/30) of the control sites and 0% (0/20) of the post-
breeding public information sites. Model selection results
indicated that adult settlement probability was positively
influenced by location cue treatments and negatively influ-
enced by habitat PCI (Table 1). We found no evidence
that year or habitat PC2 influenced settlement probability
(Table 1) nor did we find evidence of an interaction
between treatment and habitat (PCl: x2 =22, df. =2,
P =0-33; PC2: x2 =0-05, d.f. =2, P =0-98). Therefore,
our conclusions about adult settlement are based on the
top model containing treatment effects and the main
effect of habitat PC1. After controlling for the influence
of habitat, the adult settlement model indicated that the
probability of settlement at sites that received the pre-
breeding location cue treatment was ~ 8x higher than at
control sites (Table 2; Fig. 1). Model coefficients associ-
ated with the post-breeding public information treatment
were not estimable because all sites that received this
treatment were unoccupied by adults. Therefore, contrary
to our prediction, we conclude that adults redstarts did
not respond to these post-breeding public information
treatments.

The top adult model also indicated that settlement
probability was negatively associated with the habitat fea-
tures associated with habitat PC1 (Table 2; Fig. 2). Factor
loadings indicate that habitat PC1 was positively corre-
lated with the number of trees and negatively correlated
with shrub cover (Table S1), indicating that adult red-
starts were more likely to settle at sites with few trees,
and to a lesser extent high shrub cover. Although we did
not find statistical evidence that treatment response of
adults varied as a function of habitat, inspection of the
treatment-specific habitat effects suggests that the strength
of the habitat PC1 effect did differ among the three treat-
ment levels but that we did not have sufficient power to
detect this interaction (Fig. 2). Thus, it appears that habi-
tat PC1 had a strong influence on which pre-breeding
location cue sites were settled but only a weak influence
at control sites and no influence at post-breeding public
information sites. Furthermore, this result suggests that
the settlement probability of adults at pre-breeding loca-
tion cue sites was only higher than at control sites when
these treatments were conducted at sites with low habitat
PCI1 scores.

For yearlings, 47-4% (9/19) of the sites receiving pre-
breeding location cue treatments were settled by at least
one adult redstart, compared to 10% (3/30) of the control
sites and 20% (4/20) of the post-breeding public informa-
tion sites. Model selection results indicated that yearling
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Table 1. Factors influencing breeding site selection by American
redstarts. Coefficient estimates (B) SE are from the settlement
models for yearlings and adults. Because no adult males settled
at points receiving the public information treatment, the public
information coefficient was not estimable in the adult settlement
model. ¥% d.f. and P values for each predictor refer to the likeli-
hood ratio test (LRT) used to compare the model without that
predictor to the full model. The treatment predictor and year pre-
dictor treat control points and the year 2012 as dummy variables,
respectively. Interaction terms from the full model that were not
significant were dropped and are not displayed here. Bold values
indicate predictor variables that were significant at the 0-05 level

Predictor B SE 7 df. P
Yearlings
Intercept -2:63 081 - - -
Treatment
Public information 038 091 114 2 0-003
Location cues 239 087
Year —-0-65 068 097 1 0-32
Habitat PCI1 —-0-26 023 135 1 0-24
Habitat PC2 —065 029 587 1 0-02
Adults
Intercept -324  1.07 - - -
Treatment
Public information - - 262 2 <0-001
Location cues 317 104
Year —-1.03 091 1-35 1 0-25
Habitat PCI1 -075 033 753 1 0-006
Habitat PC2 —-0-58 035 294 1 0-08

Table 2. Estimated odds ratios and 95% confidence intervals (CI)
for parameters included in the top settlement models for yearlings
and adults. For playback treatments, the odds ratio is the relative
probability of settlement at sites receiving that treatment com-
pared to the probability of settlement at control sites, after con-
trolling for habitat features. Because no adult males settled at
points receiving the public information treatment, the public
information odds ratio was not estimable. For habitat effects, the
odds ratio is the change in settlement probability associated with
one unit change in the habitat score

Predictor Odds ratio (¢®)  2.5% CI  97.5% CI
Yearlings
Control - - -
Public information 1-19 0-23 693
Location cues 8-64 193 50-99
Habitat PC2 0-52 0-28 0-90
Adults
Control - - -
Public information  — - -
Location cues 11-51 312 10-56
Habitat PC1 0-55 0-28 091

settlement probability was positively influenced by loca-
tion cue treatments and negatively influenced by habitat
PC2 (Table 1). We found no evidence that year or habitat
PC1 influenced settlement probability (Table 1) nor did
we find evidence of an interaction between treatment and
habitat (PCl: y>=0-82, d.f. =2, P=0466; PC2
xz =348, d.f. =2, P =0-18). Therefore, our conclusions

© 2015 The Authors. Journal of Animal Ecology © 2015 British Ecological Society, Journal of Animal Ecology, 84, 1469-1479



1474 C. S. Rushing, M. R. Dudash & P. P. Marra

1.00 —

0-75—

0-50 — O

Probability of settlement

0-25—

0-00 —

—@— Adult
--O-- Yearling

Fig. 1. Response of American redstarts to

experimental playback treatments. Points

show the predicted probability of settle-

ment from the top settlement models for

; each age class, after controlling for the

O influence of habitat features. Error bars

i indicate the 95% confidence interval (CI)

for each parameter. Model results indicate

° that, for both adults and yearlings, the

Control Location
cues

Treatment

about yearling settlement are based on the top model con-
taining treatment effects and the main effect of habitat
PC2. After controlling for the influence of habitat, the
yearling sertlement model indicated that the probability of
settlement at sites that received the pre-breeding location
cue treatment was ~ 8x higher than at control sites
(Table 2; Fig. 1). In contrast, the settlement model indi-
cated the post-breeding public information treatment did
not increase the odds of settlement compared to control
sites (Table 2; Fig. 1).

As for adults, the top yearling model indicated that set-
tlement probability was influenced by habitat features.
However, unlike adults, yearling settlement was negatively
associated with the habitat PC2 rather than PC1 (Table 1;
Fig. 3). Habitat PC2 was positively correlated with the
number of saplings and negatively correlated with mean
tree basal area and percentage canopy cover (Table S1),
indicating that yearlings chose sites that had higher tree
basal area, and to a lesser extent higher percentage can-
opy cover and fewer saplings. Also as for adults, we did
not find statistical evidence that treatment response of
yearlings varied as a function of habitat but inspection of
the treatment-specific habitat effects suggests that the
strength of the habitat PC2 effect did differ among the
three treatment levels (Fig. 3). In particular, it appears
that that the influence of habitat PC2 on yearling settle-
ment was stronger at sites that received playback treat-
ments than at control points. Thus, although the
settlement probability was always higher at location cue

| probability of settlement at location cue
Public : . o ; .
) : points was significantly higher than at
information . L .
post-breeding public information or con-
trol points.

treatment sites than at public information treatment sites
or control sites, this effect declined as habitat PC2 score
increased. Furthermore, these results suggest that year-
lings may have responded positively to post-breeding pub-
lic information treatments, but only at sites with low
habitat PC2 score. Unfortunately, although some of these
sites were settled by yearlings, we were not able to conclu-
sively attribute this response to our playback treatments.

EVIDENCE OF PROSPECTING

Over both years of the experiment, only two redstarts
were recorded at post-breeding public information points
during the playback period. The number of prospectors
recorded at post-breeding public information points did
not differ from the number recorded at control points
(n=1, z=0566, d.f.=1, P=0-57). Together with the
settlement data, these results provide additional evidence
that redstarts did not respond to our post-breeding public
information treatments.

THE INFLUENCE OF LONG-DISTANCE DISPERSAL ON
THE USE OF SOCIAL INFORMATION

Because we did not see a response to the post-breeding
public information treatment, we restricted our analysis of
long-distance dispersal to individuals that settled in
response to pre-breeding location cues. The age ratio of
yearlings to adults in the experimental group (1-5 year-
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Fig. 2. Influence of habitat PC1 on the settlement probability of
adult American redstarts. The solid line shows the estimated set-
tlement probability from the top adult settlement model as a
function of habitat PCI1 for all points, independent of playback
treatment. Dashed lines, and the associated slope coefficients,
show the estimated effect of habitat PC1 for each treatment sepa-
rately. Points show the observed settlement patterns within each
treatment. Habitat PC1 was positively correlated with the number
of trees and negatively correlated with shrub cover (Table S1),
indicating that adult redstarts were more likely to settle at sites
with few trees, and to a lesser extent high shrub cover. Although
we did not find statistical support for a habitat x treatment
interaction in the top model, treatment-specific habitat effects
suggest that the effect of habitat PC1 may have been stronger at
location cue treatments than at control sites or public informa-
tion treatments.

lings/adult) was similar to the age ratio of individuals
sampled from the general population (1-42 yearlings/
adult), allowing us to directly compare immigration rates
without correcting for potential age-related biases. When
immigrants were classified using a 4 : 1 odds ratio, the
immigration rate for individuals that were captured at
pre-breeding location cue points (n = 15) was signifi-
cantly higher than the immigration rate in the general
population (n = 97; pair = 0-22, 95% CI = 0-007:0-46;
Fig. 4). However, the immigration rates did not differ
when dispersal status was classified using the more strin-
gent 9:1 odds ratio (pgir= 0-055, 95% CI=
—0-10 : 0-27) or the 19 : 1 odds ratio (pgir = —0-02, 95%
Cl= —-0-12:0-13).

Discussion

At the beginning of the breeding season, male migratory
birds are under severe time constraints to locate suitable
habitat and establish territories. These tasks are made
more challenging because the features that influence fit-
ness (e.g. vegetation features, resource abundance, preda-
tion) are often not apparent at the time when settlement
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Fig. 3. Influence of habitat PC2 on the settlement probability of
yearling American redstarts. The solid line shows the estimated
settlement probability from the top yearling settlement model as
a function of habitat PC2 for all points, independent of playback
treatment. Dashed lines, and the associated slope coefficients,
show the estimated effect of habitat PC2 for each treatment sepa-
rately. Points show the observed settlement patterns within each
treatment. Habitat PC2 was positively correlated with the number
of saplings and negatively correlated with mean tree basal area
and percentage canopy cover, indicating that yearlings responded
more strongly to location cue treatments at sites that had higher
tree basal area, and to a lesser extent higher percentage canopy
cover and fewer saplings. Although we did not find statistical
support for a habitat x treatment interaction in the top model,
treatment-specific habitat effects suggest that the effect of habitat
PC2 may have been stronger at playback sites than at control
sites.

decisions are made. Under these circumstances, both pre-
breeding location cues and post-breeding public informa-
tion may provide reliable information for quickly locating
suitable breeding sites but little is known about the rela-
tive importance of these cues in wild populations.

Our experimental simulation of pre-breeding location
cues demonstrated that although both adult and yearling
American redstarts use these cues to select breeding sites,
the use of this information is modified by specific habitat
features. For yearlings, response to location cues was
strongest at sites with a high number of saplings and a
low mean tree basal area. In contrast, settlement probabil-
ity of yearlings at location cue sites did not differ from
control sites in other habitat types. Likewise, adults
responded strongly to location cue treatments at sites with
more trees and lower shrub cover but settlement probabil-
ity did not differ from control points in other habitat
types. Unfortunately, we did have the necessary data to
link these habitat features to reproductive performance so
it remains unclear why the age classes used different habi-
tat cues. However, it is worth noting that both the num-
ber and the size of trees are readily apparent at the
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Fig. 4. Posterior distributions for difference in the immigration
rate (pqirr) between individuals that settled in response to location
cue treatments and individuals from the general population.
When immigrants were classified using the 4 : 1 odds ratio, indi-
viduals that settled in response to experimental pre-breeding loca-
tion cues were more likely to be immigrants than individuals in
the general population and the 95% credible interval (CI), indi-
cated by the vertical dotted lines, did not contain zero. However,
immigration rates did not differ under the 9 : 1 odds ratio or the
19 : 1 odds ratio. The 95% CIs for the 9 : 1 and 19 : 1 odds
ratio are not shown to reduce clutter.

beginning of the breeding season. If these features are
indicative of habitat quality, using these habitat cues to
modify the use of social information could provide an
efficient and reliable method for selecting high-quality
breeding sites. In particular, location cues could provide a
rapid assessment of potential breeding locations (Stamps
1988). However, because these cues can become uncou-
pled from underlying habitat quality (i.e. ecological traps;
Schlaepfer, Runge & Sherman 2002), modifying the use of
this location cues based on easily assessed habitat features
could provide a safeguard against settling in low-quality
habitat (Szymkowiak 2013).

This strategy may be particularly important for individ-
uals attempting to breed for the first time or in unfamiliar
locations due to the lack of public information available
to these individuals, a hypothesis which we were able to
test using of stable hydrogen isotopes. When dispersal sta-
tus was classified using a 4 : 1 odds ratio, our data indi-
cate that the individuals that responded to pre-breeding
location cue treatments were more likely to be immigrants
than individuals from the general population. Further-
more, the immigration rate of the experimental group
(35:3%) was high compared to immigration rates reported
for other songbirds (e.g. Hansson et al. 2002; Abadi et al.
2010), including estimates based on hydrogen isotopes
(Studds et al. 2012; Van Wilgenburg et al. 2012), suggest-
ing that this group was disproportionately composed of

long-distance dispersers. However, when dispersal status
was classified using the more conservative 9 : 1 and 19 : 1
odds ratios, the immigration rate did not differ between
pre-breeding location cue treatments and the general pop-
ulation. Thus, although our data provide some evidence
that immigrants were more likely to use pre-breeding
location cues, we were not able to conclusively accept or
reject our prediction about the role of dispersal.

The inconclusive results of our dispersal analysis are
likely related to several limitations of our methods that
have made it difficult for us to detect an effect of dis-
persal on the use of social information. First, the geo-
graphic resolution of stable isotopes is low, and therefore,
many of the individuals that were classified as local may
have been short-distance dispersers that were using pre-
breeding location cues. Secondly, although stringent
thresholds (e.g. 9 : 1 and 19 : 1) make it less likely that
local individuals will be misclassified as dispersers,
increasing the threshold also makes the groups appear
more similar, since a larger proportion of individuals in
both groups will be classified as local. As a result, even if
the immigration rates in the experimental group and gen-
eral population differed, the more stringent thresholds
may have falsely indicated that the two groups were simi-
lar. Finally, the general population almost certainly con-
tained individuals that used location cues to select
breeding sites, adding to the difficultly of detecting differ-
ences from our experimental group. Ideally, the birds that
responded to our location cue treatments would be com-
pared to a true control group made up of individuals that
used a different strategy for selecting breeding sites.
Unfortunately, too few redstarts settled at our control or
post-breeding public information points to make such a
comparison. Given the large difference observed under
the 4 : 1 odds ratio, and the limitations associated with
the more stringent thresholds, we suggest that our data
provide at least moderate support for the prediction that
long-distance dispersers rely on pre-breeding locations
cues to select breeding sites to a larger extent than philop-
atric individuals.

The positive response that we observed in yearlings
towards pre-breeding location cues contrasts with earlier
research on redstarts, which found that adults, but not
yearlings, responded to this source of social information
(Hahn & Silverman 2006). However, in that study, play-
back was broadcast on plots already occupied by red-
starts, whereas we purposefully placed our experimental
treatments in locations that were uninhabited by redstarts.
Yearling redstarts generally begin to arrive on the breed-
ing around 7-10 days after adults (Hahn & Silverman
2006, C.S.R. Rushing et al. unpublished data) and are
generally subordinate to adults when selecting breeding
sites (Sherry & Holmes 1997). Therefore, the presence of
early arriving adults on the plots used by Hahn & Silver-
man (2006) may have prevented yearlings from settling in
response to their playback treatments. If competition for
territories is responsible for the differences between our
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results and those of Hahn & Silverman (2006), than we
would predict that sites in our experiment that were occu-
pied by adults would be less likely to be occupied by year-
lings. However, we found no relationship between adult
occupancy and yearling occupancy (x> = 2:197, d.f. =1,
P = 0-14), suggesting that yearlings neither avoided nor
were attracted to sites occupied by adults. This result may
indicate that competition does not explain the discrepancy
between our results and those of Hahn & Silverman
(2006). On the contrary, our experimental design may
have limited the severity of competition by purposefully
selecting sites that were unoccupied by redstarts and thus
reducing breeding densities. Given the age-specific influ-
ence of habitat cues observed in our experiment, it is also
possible that the discrepancy observed between the two
studies could have resulted from differences in the habitat
types included in the experiments.

In contrast to the strong response to our location cue
treatments, we found little evidence that redstarts use
post-breeding public information to select breeding sites.
No redstarts were observed prospecting at our public
information treatments and, contrary to our prediction,
no adult redstarts settled in response to public informa-
tion treatments. Intriguingly, the response of yearlings to
public information treatments appeared to increase in the
same habitat types where we saw the strongest response
to location cue treatments (Fig. 3), suggesting that some
yearlings may have used post-breeding cues in preferred
habitat types. Unfortunately, the large uncertainty in
these responses did not allow us to conclusively determine
whether settlement probability at these sites differed from
settlement probability at control points with similar habi-
tat features. Thus, although we were unable conclude that
yearlings responded to our public information treatments,
it is possible that subsequent experiments carried out in
specific habitat types could find a response to these cues.

Several hypotheses could potentially explain the lack of
response to our public information treatments. First, our
treatments relied solely on auditory cues and the absence
of visual cues (e.g. fledglings) could have kept redstarts
from responding to our simulated cues. However, Betts
et al. (2008) found that the closely related Black-throated
Blue warbler responded equally to public information
treatments with auditory cues only and to treatments with
both auditory and visual cues. Because post-breeding song
and fledgling begging calls are easily accessed by prospec-
tors and are reliable indicators of reproductive perfor-
mance, Betts er al. (2008) concluded that auditory cues
alone are a sufficient source of public information for
songbirds. Thus, the absence of visual cues is unlikely to
explain the lack of response to our public information
cues, though additional experiments are necessary to con-
clusively rule out this hypothesis.

A second explanation for the lack of response to public
information treatments is that the single synchronous
brood produced by redstarts limits the availability of
post-breeding social information compared to species that
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have multiple broods per season. To date, most research
on the use of public information has been carried out on
colonial species (e.g. Aparicio, Bonal & Munoz 2007,
Boulinier er al. 2008; Calabuig et al. 2008) or on species
that breed asynchronously or produce multiple broods
each year (e.g. Nocera, Forbes & Giraldeau 2006; Parejo
et al. 2007; Betts et al. 2008). In contrast, relatively few
experiments have tested whether public information is
used in non-colonial, single-brooding species. Our results
are in line with the those of Nocera, Forbes & Giraldeau
(2006), who found that location cues were the primary
source of social information for yearling bobolinks (Do-
lichonyx oryzivorus), another songbird with a short, syn-
chronous breeding period. Thus, breeding synchrony and
the number of broods produced within a breeding season
may be important drivers of social information use,
though additional experiments are needed to determine
the generality of these conclusions.

Although the synchronous breeding season of redstarts
may limit the availability of social information for young
redstarts, 40-60% of yearling males in our population do
not acquire a mate (C. Rushing, pers. obs.) and public
information from the territories of successful adults
should be available to these individuals (Doligez et al.
2004). The lack of response to post-breeding public infor-
mation treatments by these individuals was particularly
surprising given that the use of public information by
non-breeding adults has been documented in a number of
other migratory songbirds (Boulinier & Danchin 1997,
Reed et al. 1999). The fact that they do not use this reli-
able source of information therefore appears to conflict
with conventional research on the use of social informa-
tion by migratory birds and suggests that breeding syn-
chrony alone may not be sufficient to explain interspecific
variation in the use of social information. Therefore, a
third hypothesis for the lack of public information use by
redstarts is that if selection favours a location/habitat cue
strategy for first-time breeders and long-distance dispers-
ers, there may be little need to develop an alternative pub-
lic information-based strategy for future breeding
attempts, particularly if individuals can supplement social
information with personal information gained through
reproductive Unfortunately, it remains
unknown whether this joint location/habitat cue strategy
represents a viable alternative to the use of public infor-
mation, largely because few studies have simultaneously
compared the use of location cues and public information
within the same species (Doligez et al. 2004; Nocera, For-
bes & Giraldeau 2006) or directly tested how the use of
social information is modified by biotic and abiotic condi-
tions (Fletcher 2007; Betts et al. 2008). Furthermore,
because many studies that fail to document behavioural
responses to experimental treatments go unpublished (M.

experience.

Betts, pers. comm.), generating and testing hypotheses
about interspecific variation in the use of social informa-
tion are difficult at present. Publication of negative results
is critical to fully assessing when and why species use dif-
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ferent types of social information, and we encourage
researchers and publishers to make these results available.
Advancing this subject through experimental and com-
parative studies that explore the relationship between
social information use, life-history traits and habitat qual-
ity is critical to predicting the vulnerability of species to
changes caused by anthropogenic activities. Given that
post-breeding public information is generally a reliable
indication of breeding site quality, conventional wisdom
holds that species that rely on public information should
be less vulnerable to non-ideal habitat selection than spe-
cies that rely on location cues (Doligez et al. 2003). Ironi-
cally, however, precisely because public information is
reliable, species that rely heavily on public information
may use these cues at the expense of directly assessing hab-
itat features. Indeed, several studies on breeding site selec-
tion in migratory birds have found that experimental
simulation of social information during the post-breeding
period can trump habitat cues, leading individuals to settle
in suboptimal habitat (Nocera, Forbes & Giraldeau 2006;
Betts et al. 2008). For this reason, species that rely heavily
on public information may be particularly vulnerable
when anthropogenic activities make environmental condi-
tions less predictable. In contrast, because the presence of
conspecifics can more easily become decoupled from habi-
tat quality (Schlaepfer, Runge & Sherman 2002), species
that rely heavily on location cues may retain the ability to
directly assess habitat quality as a safeguard against select-
ing unsuitable breeding sites (Szymkowiak 2013). If true,
these species may be more resilient in the face of changing
conditions than species that rely on public information.
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Summary

1. The concept of “natural” populations is a foundation of modern ecology and conservation,
with a large body of theoretical literature using these discrete demographic units to understand
population dynamics and prioritize conservation strategies. To date, there are currently no
objective methods for empirically delineating large-scale population boundaries using

demographic data.

2. We present a novel approach for using large-scale, citizen-science monitoring data to
quantify geographic structure in trend and abundance and identify distinct natural populations.
We demonstrate this approach by delineating populations of eight passerine species using data

collected as part of the North American Breeding Bird Survey.

3. Our approach was able to identify geographic structure in both trend and abundance and to
delineate distinct populations for all eight species. An independent validation of three species

indicated this demographic variation was reflected in underlying vital rates.

4. Synthesis and applications. Natural populations are biologically-based alternatives to the
traditional geographically defined units that can improve the ability of researchers and
managers to quantify spatial variation in population dynamics. Our analysis of natural
population structure in breeding songbirds demonstrates that species can show substantial
geographic variation in population attributes and underlying demography. We recommend
managers define spatial units using natural populations when setting regional population

objectives for both single and multi-species conservation plans.
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Introduction

In one of the seminal contributions to modern ecological theory, Andrewartha & Birch (1954)
formalized the concept of ecological populations by recognizing that the dynamics shaping the
distribution and abundance of species operate at two spatial scales: “local” populations and
“natural” populations. At the local scale, immigration and emigration are the primary drivers
of population dynamics, making local populations vulnerable to extinction/recolonization over
short time-scales (Camus & Lima 2002). The local population concept has subsequently
played a central role in modern population ecology and conservation by providing the
foundation for metapopulation theory (Camus & Lima 2002). At larger spatial scales, however,
immigration and emigration simply reshuffle individuals among local populations and
therefore do not contribute to changes in the overall number of individuals over time. Thus,
natural population (Andrewartha & Birch 1954) dynamics are governed primarily by birth and
death processes rather than redistribution processes (Berryman 2002). On contemporary time-
scales, natural populations form a fundamental unit for understanding ecological processes (i.e.
spatial and temporal variation in demographic rates). Additionally, because natural populations
act as distinct demographic units, they form the foundation for understanding the causes of
species’ declines and for prioritizing conservation strategies (Hughes, Daily & Ehrlich 1997;

Ceballos & Ehrlich 2002). However, despite the central importance of natural populations in
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ecology and conservation, objective methods to delineate demographic populations at large

spatial scales remain unavailable (Camus & Lima 2002; Jones, Doran & Holmes 2007).

To date, the most progress on delineating large-scale population structure has occurred in
the field of population genetics. Within the genetic population paradigm (Waples & Gaggiotti
2006), the processes that structure populations, such as mating, gene flow, and genetic drift,
are well-studied (Slatkin 1987; Hartl et al. 1997) and researchers have developed a host of
empirical approaches to delineate populations and identify genetic structure. For example,
genetic markers (allele frequencies) and model-based clustering methods are often used to
probabilistically assign individuals to populations or to define the number of genetically
distinct populations in a host of vertebrate taxa (e.g. Falush, Stephens & Pritchard 2007).
Likewise, the causes and consequences of genetic divergence have been used to define
geographic structure in a number of animal taxa, including amphibians (Newman & Squire
2001), birds (Zink et al. 2000), and mammals (Rosenberg et al. 2002). These methods,
combined with the large amount of published genetic and phenotypic data, have allowed
researchers to make substantial progress in assessing the geographic structure of evolutionary
processes and delineating genetic populations at appropriate biological scales. Although the
methods available for delineating genetic populations are increasingly powerful, the results
largely reflect the evolutionary population paradigm where populations are defined by the
ability of individuals to mate or share genes (Waples & Gaggiotti 2006). In contrast, these
approaches may not reflect the ecological population paradigm proposed by Andrewartha &
Birch (1954), in which populations are defined by shared demographic rates (Waples &

Gaggiotti 2006).
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Unfortunately, there are currently no objective, quantitative approaches for using
demographic data to delineate the boundaries of natural populations. Although some progress
has been made in delineating demographic populations for species that occur in discrete
breeding habitats (e.g. Ruckelshaus er al. 2006), most techniques currently used to delineate
populations in ecological or management contexts are largely independent of the demographic
processes that structure populations. Most commonly, populations are defined using study area
borders (Berryman 2002), range limits (Ceballos & Ehrlich 2002), geographic isolation
(Atwood 1991), or habitat limits (Sauer et al. 2003). Although these methods are undoubtedly
useful in certain contexts (Vucetich, Nelson & Phillips 2006), they are largely arbitrary with
regard to demographic processes and therefore provide little insight into the structure or scale
of natural populations. Furthermore, because these methodologies do not account for the
demographic attributes of populations that are most immediately relevant to conservation,
management strategies often proceed in the absence of the critical information about
demographic population structure (Rodrigues & Gaston 2002). Such shortcomings are likely to
be most pronounced in species that inhabit large geographic areas that span political or habitat
boundaries and display heterogeneous demographic trends across their range. Given the global
decline of many such plant and animal species (Ceballos & Ehrlich 2002; Inger et al. 2015),
there is a critical need for analytical methods that integrate demographic information to

understand the geographic structure of natural populations.

In this paper, we develop an analytical approach that uses count data from a large-scale
monitoring program to delineate natural populations. Our approach takes site-level estimates

of trend and abundance and uses a spatially-explicit clustering technique to hierarchically
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group sites based on shared demographic attributes. The resulting cluster tree can then be used
to determine the number of natural populations and delineate population boundaries. We use
this approach to delineate the natural populations of eight species of breeding songbirds using
data collected from the North American Breeding Bird Survey. To test whether our approach
identified distinct populations, we used an independent demographic data set to test whether
the trend and/or abundance differences among populations of three species were associated
with differences in adult apparent survival and/or productivity. By quantifying spatial variation
in demographic attributes (i.e. trend and abundance), our approach advances the natural
population concept proposed by Andrewartha & Birch (1954) and provides a framework for
understanding large-scale population processes and for conducting more efficient and effective

conservation.

Materials and methods

Focal species and monitoring data

To develop our approach, we selected eight species of North American songbirds (four eastern
and four western) that have been identified as conservation priorities based on either large
range-wide declines or small geographic ranges (Table 1). The four species within each region
were selected because they share similar habitat requirements, exhibit variation in breeding
and non-breeding geographic range size, and display a variety of movement strategies
(migratory vs. resident). Abundance data used for our analysis were obtained from the North
American Breeding Bird Survey (BBS; https://www.pwrc.usgs.gov/bbs/RawData/), which

provides reliable annual monitoring for all of the species included in our analysis.
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We considered two time-scales for our analysis. First, we quantified contemporary
population structure by limiting our analysis to BBS data collected between 2000 and 2013.
Given that passerines have brief life spans and early sexual maturity, population dynamics
operate over short time-scales (Sa@ther, Fallon & Johnson 2005) and therefore this recent
period is expected to provide information about current demographic processes. Furthermore,
because management efforts typically focus on contemporary rather than past threats, we also
expect this time-scale to be of most immediate relevance to conservation and management.
Because understanding how abundance changes over longer time-scales can be relevant to
conservation, we also conducted a second analysis based on the full (1966-2013) BBS data.
Here, we focus our analysis, results and discussion of population structure on the
contemporary time-scale and use the long-term analysis as a means to quantify the degree to
which geographic variation in trend and abundance contribute to the observed population

structure.

Delineating populations

For each species, we first estimated the relative abundance and percentage annual change (i.e.
trend) for each BBS route where the species was detected during the two periods. At each
route, abundance was estimated as the mean of the annual counts, after correcting for route and
observer effects (Link & Sauer 2002). Abundance estimates were then scaled to fall between 0
and 1 by dividing by the maximum abundance of each species. Route-level trends were

estimated using a Poisson regression with the corrected annual counts as the response variable
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and year as a continuous predictor. See Appendix S1 for further details regarding estimation of

route-level demographic rates.

Next, we used the trend, relative abundance, latitude, and longitude of each BBS route to
calculate a multivariate Euclidean distance matrix for all routes for each of the eight species.
Because the raw latitude and longitude values are numerically larger than the trend and
abundance estimates, the multivariate distances were weighted by geographic distance. This
weighting has the desirable property of ensuring that routes that are separated by large
distances are less likely to be clustered together than routes that are close together and thereby
provides a spatial constraint on population delineation. In contrast, we had no a priori reason
to weight trend or abundance and since these attributes were similar in magnitude, we included

the raw values in the distance matrix calculations.

For each species, the distance matrix was then used to perform a hierarchical
agglomerative clustering analysis using the ‘hclust’ function in R (R Core Team, 2013) and
Ward’s method to estimate the distance between clusters (see Appendix S1). Hierarchical
clustering begins with each of the n routes as a separate group and then uses the distance
matrix to cluster routes, producing a hierarchical tree with n — 1 levels (Figures 1b & 2b).
Once the BBS routes were clustered, the resulting hierarchical tree can be used to classify
distinct geographic populations. To determine the number of populations for each of the eight
species, we used the Kelley-Gardner-Sutcliffe (KGS) penalty function (Kelley, Gardner &

Sutcliffe 1996) implemented using the ‘kgs’ function in the R package maptree v1.4-7 (White
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& Gramacy 2012). The level of the tree with the minimum penalty represents the optimal

number of groups (Carvalho et al. 2011; Appendix S1).

Although weighting geographic distance more heavily than demographic attributes is
desirable for creating spatially-contiguous populations, one potential side effect is that the
observed clustering structure may simply reflect geographic sampling location rather than
variation in trend or abundance. We therefore used two methods to determine the degree to
which population structure was influenced by the demographic data. First, we quantitatively
assessed the relative contribution of the trend/abundance estimates to the observed clustering
structure by comparing the topology of three trees built with identical geographic data, but
different demographic data. The three trees used for this comparison were two demographic
trees based on the contemporary (2000-2013) and long-term (1966-2013) BBS data plus a
third tree based only on geographic distance between BBS routes (hereafter the ‘geographic’
tree). These comparisons are important because the geographic data in each tree are identical
and as such any changes in topology are strictly the result of changes in the trend and/or
abundance of BBS routes. We quantified changes in tree topology using the Robinson-Foulds
distance metric (abbreviated d7; Robinson & Foulds 1981), which measures the number of
internal branches found on one tree that are not found on the other (Kuhner & Felsenstein
1994). Because there is no direct statistical interpretation of d7" values (Kuhner & Felsenstein
1994), we report all distances as a proportion of their theoretical maximum, which is 2n-6 for
two trees fit to the same n BBS routes. If clustering is driven solely by geographic distance, the
trees will be identical and the dT value will equal 0. In contrast, dT values greater than O

indicate that the inclusion or modification of trend/abundance data influenced tree topology.
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We note, however, that because all three trees in our analysis use identical geographic data, the
topologies will be correlated and the actual maximum will be less than the theoretical
maximum. All dT values were estimated using the R package phangorn v1.99-13 (Schliep

2011).

Second, we used the KGS penalty method to compare the number of populations classified
by each of the three trees and mapped their geographic boundaries to visually assess the role of
trend/abundance data. If population structure is driven solely by geographic structure, we
expected the three trees to produce the same number of populations and for population

boundaries to remain unchanged when trend/abundance data are added or modified.

Assessing population structure

Once the structure and number of contemporary populations was determined for each species,
we used five additional methods to assess the effectiveness of our method for delineating
ecological populations. First, we used ‘coef.hclust’ function in the R package cluster to
estimate the agglomerative/divisive coefficient for each species’ tree (Maechler et al. 2014).
The divisive coefficient varies between 0 and 1, with values close to 1 indicating that well-
defined clusters have been identified. Second, we conducted a Non-Metric Multidimensional
Scaling (NMDS) with the ‘metaMDS’ function in the R package vegan (Oksanen et al. 2014)
to visualize the multivariate structure and place 95% confidence ellipses on the KGS defined
populations. Third, we used the ‘adonis’ function in the R package vegan to examine the
proportion of variance in the route-level trend and abundance distance matrices that was

explained by the groupings from the KGS defined populations. Adonis is a permutation based
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ANOVA that can partition variance explained in a distance matrix using pseudo F-statistics.
Because the groupings implicitly account for spatial proximity, this method allowed us to
examine the contribution of route-level trend and abundance after controlling for geographic

proximity.

Fourth, we calculated population-level estimates of both trend and abundance and then
tested whether each population differed significantly from adjacent populations in these
attributes. For both metrics, we used a hierarchical model developed to estimate regional
trends and abundances from BBS data (Link & Sauer 1998; 2002). For each population, we
estimated abundance as the mean of the expected counts across years for all routes in the
population. Trend was estimated as the geometric mean of the proportional changes in
abundance (Link & Sauer 2002; Appendix S1). To determine whether adjacent populations
differed in either trend or mean abundance, we derived posterior distributions for the
difference in trend/abundance for all adjacent populations and considered any posterior with >
95% of the posterior density above or below zero to be evidence of significant differences in
demographic attributes, though we also considered posteriors with > 90% of the density above

or below zero as strong support for population differences.

Independent Validation of Population Structure

We independently validated the geographic structure of our contemporary natural populations
using data from Monitoring Avian Productivity and Survivorship (MAPS) banding stations

(DeSante, O’Grady & Pyle 1999) between 2000 and 2008 (data from years after 2008 were
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not available at the time of our analysis). Because MAPS stations do not sample canopy-
dwelling species, we restricted our analysis to the three ground foraging species (Kentucky

Warbler, Wood Thrush, and Eastern Towhee; Figure S1 in Supporting Information).

We assigned MAPS stations to population clusters by creating convex hulls around the
BBS routes within each population and indexing each station by the population in which it is
located. To assess variation in productivity among population clusters, we modelled the
probability of a captured bird being a young bird as a logit-linear function of fixed population
cluster effects and random station and year effects (see Appendix S1). We assessed variation in
adult apparent survival probability among population clusters using ad hoc robust design

Cormack-Jolly-Seber models (Hines, Kendall & Nichols 2003).

To validate the results of our clustering analysis, we first correlated the trend and
abundance estimates for each population with the corresponding productivity and survival
estimates. For each of the three species, if the trend or abundance estimates were strongly (r >
0.7) or moderately (0.4 < r < 0.7) correlated with the MAPS vital rates, we further tested
whether adjacent populations that differed significantly in trend/abundance also differed with
regards to productivity or survival. We did this by subsetting the MAPS stations to include
only stations within the adjacent populations of interest and then fitting the productivity and
survival models with and without population cluster as a fixed effect. The two models were
then compared using a likelihood ratio test (LRT), with a significant LRT indicating that the

populations differ with regards to the vital rate of interest. Because this test was carried out
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independently for each population pair, we applied a Bonferroni correction to each individual
test to ensure that the overall Type I error rate did not exceed 0.05 for each species. Finally, for
population pairs with significant LRT results, we checked whether the direction of the
differences in productivity and/or survival were consistent with the differences in trend and/or

abundance.

Results

Using the contemporary BBS data set, our method was able to delineate spatially-distinct
populations that varied in both trend and abundance for each species (Figures 1, 2, S2—S8). On
average, each species was divided into 13.25 populations (range 8-20; Table 2). When all
eight species were considered, the number of populations was not significantly correlated with
range size (Spearman’s r = 0.486, P = 0.22). However, the number of populations was
significantly correlated with range size when Western Wood-Pewee, the species with the
largest range, was not considered (r = 0.941, P = 0.001). After accounting for range size,
eastern species averaged more populations than western species (estimate + SE= -7.03 =

1.32, P = 0.006).

Comparisons of trees with different trend/abundance data indicate that variation in these
attributes played a substantial role in shaping tree topology, and therefore population structure.
When compared to trees built only with geographic data, the addition of contemporary
trend/abundance data altered tree topologies by an average of 34% per species (range 23%—

43%; Table 2). When the contemporary demographic trees were compared to the long-term
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demographic trees, tree topologies changed by an average of 29% per species (range 17%—
40%; Table 2). Visual comparison of the population boundaries also indicated that adding or
altering trend/abundance data had a large influence of the number and geographic

configuration of populations (Figures S9-S10).

Across all eight species, the mean geographic area of the contemporary populations was
149 904 km? (Table 2). The geographic size of the populations was significantly correlated with
the total geographic size of the breeding range (r = 0.966, P < 0.001), but did not differ between
regions (estimate = SE = —31890 = 147700, t = —2.16, P = 0.097) or based on migratory

status (estimate = SE = —12640 +1.7780, t=3.94, P = 0.51).

All four of our assessment methods indicated that the clustering analysis was able to
identify and delineate regional populations that differed in demographic attributes. The
agglomerative coefficients were > 0.99 for all species, indicating strong grouping structure for
all eight species. Visual inspection of NDMS plots indicated that the groupings identified by

the agglomerative clustering were largely distinct in ordination space (Figures S11-S12).

Results from the adonis models indicate that, for most species, the groupings identified

by the agglomerative clustering explained a significant proportion of the variance in route-

level trend and/or abundance (Table 2). For seven of the eight species, R? values for the

variance in abundance explained by our groupings were significant at the o = 0.05 level and all
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species had significant R? values at the a = 0.1 level. R? values for the variance in trend
explained by our groupings were significant at the o = 0.05 level for half of the species (4/8)
and were significant at the o = 0.1 level for five of the eight species. For all eight species, the
R? values were smaller for trend than abundance. Furthermore, all R? values were < 0.26,
indicating that spatial constraints likely played a large role in grouping populations, especially

for western species, which on average had lower R? values and dT values than eastern species.

Analysis of population-level trend and abundance provided strong evidence that our
method was successful at identifying populations that were distinct with regards to trend
and/or abundance (Tables S1-S8). Overall, 81% (135/166) of adjacent populations differed in
trend and/or abundance with probability > 0.95 and 85% (142/166) differed with probability >
0.90. However, the proportion of populations that differed in demographic attributes was
higher for eastern populations (92%; 112/122) than for western populations (68%; 30/44; y* =
15.15, P < 0.001). As with the results from the adonis models, this suggests that spatial
constraints may have played a more important role in delineating populations of western

species than of eastern species.

Overall, the comparison of vital rate estimates among adjacent populations provided
independent support for the clustering results. For all three species with adequate MAPS
sampling, trend estimates were moderately correlated with productivity estimates (Figure 3).
The MAPS analysis also indicated that Eastern Towhee populations with higher productivity

tended to have higher abundance (r = 0.603, P = 0.013). Comparison of productivity models
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with and without population as a fixed effect indicated that the vast majority of adjacent
populations that differed significantly in trend also differed significantly in productivity, even
after controlling for multiple comparisons (Wood Thrush: 88.2% (15/17) of population pairs;
Kentucky Warbler: 100% (4/4) of population pairs; Eastern Towhee: 73.3% (11/15) of
population pairs). Of the population pairs with significantly different productivity, the
majority differed in the direction predicted based on their trend estimates (Wood Thrush:
93.3% (14/15); Kentucky Warbler: 100% (4/4); Eastern Towhee: 63.6% (7/11)). For Eastern
Towhee, 93.3% (14/15) population pairs that differed significantly in abundance also differed
in productivity and 64.3% (9/14) of those populations differed in the direction predicted based
on the differences in abundance. No relationship was found between productivity and
abundance in Wood Thrush (r = 0.414, P = 0.21) or Kentucky Warbler (r = 0.16, P = 0.52)
populations and neither trend nor abundance was correlated with apparent survival for any of

the three species.

Discussion

Ecologists have long acknowledged that advancing ecological theory and managing declining
species requires an operational definition of what constitutes a population (Andrewartha &
Birch 1954; Berryman 2002). Despite this recognition, there are surprisingly few methods
available for quantifying geographic structure in demographic attributes and delineating
ecological populations in an objective manner (Camus & Lima 2002). In this paper, we have
proposed one such approach and demonstrate the application of our method using continental-

scale count data for eight North American songbird species. For all eight species, our approach
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was able to identify geographic structure in trend and abundance and to delineate populations
that show variation in these attributes. Comparisons of population structure across different
periods and to purely geographic structure indicate that these patterns were shaped by spatial
variation in population attributes and independent data collected via the MAPS banding

program corroborate the regional demographic patterns obtained from the BBS data.

Pairwise comparison of adjacent population attributes confirmed that the vast majority
(~85%) of adjacent populations differed significantly in either trend and/or abundance. In
cases where adjacent populations did not differ in at least one attribute, visual inspection of the
population maps suggest that spatial constraints may have been the primary cause of
population delineation. For example, Kentucky Warbler populations 12 and 13 did not differ
significantly in either trend or abundance (Table S3), but further inspection reveals that these
populations share only a small portion of their borders (Figure S3). These spatial constraints
appear to have been particularly important for western species, as indicated by the lower
proportion of adjacent populations that differed in population attributes and the smaller dT
values for the demographic vs. the geographic trees. The importance of spatial constraints for
western species may result from the fact that these species occur in patchier habitats than the

habitats used by the eastern species (Tewksbury, Hejl & Martin 1998).

Demographic data collected through the MAPS banding program provided an
independent validation of the results obtained using BBS data. For the three species with

adequate MAPS sampling, the demographic data provide evidence that the geographic
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structure in population trends was reflected in underlying vital rates, particularly productivity.
Interestingly, productivity was positively correlated with trend for the two obligate long-
distance migrants (Wood Thrush and Kentucky Warbler), but negatively correlated for the
partial migrant/resident Eastern Towhee, possibly resulting from differences in density
dependence between these migratory strategies (Both 2000). Productivity was also positively
correlated with abundance for Eastern Towhees. In general, both abundance and productivity
tended to be higher in southern populations than in northern populations (Figure S4),
indicating that our clustering approach may have captured a latitudinal gradient in the number
of broods per season (Greenlaw 1996). Assuming that abundance at BBS routes is an index of
breeding density within each population, the lack of correlation between productivity and
abundance in the two long-distance migrants again suggests that the abundance of obligate
migrants and partial migrants may be controlled by different demographic factors.
Alternatively, differences in abundance may be driven by variation in habitat quality, which
may not be reflected in productivity rates if reproductive success is density-dependent.
Regardless of the biological mechanisms, the MAPS data provide an independent validation
that clustering local sites based on count data was able to quantify geographic structure in
demographic rates. Furthermore, the scale of the populations identified by our approach is far
larger than the typical dispersal distance of most songbirds (Tittler, Villard & Fahrig 2009),
suggesting the movement dynamics likely played a negligible role in the observed geographic
structure of these populations. As a result, the method we propose provides an operational
approach that can link empirical studies to the theoretical framework proposed by
Andrewartha & Birch (1954) over sixty years ago, explicitly linking local populations that

share underlying vital rates.
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Given the central importance of identifying demographic population structure to ecology
and conservation, it is important that any approach for delineating populations is broadly
applicable to many species. Conventionally, demographic rates have been collected by
tracking individual organisms using labour-intensive and costly mark-recapture methods
(White & Burnham 1999). Although these methods can provide reliable estimates of vital rates
within the sampling area and time frame, implementing them over larger spatial and temporal
scales is generally cost-prohibitive (Zipkin et al. 2014). As such, the scale of most vital rate
data is of limited value for identifying range-wide population geographic structure. In contrast,
count data are relatively easy to collect over large spatial and temporal scales and a large
number of standardized monitoring programs already collect these types of data for many
species (Smit, Zuiderwijk & Groenveld 1999; Weir & Mossman 2005; Roy, Rothery &
Brereton 2007). Thus, the approach that we have outlined provides a robust and objective
method for quantifying geographic structure in demographic attributes that is widely
applicable to many existing monitoring programs. Furthermore, our approach could be refined
to utilize less standardized types of count data, such as presence-only data or opportunistically
collected citizen-science data. Given the growing number and availability of citizen-science
data sets (Sullivan et al. 2009) and analytical tools to estimate demographic rates from these
data (Zipkin et al. 2014), we expect that our approach will be applicable to a large number of

plant and animal species.

Although assessing population structure is important to advancing ecological theory, we
expect that our approach will be particularly valuable for scientists and managers tasked with

mitigating the widespread declines observed in many species (Pimm et al. 2014). At present,
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conservation work is often conducted without regard to population structure (Hughes, Daily &
Ehrlich 1997) or on populations that are delineated by geopolitical or geophysiographic
boundaries (Vazquez, Rodriques & Arita 2008). Such arbitrary populations may not be useful
for identifying the causal factors that are driving declines (Rodrigues & Gaston 2002) or for
conservation of diversity at the population scale (Hughes, Daily & Ehrlich 1997). For
example, bird conservation in North America is conducted within Bird Conservation Regions
(BCRs) that share similar bird communities, habitat, and resource management issues
(Commission for Environmental Cooperation, 1998). Although BCRs may be appropriate for
regional coordination of bird conservation and management, it is unlikely their boundaries
coincide with the boundaries of the natural populations of the species of concern. For the eight
species included in our analysis, BCRs within each species range contained, on average,
portions of 3.75 (+ 0.97) different natural populations. This overlap indicates that each BCR
contained, on average, only 26% of each natural population, underscoring the limitations of

using BCR boundaries to assess demographic population structure.

In contrast to BCRs, our approach inherently captures the demographic and spatial
attributes that are most directly relevant to population processes and subsequent conservation
action. Moreover, our approach is scalable and can be tailored to match the temporal scale
over which the ecological factors of interest operate. For example, comparing population
structure across the contemporary and long-term data sets indicated that geographic patterns in
trend and abundance have changed considerably for Kentucky Warblers and Wood Thrush,
but have remained virtually unchanged for Hermit Warblers (Table 2). Additional

comparisons of this nature could provide a powerful tool to understand how environmental
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factors have shaped contemporary population dynamics. Using our approach, it is also
possible for managers to compare the tree topology and demographic population structure
across multiple species, providing a rigorous method to quantify geographic regions that may

be important for multi-species conservation planning.

Additionally, by combining monitoring data with information about population-specific
abundance data, it may be possible to conduct viability analyses for each population and in
this way determine the persistence of populations under future land-use and climate scenarios.
For example, regional monitoring data within each population could be combined with
remote-sensing data to quantify how land use and climate have influenced population
dynamics. Moreover, by quantifying the drivers of population change within and among
natural populations, conservation practitioners can differentiate and proactively manage for
range-wide vs. region-specific threats and prioritize limited conservation resources among
regions. The hierarchical nature of our classifications also allows managers to focus on more
fine-scale geographic structure within regional populations to mitigate threats that are more
local in nature. Regardless of how the population structure is used, our approach provides an
alternative to using arbitrary boundaries to define populations and therefore increases the
likelihood that population analyses will capture the underlying ecological dynamics that form

the basis for conservation and management decisions.
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Many conservation biologists argue that we have entered the sixth extinction
characterized by the rapid decline of many populations (Hughes, Daily & Ehrlich 1997) and
species (Pimm et al. 2014). Mitigating these declines will require the ability to delineate
natural populations to understand the spatial scales at which demographic processes operate.
Ecological dynamics do not take place in isolation from evolutionary dynamics or vice versa
(Wiens & Graham 2005) and delineation of populations should ultimately account for both
processes. As such, the development of effective conservation strategies in the face of rapidly
changing global climate and land use will require the unification of the evolutionary and
ecological population paradigms to consider both demographic vulnerability and genetic
uniqueness (Crandall et al. 2000). Although both demographic and genetic data are rarely
available for the same spatial and temporal scales, our approach could easily be expanded to
incorporate both types of data to quantify biologically realistic population structure across

space and time.
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Appendix S2: Additional summary figures and tables.

Table 1. Focal species summary: range-wide population statuses of the eight focal species
included in our analysis. For trend estimates, values within parentheses are the 95% Bayesian

credible interval

Species Global Range-wide Breeding range Long-
population size'  percentage annual size (km®)® distance
decline’ migrant?
Eastern
Wood Thrush* 11 000 000 -2.1 6 025 794 Y
(Hylocichla mustelina) (-2.3,-2.0)
Eastern Wood-Pewee 5500 00 -1.4 7070 129 Y
(Contopus virens) (-1.6,-1.3)
Kentucky Warbler* 2 800 000 -1.1 3 035 602 Y
(Geothlypis formosa) (-1.5,-0.6)
Eastern Towhee 28 000 000 -1.4 5303 850 N
(Pipilo erythrophthalmus) (-1.6,-1.3)
Western
Hermit Warbler* 2500 000 -0.1 612 936 Y
(Setophaga occidentalis) (-0.8, 0.6)
Western Wood-Pewee 9 200 000 -1.6 15 621 570 Y
(Contopus sordidulus) (-2.3,-1.1)
Chestnut-backed Chickadee 9 700 000 -1.6 2361011 N
(Poecile rufescens) (-2.5,-0.7)
Black-throated Gray 2400 000 -1.5 3094 380 Y
Warbler (Setophaga (-2.3,-0.7)
nigrescens)
'http://rmbo.org/pifdb/

“http://www.mbr-pwrc.usgs.gov/bbs/
*http://explorer.natureserve.org/

* Species included on the 2012 Partner’s in Flight Watchlist
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Table 2. Population grouping results: for each species, the number of demographic populations,
as determined using the Kelley-Gardner-Sutcliffe (KGS) penalty function, mean population area,
results of the adonis tests for trend and abundance (see text for details), and the Robinson-Foulds
distance metric comparing the topology of the contemporary (2000-2013) hierarchical clustering
tree to trees based on geographic distance only and on long-term (1966—2013) monitoring data

Species Number of Mean Trend' Abundance’ Robinson-Foulds
populations population Distance’
area (kmz) R’ P R’ P VS. VS.
geographic long-term
tree tree
Eastern
Wood Thrush 17 187 036 0.017  0.048 0.26 < 0.36 0.35
0.001  (1128/3102) (1100/3102)
Eastern Wood-Pewee 20 199 567 0.017  0.029 0.24 < 0.41 0.33
0.001  (1594/3738) (1244/3738)
Kentucky Warbler 13 99 152 0.033 0.11 0.16 < 0.43 0.40
0.001 (468/1110) (440/1110)
Eastern Towhee 17 175 161 0.077 <0.001  0.31 < 0.23 0.21
0.001 (676/2960) (628/2960)
Western
Hermit Warbler 8 18 350 0.10  0.099 0.11 0.089 0.36 0.17
(78/216) (36/216)
Western Wood-Pewee 14 322328 0.044 < 0.11 < 0.28 0.28
0.001 0.001 (495/1748) (482/1748)
Chestnut-backed 8 82 740 0.026  0.633 0.10  0.004 0.26 0.34
Chickadee (102/394) (134/394)
Black-throated Gray 9 114 901 0.028  0.58 0.12 < 0.39 0.37
Warbler 0.001 (192/488) (182/488)

'For trend and abundance, R and P-values are based on the results of the adonis permutation test using the route-level
trend/abundance matrix as the predictor and the population groupings as the fixed response variable.

Robinson-Foulds distances (dT) are based on comparing the contemporary (2000-2013) demographic tree to either the geographic
distance tree (left column) or the long-term (1966—-2013) demographic tree (right column) and are expressed as the observed dT

divided by the maximum possible d7T (shown in parentheses).
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Figures

Figure 1. Results of the population grouping for Wood Thrush. (a) Breeding range (in
grey) and geographic structure of the 17 populations identified by clustering routes
based on trend, abundance, and spatial proximity. Each point shows the location of
Breeding Bird Survey routes that detected Wood Thrush between 2000 and 2013. (b)
The hierarchical tree produced by the clustering algorithm. Nodes and branches are
coloured based on population membership. (c) Population-level estimates of abundance
(top) and trend (bottom) for each population. Bars show 95% Bayesian credible

intervals.

Figure 2. Results of the population grouping for Hermit Warbler. (a) Breeding range (in grey)
and geographic structure of the eight populations identified by clustering routes based on trend,
abundance, and spatial proximity. Each point shows the location of Breeding Bird Survey routes
that detected Hermit Warbler between 2000 and 2013. (b) The hierarchical tree produced by the
clustering algorithm. Nodes and branches are coloured based on population membership. (c)
Population-level estimates of abundance (top) and trend (bottom) for each population. Bars

show 95% Bayesian credible intervals.

Figure 3. Correlation between trend estimates based on Breeding Bird Survey data and
productivity estimates based on Monitoring Avian Productivity and Survivorship data for

populations of three North American bird species. Note different axis limits on each plot.
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