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Abstract As North American species’ ranges shift
northward in response to climate change, populations iso-
lated in high-elevation habitat “islands” at the southern
edge of distributions are predicted to decrease in size or be
extirpated. Levels of genetic structure and gene flow and
the number of private alleles held within these peripheral
populations can be used as a measure of the potential loss
of genetic diversity due to climate change. We use GIS-
based climate niche models to project geographic distri-
butions of 15 boreal forest bird species for the year 2080
under two carbon emissions scenarios to predict the extent
to which ranges will shift, leading to the extirpation of
isolated populations at the southern periphery of the boreal
forest. Breeding distributions of nearly all boreal bird
species are predicted to expand as they shift northward, but
will dramatically decrease or be completely lost from
mountain populations in New York, Vermont, and New
Hampshire by 2080. To examine the effect of these shifts
on gene pools of migratory bird species we genotyped 178
blackpoll warblers (Setophaga striata) at nine microsatel-
lite loci, sampling four imperiled high-elevation popula-
tions and four northern populations. In S. striata 10.4 % of
microsatellite alleles were confined to populations expec-
ted to be lost due to climate change. However, these
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accounted for a nonsignificant percent of the genetic
structure, and loss of these alleles would not significantly
erode species heterozygosity or allelic richness. Our results
indicate that isolated southern populations of S. striata, and
possibly other migratory species with high gene flow, do
not represent genetically isolated, independently evolving
units. Efforts to mitigate the effect of climate change on
boreal forest birds should focus on species in which
peripheral populations harbor significant genetic diversity.
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Introduction

As global climates warm, species in the northern hemi-
sphere are predicted to shift their ranges poleward (Huntley
et al. 2008; Zuckerburg et al. 2009) or up in elevation
(Moritz et al. 2008) as they track suitable conditions
(Tingley et al. 2009). Populations at the southern edge of
species’ ranges, especially those isolated at high elevations,
are expected to be the first affected by climate change as
warming decreases suitability of southern habitats (Hampe
and Petit 2005; Hodkinson 2005; Waite and Strickland
2006). If these southern isolates represent independently
evolving gene pools, global climate warming may threaten
genetic diversity important for the long-term survival and
adaptability of species (Lacy 1997). Loss of genetic
diversity can increase the effects of inbreeding (Keller and
Waller 2002) and decrease reproductive fitness (McAlpine
1993; Westemeier et al. 1998), both of which elevate
extinction risk (Frankham and Ralls 1998; Saccheri et al.
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1998; Frankham 2005). Because of this, maintenance of
genetic diversity is a primary goal of many conservation
programs (Frankham et al. 2010).

Geographic patterns of genetic variation and structure
were shaped in part by past episodes of climate change
( Avise 2004; Hewitt 2004) and we should expect modern,
ongoing climate change to similarly affect genetic structure
by shifting ranges and reshuffling gene pools. Isolated
populations may be unable to track conditions because of
barriers to dispersal, and local extirpations may become
common as changing conditions outpace the adaptation and
dispersal of plant and animal populations. Loss of popu-
lations could mean loss of alleles, decrease in intraspecific
genetic variation, and increase in extinction risk (Frankham
2005). Many studies have documented the loss of genetic
variation within species following human caused reduc-
tions in distribution or population sizes (Paxinos et al.
2002; Bellinger et al. 2003; Leonard et al. 2005; Taylor
et al. 2007; Mitrovski et al. 2008; Larsson et al. 2008).
Species with small, geographically isolated populations
and poor dispersal abilities may be especially vulnerable,
but Leonard et al. (2005) showed that even wide ranging,
highly mobile species lose significant numbers of alleles
when populations are extirpated. Therefore, as we enter
this age of accelerated change in species distributions, it
becomes increasingly important that biologists document
levels and distributions of genetic variation and examine
the ways that the current warming trend will affect genetic
diversity in wild populations (Banks et al. 2010).

GIS-based niche models can be used to predict how
climate change will affect species distributions (Hijmans
and Graham 2006; Huntley et al. 2006; Loarie et al. 2008;
Tolley et al. 2009). Species distribution models (SDMs)
use climate variables found at sites of known occurrences
to project distribution elsewhere, or onto predicted future
conditions (Peterson 2001; Hijmans and Graham 2006).
SDMs lend themselves well to integration with phylogeo-
graphic research (Richards et al. 2007; Pease et al. 2009;
Kozak et al. 2008; Knowles 2009), but few studies have
used SDMs in combination with genetic data to predict
changes in gene pools under projected climate warming
scenarios (Tolley et al. 2009; Habel et al. 2010). The
present study is among the first to predict the affects of
anticipated climate change and range shifts on genetic
diversity within and among wild populations (see also
Habel et al. 2010; Jay et al. 2012).

Our focus is on bird species with boreal-montane dis-
tributions in the contiguous boreal forest of Alaska and
Canada and the archipelago of montane spruce-fir islands
that occur above 1000 m elevation in northeastern North
America (Able and Noon 1976). These species are expec-
ted to respond differently to climate change than species
adapted to habitats at lower latitudes and altitudes
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(Galbreath et al. 2009; Muster et al. 2009). Montane pop-
ulations of boreal forest birds that breed in the White
Mountains of New Hampshire, Green Mountains of Ver-
mont, and the Adirondack and Catskill Mountains of New
York include resident and migratory birds of special con-
servation concern to state wildlife management agencies
due to their strict habitat requirements, small population
sizes, and declining population trends (Rich et al. 2004;
King et al. 2008). King et al. (2008) detected a significant
negative population trend in at least three species of
montane forest birds in the White Mountains over a
10 year period from 1993 to 2003. These populations
may be especially vulnerable to climate warming as the
ecology and habitat are altered by warming temperatures
(Hodkinson 2005; King et al. 2008; Rodenhouse et al. 2009).

To assess the risk of extirpation of these populations in
the present century, we develop SDMs for 15 species of
boreal forest birds with disjunct populations in the moun-
tains of New York, Vermont, and New Hampshire in
combination with 70-year projections of climate change
based on alternative carbon emissions scenarios (published
by the Intergovernmental Panel on Climate Change 2000).
For one species, blackpoll warbler (Setophaga striata), we
compare predicted climate-induced shifts in distribution to
genetic data from nine microsatellite loci to estimate
potential loss of genetic diversity at the regional scale. We
document the presence of unique genotypes in populations
predicted to be extirpated, and test the hypothesis that these
disjunct, high-elevation populations are important reser-
voirs of genetic variation and therefore of high conserva-
tion concern. We discuss how climate change is predicted
to affect diversity and structure within blackpoll warblers,
and how this relates to the conservation of avian commu-
nities at the southern periphery of the boreal forest biome.

Methods
Species distribution modeling

We constructed SDMs for 15 migratory and resident bird
species that are coniferous forest specialists with breeding
ranges in the North American boreal forest belt and in the
mountains of New York and New England. Because our focus
is on montane populations at the southern periphery of their
species’ range, we excluded species with extensive distribu-
tion south of New York (e.g., winter wren, Troglodytes hie-
malis). Additionally, we excluded nomadic species with
irruptive population dynamics (e.g., white-winged crossbill,
Loxia leucoptera) because specimen occurrence data for these
species are difficult to translate into distribution models.
SDMs for each species were constructed from occurrence data
in the form of georeferenced museum specimens which we
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obtained by searching ornithological specimen collections
(see Acknowledgments) in ORNIS (http://olla.berkeley.edu/
ornisnet/) and Global Biodiversity Information Facility
(GBIF; http://www.gbif.org) in March 2011. Due to the small
number of specimens of Bicknell’s thrush (Catharus bick-
nelli) in online databases, occurrence data based on observa-
tions from GBIF were also included in the SDM for this
species. Georeferenced occurrence records with coordinate
uncertainties greater than 20 km were excluded from analy-
ses. For records lacking uncertainty estimates, we examined
verbal locality descriptions and culled all records that were not
precise at least to the level of county or municipalities (e.g.,
records from “Manitoba”, or “Yukon River”). All occurrence
records were plotted and compared with published range maps
(Poole 2005) to verify accuracy. A small number of records
that fell outside of known breeding distributions, which may
represent late spring migrants, were excluded. Coordinate
uncertainty is of larger concern in mountainous regions where
environmental conditions can vary on a smaller spatial scale,
but very few of the records we obtained (<1 %) for any
species were from mountain regions. To increase samples
from high elevation sites in the southern boreal, we also
included occurrences of blackpoll warbler and Bicknell’s
thrush from our own field work in the Adirondack and Catskill
mountains of New York; these occurrences have coordinate
uncertainties less than 10 m.

Thirty-six GIS layers describing monthly temperature
and precipitation at a 2.5 arc-minute grid were obtained for
the present and 2080 from http://www.worldclim.org. Data
layers for current climate were interpolated from weather
station data observed around the globe between 1950 and
2000 (Hijmans et al. 2005). Future climate data layers are
calculated for 2080 according to the Hadley Centre Cou-
pled Model version 3 (HadCM3; Gordon et al. 2000) under
carbon emissions scenarios A2 and B2 (IPCC Intergov-
ernmental Panel on Climate Change 2000). Both emissions
scenarios represent models of continuous global human
population growth. The rate of growth, and thus change in
climate, is faster in A2 than in B2 (IPCC Intergovern-
mental Panel on Climate Change 2000). The average glo-
bal temperature is predicted to raise ~3 °C under A2 by
2080 and ~2 °C under B2 (IPCC Intergovernmental Panel
on Climate Change 2001). In New York, Vermont, and
New Hampshire, maximum July temperature is predicted
to increase an average of 4.90 and 3.25 °C by 2080 under
scenarios A2 and B2, respectively. Here, we use two sce-
narios to represent a range of possible futures, with A2 as a
more severe scenario, and B2 a more conservative sce-
nario. However, recent evidence suggests increasing CO,
emissions have already outpaced conservative IPCC
(Intergovernmental Panel on Climate Change 2000) sce-
narios (Raupach et al. 2007; Beaumont et al. 2008; La
Sorte and Jetz 2010). Newer, less conservative scenarios of

climate change (IPCC Intergovernmental Panel on Climate
Change 2007) were examined but ultimately not used in the
present study because novel environments (falling outside
of current conditions used to train models) are predicted to
cover much of the study area under these scenarios. All
data layers were converted and clipped in ArcMap (ESRI;
Redlands, CA) to include only North America.

Climate variables were combined with occurrence data
for each of the study species in MAXENT (Phillips et al.
2006) to project current distribution and predict 2080 dis-
tribution under the alternative emissions scenarios. To
assess the accuracy of projected distributions 20 % of
occurrences (selected at random) were withheld from
model training and used to test model performance as
measured as the area under the receiver operating charac-
teristic curve (Phillips et al. 2006). Area under the curve
(AUC) provides a single measure of performance inde-
pendent of threshold, and can be interpreted as the proba-
bility of a presence and an absence each being correctly
classified, such that AUC values close to 1.0 represent high
performance (Phillips et al. 2006).

MAXENT outputs distributions as a single raster layer,
the value of each cell across the study area representing the
probability of occurrence. These were converted to shape
files of dichotomous presence-absence distribution maps in
ArcMap using the 10th percentile of training data as the
probability threshold (Phillips et al. 2006). ArcMap was
used to calculate the area and centroid (or geometric cen-
ter) for current and future distributions under A2 and B2
scenarios in the HadCM3 model. The change in area, and
distance and direction between current and future centroids
were used to quantify the effects of climate change on bird
species distributions. The fates of mountain populations by
2080 were quantified for each species by calculating the
predicted change in area in New York, Vermont, and New
Hampshire. Populations predicted to lose greater than 99 %
of their area were classified as extirpated.

Genetic data and analyses

Tissue samples (blood, muscle, or feather) were obtained
from 178 S. striata from eight populations in the south-
eastern part of their breeding range including Catskill
Mountains, New York (n = 20); Adirondack Mountains,
New York (n = 21); Green Mountains, Vermont (n = 29);
White Mountains, New Hampshire (n = 27); Quebec
(n = 35); New Brunswick (n = 26); Nova Scotia (n = 11);
and Newfoundland (n = 9). Whole blood samples and
feathers were collected in the field from birds that were
captured, banded and released. Blood was stored in Queen’s
Lysis Buffer (Seutin et al. 1991) and feathers were sealed in
paper envelopes; these samples were kept at ambient tem-
perature until returned to the lab, and then stored at —20 °C.
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Muscle samples (n = 10 of 178) were taken from whole
birds prepared as museum voucher specimens. Whole birds
were transported on ice and kept frozen until specimen
preparation, after which time muscle samples were stored at
—80 °C. Genomic DNA was extracted from all tissue sam-
ples using a DNeasy tissue extraction kit (Qiagen; Valencia,
California) following manufactures protocol for animal
tissues with the following modifications: final elution was
done in two rounds of 75 pL, each followed by an incubation
period of 5 min at room temperature.

Blackpoll Warblers were genotyped at 9 microsatellite
loci previously developed for Yellow Warbler (S. petechia;
Dpul5, Dpul6; Dawson et al. 1997), Kirtland’s Warbler
(S. kirtlandii; DkiB12, DkiB102, DkiD102, DkiD120; King
et al. 2005), and Golden-winged Warbler (Vermivora
chrysoptera; VeCr02, VeCr04, VeCr08; Stenzler et al.
2004). Multiple loci were amplified simultaneously in
10 pL. multiplex PCRs containing 1.0 pL. DNA template
(~5.0 ng); 1.0 pL. primer mix (3—4 primer pairs in H,O,
each primer at 2.0 pM); 5.0 uL Qiagen Multiplex PCR
Master Mix (HotStar Tag polymerase, 6 mM MgCl,, and a
dNTP mix); and 3 pL of pure H,0. Cycling protocol
consisted of a 15 min initial activation at 95 °C; 25 cycles
of denaturation (30 s at 94 °C), annealing (90 s at 58 °C),
and extension (60 s at 72 °C); and a final extension of
30 min at 60 °C. PCR products were analyzed on an ABI
3130 Genetic Analyzer (Applied Biosystems; Carlsbad,
California), and alleles were manually scored using the
program GENE MAPPER (Applied Biosystems).

Exact tests for departure from Hardy—Weinberg equilib-
rium (HWE) were performed in GENEPOP version 4.0
(Raymond and Rousset 1995). Proportion of polymorphic
loci (P), allelic diversity (A), allelic richness (Agr), observed
and expected heterozygosity (H,, H.), and number of private
alleles (alleles found in only one population) were calculated
for each population in the computer programs GDA (Lewis
and Zaykin 1999) and FSTAT (Goudet 1995), and used as
measures of genetic diversity. Allelic diversity and richness
are similar measures of variation, but differ in that allelic
richness accounts for unequal sampling among populations
and loci. We used pairwise Fgt values (between all possible
pairs of the eight sampling sites, designated a prior as
populations), and AMOVAs performed in ARLEQUIN
version 3.0 (Excoffier et al. 2005) to estimate population
genetic structure. Gene flow among populations was mea-
sured as the number of migrants per generation (N,,), and
was estimated in GENEPOP using the average frequency of
private alleles per population after correction for sample size
(Slatkin 1985; Barton and Slatkin 1986). We conducted a
principal components analysis (PCA) implemented in
Eigensoft (Patterson et al. 2006) and STRUCTURE analyses
(Pritchard et al. 2000) for three run iterations of K = 1
through K = 8 assuming an admixture ancestry model and
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correlated allele frequencies. To predict the affects of a
range shift by 2080 on genetic diversity we recalculated Ag,
H, and H. excluding samples from disjunct populations
predicted to go extinct, and assumed that alleles confined to
these populations would be lost from the 2080 gene pool. We
used Wilcoxon signed rank tests, performed in SPSS v.19
(IBM), to test for significant changes in mean number of
alleles per locus, Ag, H, and H..

Results
Species distribution models

A total of 15 species met the inclusion criteria (Table 1),
including resident and migratory species from nine avian
families, and ten genera. A total of 3879 unique occurrence
points was used averaging 258.6 per species (range
52-633; Table 1). Model performances were high for all
species (mean AUC = 0.976, minimum AUC = (0.963).
Visual inspection of projected current distributions gener-
ally fit well to published modern distribution maps. The
climatic variable which contributed most to each projection
differed among species, but was most often maximum
October temperature (7 out of 15 species; range of con-
tribution 23.7-44.6 %; Table 1), and was a temperature
variable, rather than a precipitation variable, in every case.

Changes in distribution due to climate change

Range-wide breeding distribution area is predicted to
increase for most study species by 2080, with mean
increases of 35.9 and 29.5 % under emissions scenarios A2
and B2, respectively (Table 1). Predicted change in breed-
ing range area under the A2 scenario ranged across species
from a 20.4 % decrease to a 107.4 % increase. Under the B2
scenario, change in area ranged from a 24.0 % decrease to a
99.6 % increase. Eleven species were predicted to expand
their range under both scenarios, while three species were
predicted to contract their range under both scenarios. One
species, Bicknell’s thrush, showed an increase under one
scenario, and a decrease under the other.

Under both scenarios, the centroid of each species is
predicted to shift northward, with most species shifting
northwest (Fig. 1). The mean predicted shift between cur-
rent and 2080 centroids is 934.0 km for A2 and 772.1 km
for B2 (Table 1). This northward shift means that despite
an increase in area over the entire range, local populations
at the southern periphery of the current range are predicted
to decrease drastically in size or disappear (Fig. 2). Under
the A2 scenario, 12 of 15 study species are predicted to be
extirpated (99-100 % decrease) from New York, Vermont
and New Hampshire by 2080, and two more species ranges
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Table 1 Predicted effects of climate warming on breeding distributions of fifteen species of boreal forest birds

Species, migratory tendency n Change in Area Centroid Shift AUC Most contributing variable (%)

(%) (km)

A2 B2 A2 B2
Falcipennis canadensis, spruce grouse S 193 -113 3.7 1075.0 902.8 0971 Max. October Temp. (43.8)
Picoides dorsalis, three-toed woodpecker S 113 46.8 29.6 909.8 532.0 0971 Max. May Temp. (25.0)
Picoides arcticus, black-backed woodpecker S 149 18.0 25.2 931.2 1160.0 0.989 Max. April Temp. (34.5)
Empidonax flaviventris, yellow-bellied flycatcher M 180 28.4 32.8 709.2 4927 0.969 Max. October Temp. (23.7)
Perisoreous canadensis, gray jay S 391 -204 —240 1282.0 811.0 0.977 Max. May Temp. (36.7)
Poecile hudsonica, boreal chickadee S 187 50.2 48.4 1013.0 10140 0.976 Max. October Temp. (44.6)
Regulus calendula, ruby-crowned kinglet m 291 —42 —-4.9 897.5 600.2 0.965 Max. October Temp. (41.0)
Catharus bicknelli, Bicknell’s thrush M 203 28.1 -7.3 193.9 179.8  1.000 Max. February Temp. (24.2)
Catharus ustulatus, Swainson’s thrush M 570 37.1 325 790.9 659.9 0.975 Max. April Temp. (45.3)
Oreothylpis peregrina, Tennesee warbler M 159 23.3 18.9 829.8 840.9 0.977 Max. October Temp. (42.2)
Setophaga striata, blackpoll warbler M 205 69.4 43.3 1377.0  1408.0 0.968 Min. September Temp. (20.8)
Setophaga castanea, bay-breasted warbler M 138 1075 99.6 803.5 811.0 0.992 Min. May Temp. (36.2)
Setophaga tigrina, Cape May warbler M 52 933 77.6 976.5 720.7 0.984 Min. May Temp. (32.2)
Setophaga coronata, yellow-rumped warbler m 633 10.1 23.2 1101.0 832.7 0.966 Max. October Temp. (36.4)
Zonotrichia albicollis, white-throated sparrow m 415 62.6 51.7 707.8 615.3  0.963 Max. October Temp. (38.0)

Seasonal migratory tendency is coded as S sedentary, M long-distance migration (winters south of United States), and m short-distance migration,
n number of occurrence points used in MAXENT modeling. Change in area and centroid shifts are calculated from the difference between each
species’ modeled current distribution and predicted distribution in 2080 under two emissions scenarios, A2 and B2. Model performance is
reported as area under curve (AUC). Most contributing variables are those that contributed the most to each species model
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will decrease by at least 90 % in this region (Table 2).
Under the B2 scenario, seven species are predicted to be
extirpated and four will decrease by greater than 90 % of
their current range in these states. Blackpoll warblers are
predicted to be extirpated from New York, all of New
England, and New Brunswick by 2080 under A2 conditions
(Fig. 3). Under the B2 scenario, less than 3 % of mountain
populations will remain in New York, Vermont, and New
Hampshire, while larger populations in Quebec, New
Brunswick, Nova Scotia and Newfoundland will persist
(Fig. 3). These results are the basis for the prediction that

B2 ] T

microsatellite alleles restricted to mountain populations
will be lost by 2080, but that genetic variation present in
Quebec, New Brunswick, Nova Scotia and Newfoundland
will persist.

Loss of genetic diversity
From 178 blackpoll warbler samples, we obtained scorable
allelic data from a mean of 168.4 individuals per locus.

Genetic diversity within blackpoll warblers is high; every
locus is polymorphic ranging in number of alleles from 6 to
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Fig. 2 Diversity maps
combining the projected
presence of 15 study species and
predicting the change in the
diversity of boreal forest bird
species in New York, Vermont,
and New Hampshire by 2080
under A2 and B2 carbon
emission scenarios

Projected Current

Predicted 2080, A2

Table 2 Predicted percent change in area in NY, VT, and NH by
2080 for 15 study species under alternative climate change scenarios
A2 and B2

Species Percent change in area
A2 B2

Falcipennis canadensis —100.0 —99.9
Picoides dorsalis —99.8 —100.0
Picoides arcticus —100.0 —100.0
Empidonax flaviventris —95.7 —67.9
Perisoreous canadensis —100.0 —100.0
Poecile hudsonica —100.0 —99.9
Regulus calendula —100.0 —100.0
Catharus bicknelli -92.0 —81.8
Catharus ustulatus —-99.5 —98.5
Oreothlypis peregrina —100.0 —80.5
Setophaga striata —100.0 —-97.4
Setophaga castanea —82.8 —-50.2
Setophaga tigrina —-99.4 —94.3
Setophaga coronata —99.8 —98.7
Zonotrichia albicollis —-99.9 —99.3

28 (Table 3). All populations have high allelic diversity
(mean number of alleles, A = 8.49) and moderate observed
and expected heterozygosity (mean H, = 0.583; mean
H, = 0.694) (Table 4). One locus pair, DkiB102 and
VeCr04, showed marginally significant linkage disequilib-
rium (P = 0.045). Exact tests for departure from HWE were
significant for 24 of 72 locus—population combinations and
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Predicted 2080, B2

for a global test across all loci and populations. After
Bonferroni corrections, no locus pairs were significant for
linkage disequilibrium and 7 of 72 locus—population com-
binations remained significant for departure from HWE.
Because no locus consistently departed from HWE in all
populations, all loci were included in analyses of geographic
genetic structure.

Pairwise Fgr values were significant for 9 of the 28
(32.1 %) possible population pairs, and highest between
Nova Scotia and all other populations (—0.034 to 0.050),
but no Fgr values were greater than 0.050, indicating a lack
of genetic structure at this geographic scale. Pairwise Fgr
values among mountain populations were all lower than
0.020 (one out of six population pairs significant, 16.7 %).
AMOVA likewise showed that a small, non-significant
portion of variation within blackpoll warblers is due to
differences among populations (0.52 %, P = 0.127). Gene
flow is high, with N, = 5.44 migrants per generation
calculated for the entire sample after correction for sample
size. One migrant per generation is generally considered
sufficient to counter population divergence due to genetic
drift (Slatkin 1985, 1987). No pairwise population esti-
mates of Ny, were suggestive of low gene flow (N, < 1.0).
No geographic structure was detected in either the PCA or
STRUCTURE analyses. PCA detected two significant
principle components which described only 6.31 % of the
variation, but a plot of these axes (not shown) revealed no
distinct geographic clusters. STRUCTURE identified
K =1 as the most likely value (largest mean value of Ln
P(D)), though Ln P(D) values for K = 1 and K = 2 were
not significantly different (+ = 2.47, P = 0.069). For all
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Fig. 3 MAXENT projections
for Setophaga striata in
northeastern North America.

a Projected current distribution.
Black circles indicate
populations sampled for
microsatellite analysis. AD
Adirondacks Mountains, New
York; CA Catskill Mountains,
New York; VT Green
Mountains, Vermont; NH White
Mountains, New Hampshire;
NB Christmas Mountains, New
Brunswick; QU Gaspé
peninsula, Quebec; NS Cape

Breton, Nova Scotia; NL
Newfoundland. b Predicted
2080 distribution under carbon

emissions scenario A2.

¢ Predicted 2080 distribution
under carbon emissions scenario
B2

Predicted 2080 (B2)

values of K, the assignment probability (Q) of each indi-
vidual was roughly equal for all populations (i.e. the
probability of belonging to any of K populations = 1/K).
A total of 22 alleles from 8 microsatellite loci were
confined to single populations; these private alleles exist in
all populations except Catskills and Green Mountains. Eight
of the private alleles exist in mountain populations predicted
to be extirpated by 2080 (Adirondacks [n = 3] and White

Mountains [#n = 5]). An additional 6 alleles were found only
in mountain populations (i.e., not found in Quebec, New
Brunswick, Nova Scotia or Newfoundland). Together, these
14 “mountain” alleles represent 10.4 % of all alleles found
within sampled blackpoll warblers. The loss of these alleles
would result in a significant decrease in the mean number of
alleles per locus (P = 0.028). However, all private alleles
were low in frequency within populations and were found in
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Table 3 Variation in blackpoll warblers at nine microsatellite loci

Locus Recovery # H, H, References
rate alleles
n %
DkiB12 177 994 11 0.274 0.276 King et al.
(2005)
DkiB102 174 97.8 6 0.474 0.351 King et al.
(2005)
DkiD102 159 89.3 28 0915 0.748 King et al.
(2005)
DkiD120 162 91.0 17 0.875 0.828 King et al.
(2005)
Dpul5 172 96.6 19 0.825 0.576 Dawson et al.
(1997)
Dpul6 176 989 13 0.799 0.727 Dawson et al.
(1997)
VeCr02 169 94.9 9 0.582 0.615 Stenzler et al.
(2004)
VeCr04 160 89.9 8 0.671 0.475 Stenzler et al.
(2004)
VeCr08 167 938 24 0.902 0.731 Stenzler et al.
(2004)
Mean 1684 946 15 0.702 0.592

Recovery rate is the number of individuals out of 178 that yielded
scoreable allelic data. H, expected heterozygosity, H, observed
heterozygosity

Table 4 Genetic variation among eight geographic populations of
blackpoll warblers

Population n P A AR H, H, Private
alleles

Catskill Mtns., 20 1.0 744 383 0.673 0.593 0
NY

Adirondack 21 1.0 9.11 420 0.714 0.659 3*
Mtns., NY

Green Mtns., 29 1.0 844 386 063 0532 0
VT

White Mtns., 27 1.0 978 436 0.702 0.593 5*
NH

Quebec 35 1.0 11.22 426 0.703 0.591

New 26 1.0 1033 442 0736 0612 5
Brunswick

Nova Scotia 11 1.0 644 4.09 0.696 0.592 2

Newfoundland 9 1.0 511 417 0.7 0.495

Overall 178 1.0 849 4.15 0.694 0.583 22

n number of individuals from each population, P proportion of
polymorphic loci, A Allelic diversity; mean number of alleles per
locus, A allelic richness; mean number of alleles per locus with
correction for unequal sample sizes, H, expected heterozygosity, H,
observed heterozygosity. Private alleles are those found only in one
population

Asterisk (*) denotes alleles predicted to be lost by the year 2080 based
on MAXENT modeling

@ Springer

only one or a few sampled individuals. Removing “moun-
tain” alleles from the gene pool would result in no signifi-
cant change in allelic richness (P = 0.678), observed
heterozygosity (P = 0.767), or expected heterozygosity
(P = 0.161). Using an AMOVA, we found that the genetic
differences between groups of populations predicted to
persist and those predicted to be extinct by 2080 accounts for
less than 1 % of the genetic structure within blackpoll
warblers (Fcr = 0.69 %; P = 0.069). Put another way,
more than 99 % of the genetic structure in blackpoll war-
blers will survive the predicted extirpations at the southern
edge of its range. Thus, despite the predicted loss of many
unique genotypes (representing over 10 % of microsatellite
allelic diversity) climate change-induced range shifts will
not likely affect the genetic structure, allelic richness, or
heterozygosity of blackpoll warbler populations.

Discussion

Our results are consistent with other climate-based distri-
bution modeling studies that have predicted poleward
range shifts and population declines or extirpations in high-
altitude populations of birds (Huntley et al. 2006, 2008;
Rodenhouse et al. 2008; Virkkala et al. 2008). Rodenhouse
et al. (2008) modeled Bicknell’s thrush distribution under
scenarios of increasing temperature and found that a 1 °C
increase in growing season temperature was enough to
reduce potential Bicknell’s thrush habitat by half, and a
3 °C increase nearly eliminated all suitable habitat from
the northeast. Similarly, our modeled 2080 distribution for
B2 scenario (comparable to a 3 °C increase in temperature)
showed an 81.9 % decrease in area in New York, Vermont,
and New Hampshire for Bicknell’s thrush, and an average
decrease in this region of 91.2 % for all species. Together
these results make alarming predictions for the demise of
populations at the southern periphery of species’ ranges,
but we find that for the majority of our study species
expansion at the northern limit will outstrip loss at the
trailing edge. Unlike in Eurasia, where the Arctic Ocean is
a barrier to northward expansion (Virkkala et al. 2008),
large tracts of land exist in North America north of present
boreal bird distributions and may become suitable as cli-
mates warm. As a result, our study predicts that many
species of North American boreal birds would have a net
increase in distributional area by 2080.

It is important to note that all SDM projections represent
potential future distributions made up of sites that are pre-
dicted to fall within suitable climatic conditions. Variables
other than climate will surely affect realized distributions
(Araujo and Luoto Aradjo and Luoto 2007; Beale et al.
2008). It is generally agreed upon that at continental scales,
climate variables alone are suitable for modeling species
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distributions (Beerling et al. 1995; Pearson and Dawson
2003; Thuiller et al. 2004). Though Beale et al. (2008) argue
against climate as a sole determinant of macroscale distri-
bution in most European birds, they demonstrate that the
association between climate and distribution is especially
strong for species with northern distributions. At smaller
spatial scales, biological interactions likely become
increasingly important in limiting species ranges. The
accuracy of predicted range changes in boreal birds will
depend on how spruce-fir forest communities replace tundra
communities at the northern limit of the boreal forest, and
how quickly it is replaced by deciduous forest at the southern
limit. The shift of forest ecotones may lag up to decades or
centuries behind changes in climate (Parmesan 2006). If
distributions of tree species are slower to shift, or shift
according to different climatic variables, realized bird dis-
tributions in 2080 may be quite different than projected.
However, changes in forest structure have already begun in
montane habitats in northeastern North America (Beckage
et al. 2008) and at the forest-tundra ecotone (Saurez et al.
1999; Dial et al. 2007).

Some long-term data sets on bird distributions suggest
that boreal forest bird distributions have already begun to
shift north. For example, comparisons of the first edition
(Anderle and Carroll 1988) and second edition (McGowan
and Corwin 2008) of the New York State Breeding Bird
Atlas show that boreal forest species with a southern range
limit in New York shifted the southern periphery of their
ranges a mean of 11.4 km northward over the past 20 years
(Zuckerburg et al. 2009). Of the 15 species used in the
present study, nine were analyzed in Zuckerburg et al.
(2009), and 5 showed a northern shift in latitudinal centroid
whereas four showed a southern shift. This discrepancy
between survey data over the last two decades and future
changes inferred from SDMs is likely due to the differ-
ences in temporal and geographic scales of the analyses, or
may reflect the accelerated pace of warming that is
expected in the coming decades.

Five of our study species have been suggested as indi-
cator species for overall ecosystem health and quality of
montane spruce-fir forest (US Forest Service 2006; King
et al. 2008), including blackpoll warbler, Bicknell’s thrush,
yellow-bellied flycatcher (Empidonax flaviventris), boreal
chickadee (Poecile hudsonica), and spruce grouse (Falci-
pennis canadensis). The best indicator species are thought
to be highly habitat specific and sensitive to environmental
change (Landres et al. 1988; Carignan and Villard 2002),
however, in our distribution modeling these species show
very different responses. Spruce grouse and boreal chick-
adee, for example, are both predicted to lose area range-
wide and become extirpated in mountain habitats under
both emissions scenarios, whereas yellow-bellied fly-
catcher is predicted to expand its range on a continental

scale and lose relatively less area in mountain populations.
This variation in responses among all 15 study species may
be related to variation in the breadth of each species’ niche,
or to differences in the size of each species’ breeding
range. SDMs may provide an avenue for assessing which
species are appropriate as indicators of habitat disturbance
due specifically to climate change in the present century.

We employ a single method in modeling the distribution
of boreal species under climate change, namely correlative
distribution modeling using MAXENT. Others have dem-
onstrated that predictions of distributions are variable
among modeling methods (Thuiller 2004; Pearson et al.
2006), especially in the context of climate change and
range-shifting species (Elith et al. 2010). The largest dif-
ferences among model types may result from the treatment
of absences, and the use of background points as absences
should be carefully considered (Pearson et al. 2006; Elith
et al. 2010). S. striata is thought to have quickly colonized
its current distribution following the retreat of glaciers
around 12 thousand years ago (Ralston and Kirchman
2012), and there is no evidence of range shift for this
species at the temporal scale (several decades) of the
observed occurrence and climate data (Eaton 1914;
McGowan and Corwin 2008). In contrast to several bird
species with breeding ranges predominantly in the south-
eastern United States which have been expanding their
ranges northward in recent decades, nearly all of the 15
boreal species whose distributions we modeled have had
stable ranges over this same time scale (McGowan and
Corwin 2008). It is therefore appropriate to treat ‘absences’
in the modeled distributions as the result of unsuitable
climates rather than as historic losses or range shifts. Fur-
thermore, key trends of predictions from correlative models
have been shown to be consistent with those from mech-
anistic approaches when finer details are ignored (Elith
et al. 2010), though major differences in the distance and
direction of predicted shifts can occur (Pearson et al. 2006).
Important to the present study is the geographic scale at
which populations are genetically structured, and the range
shifts that may occur at this scale. The agreement of gen-
eral trends between our predictions and previously pub-
lished models for birds of northeastern North America
(Rodenhouse et al. 2008) supports our conclusions of
northward shifts at the regional scale.

Similarly, the choice of climate scenarios and of proba-
bility thresholds may also significantly affect modeling
predictions. We use carbon emissions scenarios A2 and B2
according to IPCC (Intergovernmental Panel on Climate
Change 2000), both of which may underestimate actual cli-
mate change according to more recent models (IPCC Inter-
governmental Panel on Climate Change 2007). Newer
scenarios (IPCC Intergovernmental Panel on Climate
Change 2007), however, predict novel environments across
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much of our study area in 2080, limiting the predictive ability
of correlative methods such as MAXENT. We use the most
restrictive threshold (10th percentile of training presences;
Phillips et al. 2006) when converting probability distribu-
tions to presence—absence as it provides a projected current
distribution that most closely matches known distribution of
S. striata in northeastern North America. Given our results
that all northeastern populations of S. striata are genetically
similar, it is unlikely that variability among climate change
scenarios or probability thresholds would qualitatively affect
our conclusion that little genetic diversity is at risk from
climate induced range shifts in this species.

Genetic diversity and conservation implications

Conservation priority is placed on ‘evolutionarily significant
units’ (ESUs; Ryder 1986; Waples 1991; Moritz 1994; Green
2005), which are defined by Waples (1991) as populations
that “are substantially reproductively isolated from other
conspecific population units” and “represent an important
component in the evolutionary legacy of the species.” The
degree to which geographically isolated populations comprise
ESUs can be determined with the analysis of polymorphic
genetic markers (Avise 1989; Moritz 1994). Our microsatel-
lite results suggest that isolated mountain populations of
blackpoll warblers are not high priority conservation targets.
Low pairwise Fgt and high N, estimates suggest gene flow
among populations is high, and it is likely that all geographic
populations examined here represent one large interbreeding
population. By combining SDMs with these genetic data, we
find that genetic diversity (in the form of rare private alleles)
will be lost, but more than 99 % of genetic structure is pre-
dicted to survive past 2080. Based on these results, we con-
clude that climate induced range shifts in blackpoll warblers
will likely not have negative genetic consequences.

At the same time, we recognize that standing genetic
variation is important for future adaptation to changing
environments and low frequency alleles may be targets of
selection (Barret and Schluter 2007). However, the pre-
dicted loss in blackpoll warblers of 10 % of microsatellite
diversity is lower than has been observed in other species
with documented population bottlenecks due to habitat loss
and direct human exploitation (Paxinos et al. 2002; Larson
et al. 2002; Bellinger et al. 2003; Leonard et al. 2005;
Larsson et al. 2008). These studies have used museum
specimens or archeological samples to compare levels of
contemporary and historic genetic variation. Greater prairie
chicken (Tympanuchus cupido) populations in Wisconsin
lost nearly 30 % of alleles from 1950 to present due to loss
of habitat (Bellinger et al. 2003), and populations of sea
otters (Enhydra lutris) exploited by fur traders lost 50 % of
microsatellite alleles (Larson et al. 2002). Both of these
species showed significant reduction in number of alleles
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per locus and observed heterozygosity. In contrast, black-
poll warbler heterozygosity and genetic structure are not
predicted to change significantly. Furthermore, the losses
reported in the above cited studies were found throughout
the species’ ranges, and were associated with decreases in
population size and distribution. Predicted losses in
blackpoll warblers are only at the regional scale, and
population sizes are expected to grow in proportion to
predicted expansion of range wide breeding distribution. In
the only other study to our knowledge that uses climate
models and genetic data to predict future changes in gene
pools as a result of climate warming, Habel et al. (2010)
predict increased fragmentation of populations and loss of
private alleles in the boreal-montane butterfly species Ly-
caena helle as warming reduces suitability at isolated high
elevation habitats in central Europe. These populations,
however, show higher numbers of private alleles and evi-
dence of greater genetic differentiation (Ry = 0.2643,
P < 0.001; Habel et al. 2010) than is present in blackpoll
warblers. The potential for loss of diversity, and therefore
conservation concern, is much higher in L. helle.

Our approach to predicting the genetic consequences of
climate warming assumes that once climatic conditions are
no longer favorable in a geographic region, populations will
go extinct and alleles present in these populations will be
lost. This “worst case scenario” may be abated if popula-
tions adapt to new conditions and persist, or if individuals
disperse to newly suitable areas. Because of the timescale,
adaptation to changing conditions seems unlikely (but see
Baker et al. 2004; Parmesan 2006) and is unpredictable
(Grant and Grant 2002; La Sorte and Jetz 2010). Dispersal to
new locations is more likely, especially in migratory bird
species. However, range shifts likely represent expansion
from a leading edge. Whether trailing edge populations will
disperse north into already populated regions in response to
climate change is unknown (Hampe and Petit 2005). We
have inferred high gene flow among sampled populations of
blackpoll warblers and suspect that, despite its archipelago
distribution in northeastern North America, barriers to dis-
persal for this species are minimal. If individuals at the
southern periphery disperse in response to climate change,
some alleles predicted to go extinct would not, and our
predicted level of genetic loss would be an overestimation.
This is no consolation for naturalists in New York, Vermont,
and New Hampshire, but should dampen our alarm and
discourage special conservation action for this species.

It is likely that populations of other bird species
inhabiting these same habitat islands do represent ESUs
and will require conservation action, and indeed much
work is already underway to preserve populations of spruce
grouse and Bicknell’s thrush (Kerchner et al. 2009; Ross
and Johnson 2011; Studds et al. 2012). The genetic con-
sequences of climate change will vary among species
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according to dispersal ability, migratory strategy, ecology,
climate sensitivity and history of isolation. Comparing
results across species can illuminate patterns of common
histories, and will provide a more complete picture of the
risks that the boreal bird community faces as a whole.
Little is known regarding genetic substructure in other
species whose distributions we modeled, with the excep-
tions of yellow-rumped warbler (S. coronata), which shows
differences among eastern and western subspecies in
nuclear DNA but not mitochondrial DNA (Mila et al. 2007,
Brelsford et al. 2012), and gray jay (Perisoreus canaden-
sis), which has extensive mitochondrial DNA differences
among western populations but no genetic structure across
the northern population stretching from Newfoundland to
Alaska (van Els et al. 2012). Future research should focus
on multilocus genotyping of birds from peripheral popu-
lations of other species, especially those predicted to
decrease range-wide under both emissions scenarios such
as gray jay, and ruby-crowned kinglet (Regulus calendula).

We acknowledge Green’s (2005) warning that type I
errors in conservation (rejecting a hypothesis of endan-
germent, when a population is truly endangered) are dire
and irreversible. To account for this, Green advocates the
inclusion of extinction risk in assessing conservation pri-
ority, and the methods outlined above may prove useful in
such assessments. We are also aware of the limited nature
of conservation resources, and caution that wrongly
warning of endangerment could lead to the inappropriate
allocation of these resources, perhaps at the detriment of
truly endangered populations. We believe the methods
outlined in the present study will allow conservation biol-
ogists to simultaneously assess population risk and evolu-
tionary importance, and will lead to the more appropriate
use of limited conservation resources.

Acknowledgments This research was funded by the New York
State Museum and by research grants to JR from the American
Museum of Natural History Frank Chapman Fund, University at
Albany Graduate Student Organization, and State University of New
York Benevolent Association. Occurrence data provided to ORNIS
and GBIF portals by the following institutions: University of Alaska
Museum, Berkley Museum of Vertebrate Zoology, American
Museum of Natural History, Harvard Museum of Comparative
Zoology, Smithsonian National Museum of Natural History, Royal
Ontario Museum, Cornell University, University of Minnesota Bell
Museum of Natural History, University of Washington Burke
Museum, University of Alberta Museum, Field Museum, Louisiana
State University Museum, Michigan State University Museum,
UCLA Dickey Collection, Canadian Museum of Nature, Yale Uni-
versity Peabody Museum, University of Michigan Museum of Zool-
ogy, University of Puget Sound Slate Museum of Natural History and
eBird. We thank the following individuals and institutions for con-
tributing tissue samples: K. McFarland and Vermont Center for
Ecostudies; Y. Aubry and S. Paladin; W.V. DeLuca; H. Askanas; E.
Adams; UCLA Conservation Genetics Resources Center; Royal
Ontario Museum; Bell Museum of Natural History. We thank MK
Gonder for use of her ABI 3130 Genetic Analyzer and assistance with

Eigensoft, and R. Kays for assistance with ArcGIS. J. Bopp, B.
Whittam, A. Bartels, and D. Simpson assisted with field work. We
thank R. Kays, and two anonymous reviewers for helpful comments
on an earlier version of this manuscript.

References

Able KP, Noon BR (1976) Avian community structure along
elevational gradients in the northeastern United States. Oecolo-
gia 26:275-294

Anderle RF, Carroll JR (1988) The first atlas of breeding birds in New
York State. Cornell, Ithaca

Araujo MB, Luoto M (2007) The importance of biotic interactions for
modelling species distributions under climate change. Glob Ecol
Biogeogr 16:743-753

Avise JC (1989) A role for molecular genetics in the recognition and
conservation of endangered species. Trends Ecol Evol 4:279-281

Avise JC (2004) Molecular markers, natural history, and evolution.
Sinauer, Sunderland

Baker AC, Starger CJ, McClanahan TR, Glynn PW (2004) Coral reefs:
corals’ adaptive response to climate change. Nature 430:741

Banks SC, Ling SD, Johnson CR, Piggott MP, Williamson JE,
Beheregaray LB (2010) Genetic structure of a recent climate
change-driven range extension. Mol Eco 19:2011-2024

Barret RDH, Schluter D (2007) Adaptation from standing genetic
variation. Trends Ecol Evol 23:38-44

Barton NH, Slatkin M (1986) A quasi-equilibrium theory of the
distribution of rare alleles in a subdivided population. Heredity
56:409-415

Beale CM, Lennon JL, Gimona A (2008) Opening the climate
envelope reveals no macroscale associations with climate in
European birds. Proc Nat Acad Sci 105:14908-14912

Beaumont LJ, Hughes L, Pitman AJ (2008) Why is the choice of
future climate scenarios for species distribution modelling
important? Ecol Lett 11:1135-1146

Beckage B, Osborne B, Gavin DG, Pucko C, Siccama T, Perkins T
(2008) A rapid upward shift of a forest ecotone during 40 years
of warming in the Green Mountains of Vermont. Proc Nat Acad
Sci 105:4197-4202

Beerling DJ, Huntley B, Bailey JP (1995) Climate and the distribution
of Fallopia japonica: use of an introduced species to test the
predictive capacity of response surfaces. J Veg Sci 6:269-282

Bellinger MR, Johnson JA, Toepfer J, Dunn P (2003) Loss of genetic
variation in Greater Prairie Chickens following a population
bottleneck in Wisconsin, U.S. Conserv Biol 17:717-724

Brelsford A, Mila B, Irwin DE (2012) Hybrid origin of Audubon’s
warbler. Mol Ecol 20:2380-2389

Carignan V, Villard MA (2002) Selecting indicator species to monitor
ecological integrity: a review. Environ Monit Assess 78:45-61

Dawson RHG, Gibbs HL, Hobson KA, Yezerinac SM (1997)
Isolation of microsatellite DNA markers from a passerine bird,
Dendroica petechia (the yellow warbler), and their use in
population studies. Heredity 79:506-514

Dial RJ, Berg EE, Timm K, McMahon A (2007) Changes in the
alpine forest-tundra ecotone commensurate with recent warming
in southcentral Alaska: evidence from orthophotos and field
plots. J Geophys Res 112:G04015. doi:10.1029/2007JG000453

Eaton EH (1914) Birds of New York. University of the State of New
York, Albany

Elith J, Kearney M, Phillips S (2010) The art of modeling range-
shifting species. Meth Ecol Evol 1:330-342

Excoffier L, Laval G, Schneider S (2005) Arlequin (version 3.0): an
integrated software package for population genetics data anal-
ysis. Evol Bioinforma Online 1:47-50

@ Springer


http://dx.doi.org/10.1029/2007JG000453

554

Conserv Genet (2013) 14:543-555

Frankham R (2005) Genetics
126:131-140

Frankham R, Ralls K (1998) Inbreeding leads to extinction. Nature
392:441-442

Frankham R, Callou JD, Briscoe DA (2010) Introduction to conser-
vation genetics, 2nd edn. Cambridge, Cambridge

Galbreath KE, Hafner DJ, Zamudio KR (2009) When cold is better:
climate driven elevation shifts yield complex patterns of
diversification and demography in an alpine specialist (American
pika, Ochotona princeps). Evolution 63:2848-2863

Gordon C, Cooper C, Senior C, Banks H, Gregory JM, Johns TC,
Mitchell JEB, Wood RA (2000) The simulation of SST, sea ice
extents and ocean heat transports in a version of the Hadley
Centre coupled model without flux adjustments. Clim Dyn
16:147-168

Goudet J (1995) FSTAT: a computer program to calculate F-statistics.
J Hered 86:485-486

Grant PR, Grant BR (2002) Unpredictable evolution in a 30-year
study of Darwin’s finches. Science 296:707-711

Green DM (2005) Designatable units for the status assessment of
endangered species. Conserv Biol 19:1813-1820

Habel JC, Augenstein B, Meyer M, Neve G, Rodder D, Assmann T
(2010) Population genetics and ecological niche modelling
reveal high fragmentation and potential future extinction of the
endangered relict butterfly (Lycaena helle). In: Habel JC,
Assmann T (eds) Relict species: phylogeography and conserva-
tion biology. Springer, Berlin, pp 417-439

Hampe A, Petit RJ (2005) Conserving biodiversity under climate
change: the rear edge matters. Ecol Lett 8:461-467

Hewitt GM (2004) Genetic consequences of climate oscillations in
the quaternary. Philos Trans R Soc London, Ser B 359:183-195

Hijmans RJ, Graham CH (2006) The ability of climate envelope
models to predict the effect of climate change on species
distributions. Glob Chang Biol 12:2272-2281

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very
high resolution interpolated climate surfaces for global land
areas. Internat J Climatol 25:1965-1978

Hodkinson ID (2005) Terrestrial insects along elevation gradients:
species and community responses to altitude. Biol Rev
80:489-513

Huntley B, Collingham YC, Green RE, Hilton GM, Rahbek C, Willis
SG (2006) Potential impacts of climate change upon geograph-
ical distributions of birds. Ibis 148:8-28

Huntley B, Collingham YC, Willis SG, Green RE (2008) Potential
impacts of climate change on European breeding birds. PLoS
ONE 3:e1439

Intergovernmental Panel on Climate Change (2000) IPCC Special
Report: Emissions Scenarios, IPCC. Cambridge University
Press, Cambridge

Intergovernmental Panel on Climate Change (2001) Climate Change
2001: The Scientific Basis, IPCC. http://www.ipcc.ch

Intergovernmental Panel on Climate Change (2007) Climate Change
2007: The Physical Science Basis, IPCC. http://www.ipcc.ch

Jay F, Manel S, Alvarez N, Durand EY, Thuiller W, Holderegger R,
Taberlet P, Frangois O (2012) Forecasting changes in population
genetic structure of alpine plants in response to global warming.
Mol Ecol 21:2354-2368

Keller LF, Waller DM (2002) Inbreeding effects in wild populations.
Trends Ecol Evol 17:230-241

Kerchner C, Honzak M, Kemkes R, Richardson A, Townsend J,
Rimmer CC (2009) Designing spatially explicit incentive
programs for habitat conservation: a case study of the Bicknell’s
Thrush wintering grounds. Ecol Econ 69:2108-2115

King TL, Eackles MS, Henderson AP, Bocetti CI, Currie D,
Wunderle JM (2005) Microsatellite DNA markers for delineat-
ing population structure and kinship among endangered

and extinction. Biol Conserv

@ Springer

Kirtland’s Warbler (Dendroica kirtlandii). Mol Ecol Notes
5:567-571

King DI, Lambert JD, Buonaccorsi JP, Prout LS (2008) Avian
population trends in the vulnerable montane forests of the
Northern Appalachians, USA. Biodivers Conserv 17:2691-2700

Knowles LL (2009) Statistical Phylogeography. Ann Rev Ecol Evol
Syst 40:593-612

Kozak KH, Graham CH, Wiens JJ (2008) Integrating GIS-based
environmental data into evolutionary biology. Trends Ecol Evol
23:141-148

La Sorte FA, Jetz W (2010) Projected range contractions of montane
biodiversity under global warming. Proc R Soc London, Ser B
277:3401-3410

Lacy RC (1997) Importance of genetic variation to viability of
mammal populations. ] Mammal 78:320-335

Landres PB, Verner J, Thomas JW (1988) Ecological uses of
vertebrate indicator species: a critique. Conserv Biol 2:316-328

Larson S, Jameson R, Etnier M, Flemings M, Bentzen P (2002) Loss
of genetic diversity in sea otters (Enhydra lutris) associated with
the fur trade of the 18th and 19th centuries. Mol Ecol
11:1899-1903

Larsson JK, Jansman HAH, Segelbacher G, Hoglung J, Koelewijn HP
(2008) Genetic impoverishment of the black grouse (Tetrao
tetrix) population in Netherlands: detectable only with a
reference from the past. Mol Ecol 17:1897-1904

Leonard JA, Vila C, Wayne RK (2005) Legacy lost: genetic
variability and population size of extirpated US grey wolves
(Canis lupus). Mol Ecol 14:9-17

Lewis PO, Zaykin D (1999) GDA: software for the analysis of
discrete genetic data. http://alleyn.eeb.uconn.edu/gda/

Loarie SR, Carter BE, Hayhoe K, McMahon S, Moe R, Knight CA,
Ackerly DD (2008) Climate change and the future of Califor-
nia’s endemic flora. PLoS ONE 3:2502

McAlpine S (1993) Genetic heterozygosity and the reproductive
success in the green treefrog, Hyla cinerea. Heredity 70:553-558

McGowan KJ, Corwin K (2008) The second atlas of breeding birds in
New York State. Cornell, Ithaca

Mila B, Smith TB, Wayne RK (2007) Speciation and rapid
phenotypic differentiation in the yellow-rumped warbler Den-
droica coronata complex. Mol Ecol 16:159-173

Mitrovski P, Hoffmann AA, Heinze DA, Weeks AR (2008) Rapid
loss of genetic variation in an endangered possum. Biol Lett
4:134-138

Moritz C (1994) Defining ‘Evolutionary Significant Units’ for
conservation. Trends Ecol Evol 9:373-375

Moritz C, Patton JL, Conroy CJ, Parra JL, White GC, Beissinger SR
(2008) Impact of a century of climate change on small-mammal
communities in Yosemite National Park, USA. Science
322:261-264

Muster C, Maddison WP, Uhlmann S, Berendonk TU, Vogler AP
(2009) Arctic-alpine distribution—Metapopulations on a conti-
nental scale? Am Nat 173:313-326

Parmesan C (2006) Ecological and evolutionary responses to recent
climate change. Ann Rev Ecol Evol Syst 37:637-669

Patterson N, Price AL, Reich D (2006) Population structure and
eigenanalysis. PLoS Genet 2:¢190

Paxinos EE, James HF, Olson SL, Ballou JD, Leonard JA, Fleischer
RC (2002) Prehistoric decline of genetic diversity in the nene.
Science 296:1827

Pearson RG, Dawson TE (2003) Predicting the impacts of climate
change on the distribution of species: are bioclimate envelope
models useful? Glob Ecol Biogeogr 12:361-371

Pearson RG, Thuiller W, Aratijo MB, Martinez-Meyer E, Brotons L,
McClean C, Miles L, Segurado P, Dawson TP, Lees CD (2006)
Model-based uncertainty in species range prediction. J Biogeogr
33:1704-1711


http://www.ipcc.ch
http://www.ipcc.ch
http://alleyn.eeb.uconn.edu/gda/

Conserv Genet (2013) 14:543-555

555

Pease KM, Freedman AH, Pollinger JP et al (2009) Landscape
genetics of a California mule deer (Odocoileus hemionus): the
roles of ecological and historical factors in generating differen-
tiation. Mol Ecol 18:1848-1862

Peterson AT (2001) Predicting species geographic distributions based
on ecological niche modeling. Condor 103:559-605

Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy
modeling of species geographic distributions. Ecol Model 190:
231-259

Poole A (ed) (2005) The Birds of North America Online. http://
bna.birds.cornell.edu.bnaproxy.birds.cornell.edu/BNA/. Cornell
Laboratory of Ornithology, Ithaca

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population
structure using multilocus genotype data. Genet 155:945-959

Ralston J, Kirchman JJ (2012) Continent-scale genetic structure in a
boreal forest migrant, the blackpoll warbler (Setophaga striata).
The Auk 129: 467-478

Raupach MR, Marland G, Ciais P, Le Quere C, Canadell JG, Klepper
G, Field CB (2007) Global and regional drivers of accelerating
CO, emissions. Proc Nat Acad Sci 104:10288-10293

Raymond M, Rousset F (1995) GENEPOP (Version 1.2): population
genetics software for exact tests and ecumenicism. J Hered
86:248-249

Rich TD, Beardmore CJ, Berlanga H et al (2004) Partners in flight
North American land bird conservation plan. Cornell, Ithaca

Richards CL, Carstens BC, Knowles LL (2007) Distribution modeling
and statistical phylogeography: an integrative framework for
generating and testing alternative biogeographic hypotheses.
J Biogeogr 34:1833-1845

Rodenhouse NL, Matthews SN, McFarland KP et al (2008) Potential
effects of climate change on birds of the Northeast. Mitig Adapt
Strateg Glob Change 13:517-540

Rodenhouse NL, Christenson LM, Parry D, Green LE (2009) Climate
change effects on native fauna of northeastern forests. Can J For
Res 39:249-263

Ross AM, Johnson G (2011) Recovery plan for New York state
populations of spruce grouse (Falcipennis canadensis). New
York State Department of Environmental Conservation, Albany

Ryder OA (1986) Species conservation and systematics: the dilemma
of subspecies. Trends Ecol Evol 1:9-10

Saccheri I, Kuusaari M, Kankare M, Vikman P, Fortelius W, Hanski I
(1998) Inbreeding and extinction in a butterfly metapopulation.
Nature 392:491-494

Saurez F, Binkley D, Kaye MW (1999) Expansion of forest stands
into tundra in the Noatak National Preserve, northwest Alaska.
Ecoscience 6:465—470

Seutin G, White BN, Boag PT (1991) Preservation of avian blood and
tissue samples for DNA analyses. Can J Zool 69:82-90

Slatkin M (1985) Rare alleles as indicators of gene flow. Evolution
39:53-65

Slatkin M (1987) Gene flow and geographic structure of natural
populations. Nature 236:787-792

Stenzler LM, Fraser R, Lovette 1J (2004) Isolation and characteriza-
tion of 12 microsatellite loci from golden-winger warblers
(Vermivora chrysoptera) with broad cross-taxon utility in
emberizine songbirds. Mol Ecol Notes 4:602-604

Studds CE, McFarland KP, Aubry Y, Rimmer CC, Hobson KA,
Marra PP, Wassenaar LI (2012) Stable-hydrogen isotope mea-
sures of natal dispersal reflect observed population declines in a
threatened migratory songbird. Divers Distrib. doi:10.111/j.
1472-4642.2012.00931.x

Taylor SS, Jamieson IG, Wallis GP (2007) Historic and contemporary
levels of genetic variation in two New Zealand passerines with
different histories of decline. J Evol Biol 20:2035-2047

Thuiller W (2004) Patterns and uncertainties of species’ range shifts
under climate change. Glob Chang Biol 10:2020-2027

Thuiller W, Araidjo MB, Lavorel S (2004) Do we need land-cover data
to model species distributions in Europe? J Biogeogr 31:353-361

Tingley MW, Monahan WB, Beissinger SR, Moritz C (2009) Birds
track their Grinnellian niche through a century of climate
change. Proc Nat Acad Sci 106:19637-19643

Tolley KA, Makokha JS, Houniet DT, Swart BL, Matthee CA (2009)
The potential for predicted climate shifts to impact genetic
landscapes of lizards in the South African Cape Floristic region.
Mol Phylogenet Evol 51:120-130

United States Forest Service (2006) White Mountain National Forest:
Monitoring and Evaluation Report 2006. http://www.fs.fed.us/r9/
forests/white_mountain/publications/

van Els P, Cicero C, Klicka J (2012) High latitudes and high genetic
diversity: phylogeography of a widespread boreal bird, the gray
jay (Perisoreus canadensis). Mol Phylogenet Evol 63:456—465

Virkkala R, Heikkinen RK, Leikola N, Luoto M (2008) Projected
large-scale range reductions of northern-boreal land bird species
due to climate change. Biol Conserv 141:1343-1353

Waite TA, Strickland D (2006) Climate change and the demographic
demise of a hoarding bird living on the edge. Proc R Soc
London, Ser B 273:2809-2813

Waples RS (1991) Pacific salmon, Oncorhynchus spp., and the
definition of “species” under the endangered species act. Mar
Fish Rev 53:11-22

Westemeier RL, Brawn JD, Simpson SA et al (1998) Tracking the
long-term decline and recovery of an island population. Science
282:1695-1698

Zuckerburg B, Woods AM, Porter W (2009) Poleward shifts in
breeding bird distributions in New York State. Glob Chang Biol
15:1866-1883

@ Springer


http://bna.birds.cornell.edu.bnaproxy.birds.cornell.edu/BNA/
http://bna.birds.cornell.edu.bnaproxy.birds.cornell.edu/BNA/
http://dx.doi.org/10.111/j.1472-4642.2012.00931.x
http://dx.doi.org/10.111/j.1472-4642.2012.00931.x
http://www.fs.fed.us/r9/forests/white_mountain/publications/
http://www.fs.fed.us/r9/forests/white_mountain/publications/

	Predicted range shifts in North American boreal forest birds and the effect of climate change on genetic diversity in blackpoll warblers (Setophaga striata)
	Abstract
	Introduction
	Methods
	Species distribution modeling
	Genetic data and analyses

	Results
	Species distribution models
	Changes in distribution due to climate change
	Loss of genetic diversity

	Discussion
	Genetic diversity and conservation implications

	Acknowledgments
	References


