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ABSTRACT

Aim Species are expected to move uphill or poleward in response to climate
change, yet their distributions show idiosyncratic responses; many species are
moving in the predicted direction, but others are not shifting at all or are shifting
downhill or towards the equator. Fundamental questions remain about the causes
of interspecific variation in range responses and whether shifts along elevational
and latitudinal gradients are correlated. We examined whether shifts in northern-
latitude and upper-elevation boundaries of western North American songbirds
over a 35-year period were correlated and whether species ecological and life-
history traits explained interspecific variation in observed shifts.

Location North America.

Methods We used data from the North American Breeding Bird Survey to deter-
mine shifts in northern-latitude and upper-elevation boundaries of 40 North
American songbird species between two time periods, 1977–81 and 2006–11. We
used an analysis of covariance approach that controlled for species population
trends and changes in survey effort to test whether: (1) songbirds shifted in eleva-
tion, latitude or both; (2) shifts in elevation and latitude were correlated; and (3)
responses could be explained by species-level traits including life history, ecological
generalization and dispersal capability.

Results The majority of species shifted uphill and poleward during this period,
but there was no correlation between the distances that species range boundaries
shifted in elevation and latitude. Species with smaller clutch sizes and narrower diet
breadths exhibited greater northward shifts, while species with larger clutch sizes
and narrower diet breadths exhibited greater uphill shifts.

Main conclusions Shifts in latitude and elevation were not correlated. However,
a common set of species-level traits explained differential responses among species
to climate change. Consideration of shifts in both elevation and latitude is needed
to understand the full extent to which species are tracking changing climates.
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INTRODUCTION

Species are expected to shift poleward and uphill in response to

climate change (e.g. Peterson et al., 2002; Virkkala et al., 2008).

However, while many species are indeed shifting in these pre-

dicted directions, others are not shifting at all or are shifting

downhill or towards the equator (Hickling et al., 2006; Moritz

et al., 2008; Chen et al., 2011). Species whose shifts are lag-

ging behind those of their climate envelopes (Devictor et al.,

2008; Forero-Medina et al., 2011) may face an increased risk of
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extinction (Thomas et al., 2004). Differential range responses

among species may also lead to the formation of no-analogue

communities (Le Roux & McGeoch, 2008) and altered ecologi-

cal interactions (Schweiger et al., 2008) that could negatively

affect populations. These impacts demonstrate an urgent need

to understand the full extent to which species are expanding

their ranges and to determine which general patterns of site and

species characteristics can be used to explain current shifts and

to forecast future responses.

Most species live in areas with some topographical relief, and

topographically complex areas such as mountainous regions

make an important contribution to global biodiversity

(Coblentz & Riitters, 2004; Orme et al., 2005). In theory, many

species should therefore have the opportunity to track climate

change through shifts in latitude, elevation or both. Studies have

documented range shifts in elevation or latitude for many dif-

ferent organisms in response to recent climate change (e.g.

Parmesan & Yohe, 2003), but none to our knowledge have con-

sidered elevational and latitudinal shifts simultaneously to

examine whether such shifts are correlated. This is critical

because studies that fail to consider shifts in both elevation and

latitude may underestimate the extent of species responses and

their capacities to respond to climate change.

Species differ greatly in the rates at which their range bounda-

ries are shifting (Hickling et al., 2006), but the reasons for this

variation are also not clear. Some species may not be shifting as

much as others because they occupy areas where climate change

has been less pronounced (Solomon et al., 2007; Loarie et al.,

2009) or where climatically favourable habitats within their

current range are still available (Hill et al., 1999). However, dif-

ferential responses among sympatric species (Hickling et al.,

2005; Chen, 2009) suggest that the degree to which species are

shifting into new areas may be constrained by limitations

imposed by their ecology and life history.

A species’ capacity to track spatial shifts in its climatic optima

will depend on its ability to disperse to and become established

in areas with newly favourable conditions. Species that are

mobile and can disperse great distances (e.g. migratory species)

might be more successful in reaching newly suitable habitats

(Schloss et al., 2012). Once within the new habitat, population

persistence is likely to be driven by the degree of ecological

generalization, such that generalists might be more successful in

meeting their needs for food and shelter than specialists (Jeschke

& Strayer, 2006). Species with faster life histories may also be

better colonizers since their higher reproductive rates allow

them to more rapidly reach larger population sizes that are less

susceptible to environmental and demographic stochasticity

(Angert et al., 2011; Buckley, 2012).

Ecological and life-history traits may be good predictors of

species shifts in their northern-latitude and upper-elevation

boundaries. However, few studies to date have examined their

explanatory value, and results thus far are equivocal (Angert

et al., 2011; Buckley, 2012). Whether a common set of traits can

be used to predict shifts in both elevation and latitude is also

unknown. Knowledge of these species-level traits may

strengthen predictions for future species assemblages and aid

resource managers in implementing protective measures that

accommodate species responses to current and future climate

change. Further work on the issue of whether species-level traits

can be used to predict range responses to climate change is

therefore warranted.

We examined shifts in northern-latitude and upper-elevation

boundaries among songbird species breeding in western North

America. Western North America is one of several regions proj-

ected to experience more intense levels of future warming rela-

tive to other areas throughout the globe (Diffenbaugh & Giorgi,

2012), but the region has already experienced substantial

warming over the last 50 years (Booth et al., 2012). As such, we

predicted that many bird species have already shifted their

breeding ranges to higher elevations and/or more northerly lati-

tudes. Using bird survey data collected over the last 35 years, we

tested whether shifts in northern-latitude and upper-elevation

boundaries were occurring independently or were correlated

across species. We then examined whether traits associated with

dispersal capability, ecological generalization and life-history

strategy – specifically migratory behaviour, diet breadth, breed-

ing range size and clutch size – explained species differences in

boundary shifts. We also investigated whether a common set of

species-level traits could be used to predict shifts in both eleva-

tion and latitude.

METHODS

Taxonomic and geographic scope

We examined shifts in upper-elevation and northern-latitude

boundaries in songbirds using data from the Breeding Bird

Survey (BBS; US Geological Survey Patuxent Wildlife Research

Center, 2012). The BBS is a long-term (1966 onwards), large-

scale monitoring programme that tracks the distribution and

abundance of North American birds, primarily in the United

States and southern Canada (Robbins et al., 1986). Routes are

40 km long, located along secondary roads and surveyed

annually during the daytime and the height of the breeding

season. Bird abundance is recorded during 50 3-minute point

counts every 0.8 km along each route, and data on species abun-

dances are summarized across 10 point counts conducted within

each of five 8-km segments along each route (US Geological

Survey Patuxent Wildlife Research Center, 2012).

We investigated boundary shifts between the two 5-year

periods of 1977–81 and 2007–11. We did not consider data from

the first decade during which the BBS was conducted because of

the smaller number of routes surveyed. We focused on

boundary shifts occurring in the topographically complex

region stretching from the southern border of the United States

northward to 54° N latitude where the density of routes starts to

diminish in southern Canada, and from the Pacific coastline east

to 97° W longitude (Appendix S1 in Supporting Information).

Species had to meet several criteria to be included in our

analyses. First, we restricted our analyses to songbirds (order

Passeriformes) since they comprise the majority of species in

North America and are the group most reliably surveyed by the
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BBS (US Geological Survey Patuxent Wildlife Research Center,

2012). Second, we were interested in the extent to which species

can respond to climate change by expanding into and becoming

established in new breeding areas under climate change, so we

avoided including transients by restricting the analyses to

records where a species was observed along a route segment for

at least 3 years within one or both of the 5-year time periods.

Third, a species’ northernmost boundary had to be within the

limits of the study area but south of 52° N during the first time

period since this gave us an approximately 220-km buffer within

which to detect northward shifts. Fourth, we considered only

those species whose distributions included mountainous

regions within the Pacific and Rocky Mountain systems, i.e.

those which had the opportunity to shift in elevation, and those

whose uppermost elevational extent during the first time period

was lower than 3100 m since this gave us an approximately

240-m buffer within which to detect upward shifts.

Elevational and latitudinal distributions

We first determined the elevational and latitudinal distributions

for each species. Latitude and elevation can vary considerably

along the length of an entire 40-km route, so we based our

analyses on bird data for the 8-km segments along each route to

reduce within-route variation. Using a digital map of BBS route

locations (US Geological Survey Patuxent Wildlife Research

Center, 2002) within ArcMAP (ArcGIS 10.0, ESRI 2010), we

identified the 8-km segments for which bird abundances are

summarized and used a 30-arcsec digital elevation map of North

America (US Geological Survey EROS Data Center, 1996) to

determine both the elevation and latitude for the endpoints of

each segment. Elevation and latitude for each segment were

calculated as the mean of the two segment endpoints.

We then determined the upper-elevation and northern-

latitude boundary for each species for each of the two sampling

periods. Only those routes that were surveyed during both time

periods were considered (Appendix S1). We also excluded

records of a species’ northernmost latitude or uppermost eleva-

tion if only one individual was observed at the survey point

(Wilson et al., 2005). Additionally, we considered only the

segment with the highest elevation and the segment with the

northernmost latitude at which that each species was detected

along each route and during each sampling period to avoid the

inclusion of multiple measures per route per period in our

analyses.

We identified the 10 northernmost latitudinal and 10 highest

elevational extents for each species for each time period and

then used the difference in means between these two time

periods to quantify shifts in the distributional margins of each

species. We chose this approach to evaluating boundary shifts

for consistency and comparability with other studies of species

distributional shifts in North America and Europe (Thomas &

Lennon, 1999; Hitch & Leberg, 2007; Pöyry et al., 2008) and

because it allowed us to examine shifts occurring across a broad

portion of a species’ northern-latitude and upper-elevation

boundary but without including routes that were located too far

into the core of a species’ distribution.

Species-level traits

We obtained data on dispersal capability, life-history strategy

and ecological generalization of western North American song-

birds from the Birds of North America Online (Poole, 2005). We

used migratory status (migrant versus resident) as an indicator

of dispersal capability since natal and breeding dispersal dis-

tance is greater in migratory than non-migratory birds (Paradis

et al., 2002). Estimates of reproductive rate were not possible

given that generation time and the number of broods per year is

not well studied in many species. Thus, clutch size was used as a

measure of life-history strategy since it is correlated in birds with

age at maturity, and offspring and adult survival (Ricklefs, 2000;

Jetz et al., 2008). In those cases where multiple estimates of

clutch size were available for a particular species we used the

mean of those estimates as our measure of clutch size. Diet

breadth was used as an index of ecological generalization. Data

on diet breadth were gathered from both the Birder’s Handbook

(Ehrlich et al., 1988) and the Birds of North America Online

(Poole, 2005) and were combined to create an index of the

number of different food types consumed by each species. Food

types were designated as being arthropods, seeds, fruit, nectar,

vegetative plant parts such as leaves and carrion. Breeding range

size, a positive indicator of habitat breadth in birds (Cofre et al.,

2007), was also used as an index of ecological generalization.

Breeding range size was calculated using breeding range maps

for each species available from NatureServe (http://

www.natureserve.org). Maps were projected using a World

Sinusoidal projection and range size, in square kilometres, was

estimated using the calculate geometry option in ArcMAP

(ArcGIS 10.0, ESRI 2010).

Statistical analyses

We used analyses of covariance (ANCOVA) to test whether shifts

in northern-latitude and upper-elevation boundaries across

species were significantly different from zero. The intercept

served as a measure of how far range margins shifted. We then

used partial correlation analysis to determine whether shifts in

upper-elevation and northern-latitude boundaries were corre-

lated across species. Finally, we used ANCOVA to test whether

shifts in latitude and elevation differed among species according

to their migratory status, clutch size, diet breadth and breeding

range size. Again, the intercept served as a measure of how far

range margins shifted (Thomas & Lennon, 1999). Migratory

status was modelled as a fixed categorical effect while clutch size

and breeding range size were included as continuous predictors.

The historic upper-elevation boundary of species during the

period 1977–81 was included as a covariate in all analyses since

it could limit species opportunities or our ability to detect uphill

or northward shifts. Similarly, the northern boundary of species

was included in the analyses of shifts in latitude since it could

limit our opportunity to detect northerly shifts.

Range boundary shifts in songbirds
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The expansion of species into new habitat or retraction from

previously occupied habitats may be due simply to increases or

decreases in their population sizes, respectively, and not because

of any cause related to climate change. To account for species

population trends in our analyses, we compiled BBS estimates of

species trends between 1977 and 2010 (data for 2011 were not

yet available) for the western BBS region (Sauer et al., 2011) and

included them as a covariate in our analyses. Trends for each

species are based on the ratio of abundances derived from hier-

archical model estimates of the annual abundance of each

species during the first and last years of the study period (Link &

Sauer, 2002).

Changes in survey effort across sampling periods were also

included as a covariate because they may influence observed

shifts beyond the effects of species population trends (Kujala

et al., 2013). The number of hours of effort per route per year

was constant since routes are surveyed using 50 3-min point

counts, but the number of years that a route was surveyed within

each 5-year sampling period varied across routes. Thus, we

included as a covariate the difference between the total com-

bined number of years for which the 10 northernmost and 10

uppermost routes were surveyed across the two sampling

periods (Kujala et al., 2013). In particular, we included the dif-

ference in survey effort that occurred along routes occupied

during the first sampling period for species whose boundaries

retracted southward and downhill, and the difference in survey

effort that occurred along routes occupied during the second

sampling period for species whose boundaries expanded north-

ward or uphill during the 35-year time period (Kujala et al.,

2013).

To identify which factors were the best predictors of shifts in

latitude and elevation, we first evaluated the full model for each

dependent variable and then used backward model selection,

sequentially eliminating terms of explanatory variables with the

lowest F-values until all terms in the model were significant.

Results from the full and reduced models were qualitatively the

same, so we report results only for the reduced models since this

enabled us to calculate the total amount of variation (R2)

explained by the final set of predictors. Variance inflation factors

and correlations between predictor variables were assessed to

evaluate the potential for multicollinearity. Predictors had low

variance inflation factors (all < 2.3) and were not highly corre-

lated with one another (all r < 0.52; Appendix S2).

Variation in range margin shifts among species may be influ-

enced by their evolutionary history, so we repeated the above

analyses using Grafen’s PHYREG macro for SAS (Grafen, 1989,

2006) to control for phylogenetic relatedness among species. We

assembled a working phylogeny (Appendix S3) based on the

Passeriformes supertree of Jønsson & Fjeldså (2006), sup-

plemented with more recently published phylogenies for

Tyrannidae (Tello et al., 2009), Emberizidae (DaCosta et al.,

2009) and Icteridae (Jacobsen et al., 2010). Since we did not have

branch length estimates, we assumed equal lengths. We also used

the branch lengths methods of Grafen (1989), whereby the ages

of nodes are set equal to one less than the number of species

arising from that node, but the results were the same. Results

controlling for phylogeny were qualitatively identical to those

using raw data, so we only report results from analyses based on

raw data.

RESULTS

Shifts in latitude and elevation were evaluated for 40 songbird

species (Appendix S4) that were detected along a total of 559

routes throughout western North America (Appendix S1). Shifts

in the northern-latitude boundary ranged from 179.1 km south

to 431.89 km north and averaged 1.84 km year–1 northward

across species. Overall, the northern boundary shifted north-

wards across all species over the 35-year period (estimate ± 1 SE:

35.27 ± 15.76 km, t38 = 2.24, P = 0.03) after controlling for

changes in survey effort (8.6 ± 1.5, t38 = 5.66, P < 0.001).

Shifts in the upper-elevation boundary ranged from 81.1 m

downhill to 438.0 m uphill across species and averaged

3.6 m year–1 upwards across species. Overall, the upper-

elevation boundary shifted upward across all species over the

35-year period (65.8 ± 22.2 m, t38 = 2.96, P < 0.01) after control-

ling for changes in survey effort (8.6 ± 2.4, t38 = 3.59, P < 0.001).

Shifts in elevation and latitude were not correlated (r33 = 0.15,

P = 0.38; Fig. 1) after controlling for species historic range

limits, population trends and survey effort.

Species ecological and life-history traits associated with dis-

persal ability, ecological generalization and life-history strategy

differed in the amount of variation in latitudinal and elevational

shifts they explained. There was no evidence that range size,

migratory behaviour, historic northern boundary or population

trend influenced shifts in latitude. However, clutch size, diet

breadth, historic upper-elevation boundary and survey effort

together explained 66% of the variation among species in their

shifts in latitude. Species with smaller clutch sizes (−46.5 ± 15.8,

t35 = −2.94, P < 0.01, partial-eta squared ηp
2 = 0.20; Fig. 2a), nar-

rower diet breadths (−33.3 ± 11.9, t35 = −2.79, P < 0.01,

ηp
2 = 0.18; Fig. 3a), and lower upper-elevation boundaries

(−0.1 ± 0.02, t35 = −2.18, P = 0.03, ηp
2 = 0.12; Fig. 4) shifted

Figure 1 Correlation between shifts in upper-elevation and
northern-latitude boundaries (r = 0.15, n = 40, P = 0.38) of 40
songbird species in western North America between the time
periods 1977–81 and 2006–11.
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further north in latitude than species with larger clutches and

wider diet breadths after controlling for survey effort (6.8 ± 1.4,

t35 = 4.75, P < 0.001, ηp
2 = 0.40).

With respect to elevation, there was no evidence that range

size, migratory behaviour, species population trend or historic

upper-elevation boundary influenced shifts in elevation.

However, clutch size, diet breadth and survey effort together

explained 43% of the variation among species in their shifts in

elevation. Species with larger clutch sizes (40.0 ± 16.7, t36 = 2.39,

P = 0.02, ηp
2 = 0.14; Fig. 2b) and narrower diet breadths

(−35.1 ± 14.1, t36 = −2.49, P = 0.01, ηp
2 = 0.15, Fig. 3b) shifted

further up in elevation than species with smaller clutch sizes and

wider diet breadths after controlling for changes in survey effort

(9.1 ± 2.2, t36 = 4.13, P < 0.001, ηp
2 = 0.32).

DISCUSSION

The majority of bird species in this study exhibited uphill or

northward shifts in their breeding range boundaries. This is not

surprising given that bird distributions, like those of other

organisms, are sensitive to temperature (Böhning-Gaese &

Lemoine, 2004), and summer temperatures increased in this

region over the duration of the study period (Booth et al., 2012).

Yet the rates at which species expanded their northern-latitude

and upper-elevation boundaries were not correlated. Our obser-

vation that some species are shifting little in latitude but sub-

stantially in elevation, and vice versa, demonstrates that studies

focusing on shifts in only one dimension may underestimate

species capacities to cope with climate change. Similarly, focus-

ing on shifts in only one direction may also underestimate

species responses when shifts are occurring in both directions.

Accounting for shifts in both latitude and elevation may there-

fore help to fine tune our assessments of the degree to which

Figure 2 Effects of clutch size on shifts
in northern-latitude (n = 40, P < 0.01,
ηp

2 = 0.20) and upper-elevation (n = 40,
P = 0.02, ηp

2 = 0.14) boundaries of 40
songbird species between the time
periods 1977–81 and 2006–11. Plotted
on the ordinate are the residuals after
accounting for effects of the other
predictors in the final model. Parameters
were evaluated at survey effort = 0,
mean historic upper elevation
boundary = 1544 m and mean diet
breadth = 2.4.

Figure 3 Effects of diet breadth on
shifts in northern-latitude (n = 40,
P < 0.01, ηp

2 = 0.18) and upper-elevation
(n = 40, P = 0.01, ηp

2 = 0.15) boundaries
of 40 songbird species between the time
periods 1977–81 and 2006–11. Plotted
on the ordinate are the residuals after
accounting for effects of the other
predictors in the final model. Parameters
were evaluated at survey effort = 0, mean
clutch size = 4.1 and mean historic
upper-elevation boundary = 1544 m.

Figure 4 Effects of historic upper-elevation boundary on shifts
in northern latitude (n = 40, P = 0.03, ηp

2 = 0.12) of 40 songbird
species between the time periods 1977–81 and 2006–11. Plotted
on the ordinate are the residuals after accounting for effects of the
other predictors in the final model. Parameters were evaluated at
survey effort = 0, mean clutch size = 4.1 and mean diet
breadth = 2.4.
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species are tracking shifts in their climate envelopes and their

subsequent vulnerability to climate change.

Variation among species in the degree to which their

northern-latitude and upper-elevation boundaries shifted over

the 35-year period was correlated with a common set of ecologi-

cal and life-history traits – diet breadth and clutch size. Diet

breadth was negatively correlated with the degree to which

species shifted in latitude and elevation, diet specialists expand-

ing northward and uphill to a greater degree than diet general-

ists. Diet generalists are often predicted to expand their ranges

more in response to climate change because they are better able

to take advantage of new food types they might encounter

(Buckley, 2012). However, our results indicate the opposite: that

the distributions of diet specialists may actually be more sensi-

tive to climate change. Similar to the results we report here,

Swedish butterfly and moth species whose larvae exhibit greater

specialization on plants in nitrogen-rich soils have shifted

further in latitude than those species with a more general larval

diet (Betzholtz et al., 2013). Greater shifts among diet specialists

may occur because they are more likely to track spatial shifts in

their prey or host than diet generalists. However, diet breadth

also had a positive, albeit weak, effect on latitudinal shifts in the

wintering ranges of North American birds (Angert et al., 2011),

so the generality of our results is not yet clear.

Clutch size, as a measure of life-history strategy, was also

correlated with species range margin shifts, but in an opposing

direction, being positively correlated with the degree of

elevational shifts but negatively correlated with latitudinal

shifts. Species with faster reproductive rates are often expected

to expand their range margins at faster rates (Angert et al.,

2011; Buckley, 2012). However, a recent study of avian inva-

sions throughout the world provides compelling evidence that

species with slower life histories may be more successful at

invading novel environments (Sol et al., 2012), presumably

because adaptations such as the prioritization of future over

current reproduction and larger brain size make them less vul-

nerable to stochastic fluctuations and help buffer them against

challenges imposed by new environments (Sol et al., 2005,

2012). These findings might apply to the patterns we observed

here if latitudinal shifts involved the invasion of more novel or

stochastic environments relative to elevational shifts. For

example, species shifting in latitude might encounter a higher

diversity of new habitat types or greater variability due to

habitat fragmentation, urbanization or climate extremes than

those shifting up in elevation. However, we currently know very

little about the extent to which range boundary shifts have thus

far necessitated the invasion of new habitat types, or whether

changes in climate or environmental variability differ between

latitudinal and elevational gradients. While the influence of

life-history strategy on climate change-driven range shifts

requires further attention, our results suggest at the very least

that the constraints underlying shifts in latitude and elevation

are not equivalent and underscore the need for more fine-

scaled analyses of the environmental challenges faced by popu-

lations expanding at their northernmost and upper-elevation

range boundaries.

Finally, upper-elevation boundary had an important influ-

ence on the degree to which species shifted in latitude but not

elevation; higher-elevation species shifted northward to a lesser

degree than lower-elevation species. Slower northward shifts

could be an artefact of the smaller number of high-elevation

routes surveyed by the Breeding Bird Survey (Lawler &

O’Connor, 2004) or may be due to the constraints that moun-

taintops place on expansion. High-elevation species are among

those predicted to have the highest risk of climate change-

induced extinction, given the limited availability of uphill

terrain (Sekercioglu et al., 2007). Species could compensate for

these constraints by shifting poleward in latitude, but we show

here that higher-elevation bird species are shifting less in lati-

tude. This is surprising given that birds are highly mobile and

that mountain ranges in western North American run in a

north–south direction and therefore have the potential to

accommodate northward shifts among high-elevation species.

Taken together, these results support current predictions that

high-elevation species will be among those that are more vul-

nerable to extinction if climate change continues at its present

rate (Sekercioglu et al., 2007).

Traits associated with ecological generalization and life-

history strategy were important predictors of the magnitude of

range shift. Yet they explained only around 50% of the variation

among species. Additional variation among species may be

explained by a number of causes that may or may not be related

to climate change. For example, species may differ in how sen-

sitive they are to different climatic factors, e.g. temperature

versus precipitation (Tingley et al., 2012), temporal aspects of

climate change, e.g. long-term averages, more recent climate

norms, or extremes (Beever et al., 2010). The degree to which

different aspects of climate have changed over the study period

also varies spatially across western North America (Booth et al.,

2012) and may explain why some species are shifting more than

others. Changes in land-use practices can also facilitate or con-

strain the expansion of range boundaries (Van der Putten,

2012). Ecological interactions (Van der Putten et al., 2010),

plastic responses that mitigate the effects of climate change in

situ such as changes in phenology (Parmesan & Yohe, 2003),

shifts in microhabitat use (Martin, 2001) as well as evolutionary

adaptation (Parmesan, 2006), may also explain why the range

margins of some species are shifting less, not at all or in direc-

tions opposite to general predictions.

Our study focused on shifts in latitude and elevation among

40 songbirds in western North America. We would have pre-

ferred to include a larger number of species in our analyses.

However, nocturnal, crepuscular and aquatic species are not well

sampled by the Breeding Bird Survey (US Geological Survey

Patuxent Wildlife Research Center, 2012). Northern-latitude,

high-elevation areas with a drier climate are also undersampled

(Lawler & O’Connor, 2004). Despite these limitations, the

species we considered were characterized by a broad range of

ecological and life-history traits. For example, mean clutch size

ranged from 2.8 to 6.4 eggs across species, and diet varied from

specialists eating only seeds or insects to complete omnivores.

Range size also spanned the limited distribution of endemics to
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the broad multicontinental distributions of more cosmopolitan

species. Trait values of many western North American birds fall

within these ranges, so it is our hope that our results might be

used to better predict the effects of climate change on a larger

number of species than considered here.

Understanding how and why species are shifting their distri-

butions is critical for our ability to forecast the ecological con-

sequences of climate change and to maintain biodiversity in the

face of larger global change. Species are responding to climate

change in multiple ways that often appear to be idiosyncratic.

However, examination of how these different responses are cor-

related across species – as we have done here for elevation and

latitude – and whether these responses are explained by a

common set of species-level traits will improve our understand-

ing of their habitat requirements and vulnerability to extinction

under climate change.
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