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Abstract

Shifts of distributions have been attributed to species tracking their fundamental climate niches through space. How-
ever, several studies have now demonstrated that niche tracking is imperfect, that species’ climate niches may vary
with population trends, and that geographic distributions may lag behind rapid climate change. These reports of
imperfect niche tracking imply shifts in species’ realized climate niches. We argue that quantifying climate niche
shifts and analyzing them for a suite of species reveal general patterns of niche shifts and the factors affecting species’
ability to track climate change. We analyzed changes in realized climate niche between 1984 and 2012 for 46 species
of North American birds in relation to population trends in an effort to determine whether species differ in the ability
to track climate change and whether differences in niche tracking are related to population trends. We found that
increasingly abundant species tended to show greater levels of niche expansion (climate space occupied in 2012 but
not in 1980) compared to declining species. Declining species had significantly greater niche unfilling (climate space
occupied in 1980 but not in 2012) compared to increasing species due to an inability to colonize new sites beyond
their range peripheries after climate had changed at sites of occurrence. Increasing species, conversely, were better
able to colonize new sites and therefore showed very little niche unfilling. Our results indicate that species with
increasing trends are better able to geographically track climate change compared to declining species, which exhib-
ited lags relative to changes in climate. These findings have important implications for understanding past changes
in distribution, as well as modeling dynamic species distributions in the face of climate change.
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niche (Devictor et al., 2008; Tingley et al., 2009; La Sorte

Introduction & Jetz, 2012; Tayleur et al., 2015). According to the

Of the many ways in which climate change impacts
wildlife, geographic range shifts have perhaps received
the most attention. The influence of climate change on
shifting species distributions appears to be nearly uni-
versal, with empirical examples spanning a wide range
of taxa (Smith, 1994; Pauli et al., 1996, Hickling et al.,
2005, 2006; Perry et al., 2005; Foden et al., 2007; Hitch &
Leberg, 2007; Moritz et al., 2008; Jones et al., 2010; Last
et al., 2011; Yamano et al., 2011). Although exceptions
exist, the predominant pattern is that in recent decades
of warming temperatures, species have shifted their
distributions poleward and up in elevation (Parmesan
et al., 1999; Walther et al., 2002; Hickling et al., 2006; La
Sorte & Thompson, 2007; Moritz et al., 2008; Chen et al.,
2011; Auer & King, 2014; Bateman et al., 2016). The pro-
posed mechanism for these climate driven range shifts
is that species are geographically tracking their climate
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niche tracking concept, as climates change, a species
will vacate sites that are no longer climatically suitable
and colonize new sites that now fall within its climate
niche, such that the range of climate conditions occu-
pied by the species is maintained. If species are able to
track their climate niche through time in this way, cur-
rent species—climate associations can be used to predict
future species distributions under various climate
change scenarios (Pearson & Dawson, 2003; Hijmans &
Graham, 2006). This correlative modeling approach has
become an important tool in understanding biotic
responses to climate change (Thomas et al., 2004; Thuil-
ler et al., 2005; Colwell et al., 2008; Ralston & Kirchman,
2013), and for prioritizing conservation and manage-
ment decisions that incorporate climate change
(Schuetz et al., 2015; Sutton et al., 2015).

Importantly, both the niche tracking concept and its
application in predictive species distribution modeling
assume niche conservatism (Soberén, 2007; Soberon &
Nakamura, 2009). That is, they assume that in the
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future, a species will occupy the same climate condi-
tions that it occupies today. Several studies have sup-
ported niche conservatism on both ecological and
evolutionary timescales (Peterson et al., 1999; Wiens &
Graham, 2005; Peterson, 2011). However, these studies
primarily focused on conservation of the fundamental
niche (Hutchinson, 1957), for example, species’ inherent
climate tolerances. A separate question is whether the
realized climate niche, or the range of conditions actu-
ally occupied by a species, is also conserved, which
assumes the absence of any lags or limitations to dis-
persal. Several studies have demonstrated that, in real-
ity, species are likely lagging behind rapid climate
change (Menéndez et al., 2006; Foden et al., 2007; Devic-
tor et al., 2008; Bertrand ef al., 2011; La Sorte & Jetz,
2012). Therefore, in the absence of perfect tracking and
given rapid environmental change, we may expect
changes in species’ realized climate niches (Sutton et al.,
2015). Understanding how realized niches change with
climactic conditions will allow us to better understand
recent range shifts in response to climate change, as
well as the growing number of examples in which spe-
cies’ ranges have shifted in a manner contrary to pre-
dictions from theory (Tingley et al., 2012; Foster &
D’Amato, 2015; Tayleur et al., 2015).

In a recent study, we demonstrated population
trends in the last 33 years significantly and directly
influenced realized climate niche breadth for a group of
46 North American breeding bird species (Ralston et al.,
2016). That realized climate niches have changed is con-
sistent with the hypothesis that species distributions
are lagging behind rapid environmental change on a
short timescale (Devictor et al., 2008; La Sorte & Jetz,
2012; Sutton et al., 2015). However, because changes in
climate niche breadth were significantly and positively
correlated with trends in abundance and with changes
in distributional extent (Ralston et al., 2016), an alterna-
tive hypothesis is that changes in niche breadth might
be explained by demographic and geographic expan-
sion or contractions independent of climate change.
Therefore, it remains unclear whether changes in real-
ized climate niche on the ecological time scale are the
result of differential demographic and geographic
expansion, differences in species’ capacity to track cli-
mate change, or some combination of these factors. For
example, observed increases in climate niche breadth
for species with increasing trends may be the result of
geographic expansion into new conditions, or alterna-
tively, persistence at sites where conditions are chang-
ing. Conversely, decreases in realized climate niche
breadth for declining species might be the result of
range contractions or an inability to track historical
niche conditions to new sites. While these alternative
hypotheses are not mutually exclusive, and both could
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lead to positive correlations between abundance, cli-
mate niche breadth, and distributional extent, disentan-
gling the relative contribution of each to changes in
climate niche breadth will increase our understanding
of species’ responses to climate change. Here, we aim
to differentiate between the effects of geographic
expansion and in situ climate change on changes in
realized climate niche in North American breeding
birds. By doing so, we illustrate how species differ in
the ability to track climate change and determine
whether that ability is related to population trends.

Materials and methods

Population trends and occurrence data

We obtained estimates of trends in abundance for breeding
birds from the publicly available North American Breeding
Bird Survey (BBS) for 1980-2012 (Link & Sauer, 2002; Sauer
et al., 2014; http://www.mbr-pwrc.usgs.gov/bbs/). When
estimating trends, BBS scientists fit hierarchical models to
account for observer effects and covariates that might influ-
ence detection (Link & Sauer, 2002; Sauer & Link, 2011). We
downloaded trend estimates for a set of 46 species, which rep-
resented species with the highest BBS credibility measure, dis-
tributions that were at least 70% covered by the BBS, and a
minimum of 600 occurrences in both 1980 and 2012. These
conditions ensured that we had high-quality data and that we
were able to capture the majority of each species’ climate
niche. This was an ecologically and taxonomically diverse
suite of species that differed in terms of habitat use, nesting,
and foraging guilds, and included species from 21 different
avian families (Supporting information). Our dataset included
23 species with significantly declining trends (negative trend
and 95% CI not overlapping with 0.00), 12 species with signifi-
cantly increasing trends (positive trend and 95% CI not over-
lapping with 0.00), and 11 species with stable trends (95% CI
that overlap with 0.00) for the time period between 1980 and
2012.

Quantifying shifts in realized climate niche

We calculated climate niche shifts through a three stage pro-
cess. First, we calculated the climatic space (see below) of the
entirety of the BBS survey area by using all BBS survey routes
surveyed in both 1980 and 2012 as input data, hereafter ‘sur-
veyed climate space’. Second, we calculated the realized cli-
mate niche of each species by calculating the proportion of the
surveyed climatic space actually occupied by each species, in
each time period, hereafter ‘occupied climate space’. Third,
we quantified climate niche shift for each species by compar-
ing the overlap of occupied climate space between 1980 and
2012. (Broennimann et al., 2012; Petitpierre et al., 2012; Guisan
et al., 2014). To control for the influence of annual fluctuations
in species occurrence or detection, we calculated realized
niches from a 5-year window of occurrences for each time per-
iod. The ‘1980 realized climate niches were calculated using
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BBS occurrences from 1980 through 1984, and the 2012 niches
were calculated using BBS occurrence data from 2008 through
2012. We used a principal components analysis (PCA) to con-
vert a geographic map of BBS occurrences into an environ-
mental space with two axes, one defined by temperature
(PCtemp) and the other by precipitation (PCprec). PCtemp
was the first axis of a PCA on four bioclimatic temperature
variables: annual mean temperature, temperature seasonality
(standard deviation * 100), maximum temperature of warm-
est month, and minimum temperature of coldest month.
PCprec was the first axis of a PCA on four bioclimatic precipi-
tation variables: annual precipitation, precipitation seasonality
(coefficient of variation), precipitation of wettest quarter, and
precipitation of driest quarter. We chose these bioclimatic
variables as they describe the means, extremes, and seasonal-
ity of temperature and precipitation, and because they have
been successfully combined with BBS data in previous studies
that examine bird responses to climate change (e.g., Bateman
et al., 2016). We calculated all bioclimatic variables in the r
package dismo (Hijmans et al., 2014) from Climate Research
Unit monthly climate data at a 0.5-degree resolution (Harris
et al., 2014). The PCAs used to calculate PCtemp and PCprec
were calibrated using climate data from all BBS routes sur-
veyed in 1980-1984 and 2008-2012 combined. PCtemp
explained 77.99% of the variation in bioclimatic temperature
variables, and PCprec explained 74.48% of the variation in bio-
climatic precipitation variables in these two time periods com-
bined. PCtemp and PCprec loaded positively with bioclimatic
variables describing minimum, maximum, and mean temper-
ature and precipitation, respectively. This means larger
PCtemp values represent warmer conditions, while larger
PCprec values represent wetter conditions.

We divided the climate space defined by minimum and
maximum PCtemp and PCprec values into a grid of
100 x 100 cells (hereafter ‘climate grid cells’). We calculated
the density of occurrences for each species in each climate grid
cell simply as the number of BBS occurrences that correspond
to that climate grid cell. We then applied a kernel density
function (Worton, 1989) to determine the smoothed density of
each species occurrences in every climate grid cell (Broenni-
mann ef al.,, 2012). Any cell with a smoothed density value
greater than zero can be interpreted as occupied by the species
in that time period. We therefore estimated the climate niche
for each species in 1980 and 2012 as the range of climate condi-
tions occupied in that time period (i.e., the collection of grid
cells with smoothed densities greater than zero, hereafter,
‘occupied climate grid cells’). We note that by including only
climate variables in our analyses, we are estimating only the
realized climate niche for each species and acknowledge that
other abiotic and biotic factors may also be important to a spe-
cies niche and to delimiting distributions. For each species, we
then overlapped the 1980 and 2012 estimated climate niches in
gridded climate space to calculate two niche shift metrics:
niche expansion and niche unfilling (Petitpierre et al., 2012;
Guisan et al., 2014; Fig. 1). Niche expansion represents newly
occupied climate niche space not historically occupied and is
calculated as the proportion of climate grid cells occupied in
2012 that were not occupied in 1980. Niche unfilling

represents historical climate niche conditions no longer being
occupied and is defined as the proportion of climate grid cells
occupied in 1980 that were not occupied in 2012. Importantly,
we considered only climate space surveyed in both time peri-
ods, meaning niche shift is not an artifact of differences in the
climate surveyed, but indicative of real changes in species’ cli-
mate niche occupancy. Each niche shift metric was measured
only within the 75th percentile of surveyed climate space
(Petitpierre et al., 2012; Fig. 1). The 75th percentile was used to
remove marginal conditions at the peripheries of surveyed cli-
mate space (Petitpierre et al., 2012); however, delimiting the
marginal habitats with different percentiles (75th, 90th, 100th)
did not qualitatively influence our results. We used linear
regressions to examine the relationship between population
trend and each niche shift metric.

Wetter

PCprec

Drier

T T T T T T
Cooler Warmer

PCtemp

Fig. 1 An example climate niche diagram demonstrating niche
shift metrics and climate response. Niche shift metrics were cal-
culated within climate space surveyed by BBS routes in both
1980 and 2012 time periods (black outline) and analyzed only
within 75th percentile of surveyed climate space (gray outline).
Niche stability (blue shading) is defined as the climate condi-
tions occupied by a species in both 1980 and 2012; niche unfill-
ing (green shading) is the proportion of the 1980 niche not
occupied by the species in 2012; and niche expansion (red shad-
ing) is the proportion of the 2012 niche not occupied by the spe-
cies in 1980. For each species, we measure the direction of
climate change (black arrow) relative to the median conditions
at sites of 1980 occurrences (origin of black arrow), and defined
all climate space in the same direction as the Climate Change
Quadrant (CCQ; red dashed lines), and all climate space in the
opposite direction as the Climate Change Opposite Quadrant
(CCOQ; green dashed lines). We compared the amount of
expansion in the CCQ (red shading with hash lines), and the
amount of unfilling in the CCOQ (green shading with hash
lines) to the relative amount of climate space in each of these
quadrants to calculate the Climate Expansion Index and the
Lagging Index, respectively.
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To ensure the relationships we observe between trend and
niche shift metrics were not artifacts of changes in prevalence
(number of occurrences), we recalculated niche expansion and
unfilling while controlling for the increasing prevalence that
occurred between 1980 and 2012 for all species. We took 100
random subsamples of the 2012 occurrence data of equal size
to the number of 1980 occurrences for that species. We then
estimated the 2012 niche for each random subsample and cal-
culated niche shift metrics for each by comparing them to the
estimated 1980 niche. Observed patterns between mean niche
expansion and unfilling from these 100 subsets were all nearly
identical to those calculated when using all of the 2012 occur-
rences (Appendix S1). We therefore only report results from
analyses using all occurrences.

Quantifying niche tracking and lagging

Niche expansion could result from a species geographically
moving into new conditions or from a species continuing to
occupy sites where conditions have changed. To distinguish
between these two alternative processes, we developed the
Expansion Index (EI). To calculate each species’ EI, we first
determined how climate has changed at sites where the spe-
cies occurred in 1980. To do this, we calculated the change in
the median PCtemp and PCprec between 1980 and 2012 for
BBS sites occupied in 1980. A positive change in median
PCtemp indicated BBS sites occupied in 1980 have generally
warmed, while a positive change in median PCprec indicated
sites occupied in 1980 have gotten wetter (Fig. 1). We then
considered all climate grid cells in the same direction as cli-
mate change to be within the Climate Change Quadrant
(CCQ). In other words, if 1980 occurrence sites have gotten
warmer and wetter, all climate grid cells warmer and wetter
than the median values for 1980 occurrences would be consid-
ered in the CCQ (Fig. 1). We calculated EI for each species
using the equation EI = (Eceq — &eeg)/ (1 — &eeq), Where Ecq is
the proportion of niche expansion (newly occupied climate
grid cells) that falls within the CCQ, and & is the proportion
of all surveyed climate space that falls within the CCQ (Fig. 1).
By focusing on niche changes in the CCQ, we used EI to
approximate geographic changes at the trailing edge of a
range shift, for example, at the southern periphery of a warm-
ing range. Our null expectation, if climate niche is expanding
randomly or equally on all niche peripheries, is that Ecq
would equal ¢..q. This would result in an EI value of 0. EI val-
ues close to zero therefore support the hypothesis that niche
expansion is the result of geographic expansion, independent
of climate change. Alternatively, positive EI values indicate
that the climate niche is not expanding on all peripheries, but
specifically into conditions consistent with changing climate.
We assumed that birds with positive EI were not actively colo-
nizing sites at the extreme of their climatic niche but, instead,
persisting and experiencing newly extreme (i.e., warmer) cli-
mates. The maximum value of El is 1, indicating that all niche
expansion can be explained by a species occupying the same
sites in 1980 and 2012, and climate changing at those sites.
Therefore, positive EI values close to 1 would support the
hypothesis that niche expansion is explained by climate
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change at historical sites of occurrence. A negative EI value
indicates that a larger than expected proportion of niche
expansion falls outside of the CCQ. This could result either
from widespread expansion into new conditions on all niche
peripheries, or alternatively from lower tolerance of changing
conditions resulting in greater extinction within the CCQ. To
test between these alternatives, we compared EI to the relative
amount of niche expansion and extinction within the CCQ.
Extinction in the CCQ was calculated as the proportion of BBS
sites in the CCQ occupied in 1980 that were no longer occu-
pied in 2012. BBS sites with 2012 conditions warmer and wet-
ter than each species” median 1980 PCtemp and PCprec were
considered in the CCQ.

Just as niche expansion can arise through different geo-
graphic processes, niche unfilling could result from extinc-
tions within a species’ range or from a species failing to
colonize new sites as its climate niche is shifted in space by cli-
mate change. To measure the relative influence of climate
change on the observed niche unfilling for each species, we
developed the Lagging Index (LI). We used LI to determine
how well a species tracked its climate niche through space to
new locations, or alternatively lagged behind climate change.
To calculate LI, we first found the ‘Climate Change Opposite
Quadrant’ (CCOQ) for each species, defined as all climate grid
cells in the opposite direction of climate change at 1980 occur-
rences (Fig. 1). For example, if the 1980 occurrence sites for a
species have become warmer and wetter, all climate grid cells
cooler and drier than the median PCtemp and PCprec values
of 1980 occurrences would be considered in the CCOQ
(Fig. 1). We then calculated LI using the equation LI =
(Uccoq — ecoq)/ (1 = &ecog), Where Ucoq is the proportion of
niche unfilling (newly unoccupied climate grid cells) that falls
within the CCOQ, and &ccoq is the proportion of all surveyed
climate space that falls within the CCOQ (Fig. 1). Our null
expectation, if a niche is unfilling randomly or equally on all
niche peripheries, is that Uccoq would equal &coq, resulting in
a LI value of 0. A positive LI value indicates lagging and
means that a larger proportion of niche unfilling occurred
within the CCOQ, and is because individuals failed to colo-
nize new sites, especially at the leading edge of the range shift.
By focusing on niche changes in the CCOQ, LI approximates
geographic changes at the leading edge of a range shift, for
example, the northern periphery of a warming range. A nega-
tive LI value means that a smaller than expected proportion of
niche unfilling fell within the CCOQ. A negative LI value indi-
cates niche tracking. For example, if sites of 1980 occurrence
have gotten warmer and wetter, but a species showed very lit-
tle unfilling of cool and dry climate space, we can conclude
that the species has been able to colonize new sites to maintain
those niche conditions.

To build support for our geographic interpretation of LI, we
also quantified the colonization of BBS sites inside and outside
CCOQ for each species. BBS sites with 2012 conditions cooler
and drier than median 1980 PCtemp and PCprec for the each
species’ occurrences were considered in the CCOQ for that
species. Colonization was measured as the proportion of BBS
routes occupied in 2012 that were not occupied in the 1980
time period. We interpreted a negative LI value as indicative
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of niche tracking and therefore predicted species with low LI
values to show higher colonization rates in the CCOQ com-
pared to species with high LI values. Furthermore, we pre-
dicted species with low LI values to show higher colonization
in the CCOQ compared to outside the CCOQ. Importantly,
this would support the hypothesis that low unfilling in the
CCOQ is truly the result of niche tracking, and not expansion
on all niche peripheries.

Influences of trend on niche tracking

We used generalized additive models (GAMs) to fit relation-
ships between population trends and EI and LI because the
relationship between trend and the climate response indices
were nonlinear. We then conducted change-point analyses
(Killick & Eckerly, 2014) on the predicted GAM values to sta-
tistically identify trend thresholds corresponding to changes
in the mean and variation of EI and LI (Cury et al., 2012; Karr
et al., 2015). Change-point analyses were implemented in the r
package changepoint (Killick & Eckerly, 2014). We estimated
95% confidence intervals around the trend thresholds using a
bootstrap resampling approach in which the data were resam-
pled with replacement 1000 times, and the threshold was cal-
culated from each of the 1000 resampled datasets. The 2.5%
and 97.5% quantiles of the 1000 threshold estimates were used
as the threshold 95% confidence interval boundaries.

Finally, to build support for our interpretation of EI and LI,
we explored an alternative method of comparing observed
changes in niche metrics to those expected under a null model
of complete geographic lagging. In this approach, we calcu-
lated niche expansion and unfilling for each species under a
null model of lagging by forcing its 2012 occurrences to be
identical to its 1980 occurrences. Results from this approach
were consistent with our EI and LI results and so are only dis-
cussed further in the online supplemental materials
(Appendix S2).

All of the above niche shift and statistical analyses were
performed in the program R version 3.2.4 (R Core Team, 2016),
and we provide scripts used to perform these analyses in the
Supporting information.

Results

As we predicted, niche unfilling was significantly and
negatively related to population trend (f = —0.003,
P = 0.001, R* = 0.221), with declining species showing
more niche unfilling than species with increasing
trends. Also as predicted, niche expansion was signifi-
cantly and positively related to population trend
(p =0.003, P =0.033, R? = 0.079). Mean EI was not sig-
nificantly different from zero when averaged across all
species (u = 0.013, t = 0.378, df = 45, P = 0.707), mean-
ing that across species there was general support for
the hypothesis that niche expansion reflects geographic
expansion. However, EI and the apparent influence of
climate change on niche expansion varied greatly
across species (range EI: —0.637 to 0.713; Appendix S3).

Twenty-five of the 46 species (54.3%) had a negative EI
value, implying niche expansion independent of cli-
mate change (Fig. 2a). On the other hand, 21 of the 46
species (45.7%) had a positive EI value, supporting the
hypothesis that niche expansion for these species was
likely a result of climate change at occupied sites. Large
positive EI values tended to be found in species show-
ing overall declines and large amounts of niche expan-
sion (Fig. 2b). For these species, most niche expansion
was found in the CCQ and therefore likely the result of
climate change at occupied sites. Despite this, we found
little evidence that EI was influenced by population
trend (Fig. 3a). While change-point analysis did iden-
tify a change in mean and variation of EI at a popula-
tion trend of —1.83, we were cautious in interpreting
this threshold because the bootstrap-estimated confi-
dence intervals around the threshold were rather large
(=2.1 to 0.96), and mean EI above and below this
threshold was not significantly different (¢t = 0.794,
df = 3.20, P = 0.482). Although extinction in the CCQ
was greater in declining species than in increasing spe-
cies (t = 2.551, df = 32.66, P = 0.016), the low mean EI
values indicate that extinctions generally did not occur
disproportionately in the CCQ.

Mean LI was significantly greater than zero when
averaged across all species (u = 2.43, t = 3.923, df = 45,
P <0.001), supporting the hypothesis that in general,
niche unfilling was the result of lagging. However, LI
also varied greatly across species (range: —0.661 to 1.00;
Supporting information), with some (13/46, 28.2%)
having little of their niche unfilling in the CCOQ. This
result suggests that there is a limited influence of cli-
mate change on niche unfilling for these species, and
they have been able to track their niche to new sites
(e.g., Fig. 2¢). Yet other species (31/46, 67.4%) showed
a larger proportion of unfilling in the CCOQ, indicating
lagging, or an inability to track climate change at the
leading edge (e.g., Fig. 2d). The degree to which species
were able to track climate change was largely influ-
enced by population trend. Using change-point analy-
sis, we found a threshold in the lagging response of
species to climate change when population trends drop
below —0.45 (95% CI: —0.57 to 0.56; Fig. 3b). Species
with population trends above this threshold had signif-
icantly lower LI than species with declining trends
below this threshold (t = 2.589, df = 43.93, P = 0.013),
with many increasing species falling below a LI of zero.
These results suggest that species with increasing
trends have been better able to track their 1980 climate
niche to new sites, whereas declining species were
more likely to lag behind climate change. Analyses of
colonization rates support our geographic interpreta-
tions of LI results. Colonization was greater inside the
CCOQ for increasing species than it was for decreasing
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to be geographically expanding with niche expansion (red shading) on all niche margins. (b) Species with high EI tended to be declin-
ing with niche expansion confined to the Climate Change Quadrant (red dashed line). (c) Species with low LI values showed very little
niche unfilling (green shading) in the Climate Change Opposite Quadrant (CCOQ; green dashed line), indicating an ability to track
their climate niche to new sites. (d) Species with high LI values had a larger proportion of unfilling falling within the CCOQ, indicating
lagging. a and c represent species with relatively little influence of climate change on niche expansion and unfilling, respectively. b and
d represent species with greater influence of climate change on niche expansion and unfilling, respectively. Climate niche diagrams for
all 46 species of North American birds used in our analyses are included in the Appendix S3.
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species (t = —3.56, df = 13.76, P = 0.003), and, impor-
tantly colonization for increasing species was greater
inside CCOQ than outside CCOQ, although this differ-
ence was not significant (t=1.85 df =17.96,
P = 0.081). These results demonstrate that lack of niche
unfilling for increasing species is due specifically to
niche tracking at the leading edge and not simply
range-wide geographic expansion.

Discussion

We present evidence that population trends influence
species’ ability to track climate change. Most species
are exhibiting shifts in their realized niches in response
to climate change as they either broaden the range of
climate conditions they inhabit in the case of increasing
species or lag behind climate change in the case of
declining species. These results expand on our previous
results (Ralston et al., 2016) that showed climate niche
breadth and population trends are positively corre-
lated. We now demonstrate for the first time that
decreasing climate niche breadth in declining species is
the result of greater extinction rates at sites influenced
by climate change and thus less niche expansion, as
well as a failure to track historical niches beyond range
peripheries and thus more niche unfilling. Conversely,
increasing climate niche breadth in species with
increasing trends results from greater niche expansion
because of persistence at historical sites and geographic
expansion beyond range peripheries; as well as a
greater ability to track climate niches and thus very
little niche unfilling.

Our results are consistent with previous studies on
wintering birds in North America (La Sorte & Jetz,
2012) and breeding birds elsewhere (Devictor et al.,
2008) that demonstrate general patterns of geographic
lagging. For example, Devictor et al. (2008) found that
French birds are tracking climate change by shifting
their ranges northward, but range shifts have not com-
pletely kept up with climate change, indicating some
degree of lagging. Tingley et al. (2009) also found
changes in realized climate niche within California bird
species over the last century of climate change, but cate-
gorized those changes as niche tracking if they were
changes toward a historical niche centroid. We take a
different approach by quantifying the degree to which
niche changes result from in situ climate change. We
find that for most of our study species, at least some
niche unfilling and niche expansion is the result of
climate change, and therefore geographic lagging.

Quantifying tracking vs. lagging by using a continu-
ous index (i.e., Lagging Index, LI) allowed us to exam-
ine differences in tracking ability across species. In
doing so, we found a likely threshold response in

population trend and species” geographic responses to
climate change. Declining species lagged to a greater
degree behind climate at the leading edge of range
shifts while increasing species were better at tracking
their niche to new sites (Fig. 3b). The observed thresh-
old (trend = —0.54) is close to our greatest observed
significantly negative trend (Northern Mockingbird,
trend = —0.38). This suggests that as trends become
negative there is a real shift in the ability to track cli-
mate change, perhaps due to decreased availability of
dispersers. Metapopulation theory posits that large or
increasing populations (i.e., ‘sources’) will produce
more dispersers than small or declining populations
(i.e., ‘'sinks’) and thus colonize new sites at a higher rate
(Pulliam, 1988; Hill et al., 1996; Hanski et al., 2000). Our
results support that these metapopulation dynamics
may be important in species’ geographic responses to
climate change. Future work focused on relating
metapopulation dynamics and population processes to
range shifts may be especially important in understand-
ing biotic responses to climate change (Keith et al.,
2008; Anderson et al., 2009).

We separately examine niche expansion in the direc-
tion of climate change and niche unfilling in the oppo-
site direction of climate change to disentangle how
species have responded at the trailing edge (i.e., within
their historical distribution) and leading edge (.e.,
beyond their historical distribution) of range shifts,
respectively. We found important differences in how
climate change is influencing species at these margins.
Specifically, we found that declining species tended to
be more affected by climate change at the trailing edge
while being unable to track their climate niche at the
leading edge. This may result in any distributional
shifts observed in declining species occurring primarily
because of effects at the trailing edge, while the leading
edge may shift very little in these species. Conversely,
any distributional shifts in increasing species may be
occurring primarily at the leading edge, as these species
are better able to track to new locations, and very little
movement of the trailing edge, as these species are bet-
ter able to deal with changing conditions. It is impor-
tant to clarify that here, we use ‘tracking’ at the ‘leading
edge’ not necessarily to mean northward movement,
but the movement of a species to any newly suitable
site not previously occupied. We also acknowledge that
our analyses are to some extent constrained by the
availability of occurrence data beyond current range
peripheries, especially for species with range bound-
aries outside of the BBS survey area.

Previous studies that examined whether species’
ranges are shifting at the same pace as climate or
whether mean occupied climate space has shifted may
confound species’ responses at the leading and trailing

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1390-1399
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edges (Devictor et al., 2008; Tingley et al., 2009; La Sorte
& Jetz, 2012). To effectively conserve species, it will
be important to understand these two potentially sepa-
rate responses to climate change. Conservation and
management approaches to climate change vary widely
(Heller & Zavaleta, 2009), but generally focuses on
either one range margin or the other. For example,
some conservation strategies focus on promoting spe-
cies’ ability to track climate change by creating pole-
ward-oriented dispersal corridors (Halpin, 1997) or by
directly assisting in poleward migrations (McLachlan
et al., 2007). Others focus on conservation at the trailing
edge by protecting current habitats, promoting climate
change resilience (Morecroft et al., 2012), or identifying
potential refugia where conditions will remain suitable
(Keppel et al., 2012). While the trailing edge of species’
ranges may hold valuable diversity (Hampe & Petit,
2005), it seems that the rapid pace and inevitability of
climate change will make promoting the ability to track
climate niches through space increasingly important for
conservation. However, for declining species unable to
naturally track climates northward, promoting persis-
tence in currently occupied habitats and identifying cli-
mate refugia not requiring dispersal may be the most
beneficial. The species-level information on niche track-
ing provided by our methods may be useful for assess-
ing the appropriateness of alternative conservation
actions.

It is difficult to determine the direction of causality in
the correlation between population trends and niche
tracking/lagging. Species with increasing trends may
produce greater numbers of dispersers and therefore be
more likely to colonize newly suitable areas. Alterna-
tively, greater ability to disperse and track climate
change may have promoted greater increases in abun-
dance for these species. Many of the lowest LI values
(i.e., the best trackers) are for species known to be
demographically or geographically expanding over the
study period. These include species of the historically
‘Carolinian avifauna’, such as Red-bellied Woodpecker
(Melanerpes carolinus), Blue-gray Gnatchatcher (Poliop-
tila caerulia), and Northern Cardinal (Cardinalis cardi-
nalis; Beddall, 1963; Ellison, 1993; Jackson & Davis,
1998; Kirchman & Schneider, 2015). While there is some
evidence that distributions for at least some of these
species are limited by climate (Root, 1988; Mehlman,
1997), increased anthropogenic supplemental feeding,
and land-use changes may also have contributed to
their increasing trends. For these species, demographic
growth and overall geographic expansion have likely
contributed to their ability to track climate change
northward. However, greater colonization of BBS
routes in colder and drier conditions (i.e., in the CCOQ)
compared to elsewhere for increasing species indicates

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1390-1399

that improved tracking is not simply the result of geo-
graphic expansion, but colonization specifically of sites
within historical climate niches.

On the other hand, there is compelling evidence that
changes in climate can directly influence population
trends. In a recent study, Stephens ef al. (2016) showed
that North American and European bird species disad-
vantaged by climate change in the previous 30 years
(those showing a decrease in the availability of suitable
climate conditions) have declined more than species
favored by climate change (facing an increase in the
availability of suitable climate conditions). However, it
is safe to say many factors other than climate change
are surely impacting population status and trends. All
but one of the 23 declining species in our study are at
least partially migratory, and factors throughout the
annual cycle may be impacting population trends for
these species (Robbins et al., 1989; Norris et al., 2004). It
is therefore unlikely that an inability to track climate
changes on the breeding grounds is solely responsible
for observed declining trends. Instead, demographic
and geographic contraction of ranges and a limited
supply of dispersers could reduce ability to track cli-
mate change (Anderson et al., 2009). Another possibility
is that species that prefer habitats unavailable further
north of their current distribution due to human devel-
opment (Bateman et al., 2016), or those that face barriers
to dispersal will be unable to track climate conditions
northward. While we do not quantitatively analyze
tracking across habitat types, our list of declining and
lagging species is an ecologically diverse set with asso-
ciations in a variety of habitat types (Supporting infor-
mation). If lagging is the result of overall population
declines and a lack of dispersers, general conservation
efforts to stabilize declining populations including
efforts to protect current habitats on breeding and win-
tering grounds and along migratory pathways may
indirectly improve species’ resilience to climate change.
Conversely, a positive feedback between declines and
lagging may lead to increased extinction risk for species
declining for reasons unrelated to climate change.

Our results have important implications for predict-
ing future species distributions using a correlative mod-
eling approach (Hijmans & Graham, 2006). These
models are used to assess extinction risk and conserva-
tion priority in the face of climate change (Langham
et al., 2015), but assume niche conservatism and often
fail to account for any lag or limits to dispersal (Soberén
& Nakamura, 2009; Wiens et al., 2009). While many
researchers have stressed the importance of incorporat-
ing dispersal ability in predictive distribution models
(Pearson & Dawson, 2003), this is rarely fully consid-
ered for migratory birds which are usually assumed to
be sufficiently mobile. Yet our results demonstrate that
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even for this vagile group, geographic lagging is a com-
mon pattern in climate change responses (Devictor
et al., 2008; La Sorte & Jetz, 2012). Predictive models
based on current occurrence—climate correlations are
likely overpredicting future distribution for declining
species, and underpredicting for increasing species,
potentially influencing assessments of conservation sta-
tus and extinction risk (Langham et al., 2015). Popula-
tion trends and associated changes in realized climate
niche, therefore, introduce a source of uncertainty for
distribution models not previously considered (Heikki-
nen et al., 2006; Wiens et al., 2009). Future efforts to
incorporate population trends and changes in realized
niche into predictive distribution models may improve
their utility in conservation planning.
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