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Abstract

Species distribution models are commonly used to predict species responses to climate change. However, their
usefulness in conservation planning and policy is controversial because they are difficult to validate across time and
space. Here we capitalize on small mammal surveys repeated over a century in Yosemite National Park, USA, to
assess accuracy of model predictions. Historical (1900-1940) climate, vegetation, and species occurrence data were
used to develop single- and multi-species multivariate adaptive regression spline distribution models for three species
of chipmunk. Models were projected onto the current (1980-2007) environmental surface and then tested against
modern field resurveys of each species. We evaluated models both within and between time periods and found that
even with the inclusion of biotic predictors, climate alone is the dominant predictor explaining the distribution of the
study species within a time period. However, climate was not consistently an adequate predictor of the distributional
change observed in all three species across time. For two of the three species, climate alone or climate and vegetation
models showed good predictive performance across time. The stability of the distribution from the past to present
observed in the third species, however, was not predicted by our modeling approach. Our results demonstrate that
correlative distribution models are useful in understanding species’ potential responses to environmental change, but
also show how changes in species-environment correlations through time can limit the predictive performance of
models.
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quires that we develop a deeper understanding of the

Introduction . . . .
ecological and environmental factors that drive changes in

A pressing challenge for biodiversity conservation in the
21st century lies in forecasting species’ responses to the
direct and indirect effects of climate change (Barnard &
Thuiller, 2008). The complexity of these effects and the
evidence for the idiosyncratic nature of species’ responses
to past climate change makes this arguably the most
difficult problem confronting biologists today (Brown
et al., 1997; Jackson & Overpeck, 2000; Walther et al.,
2002). Novel climates are anticipated in the future (Wil-
liams & Jackson, 2007), which further exacerbate our
ability to accurately predict how species will
respond. Forecasting in the face of this uncertainty re-
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distribution at multiple spatiotemporal scales.
Correlative models are widely used to predict the
effects of climate change on species’ distributions (Tho-
mas et al., 2004; Thuiller et al., 2005; Lawler et al., 2006).
These models are based on the observed relationship
between a species and its environment (Guisan &
Zimmermann, 2000) and when mapped using geo-
graphic information systems are referred to as predic-
tive distribution maps (Guisan & Thuiller, 2005). A
strong criticism of this approach in predicting species
responses to climate change is that they are difficult to
validate across time (Araujo et al., 2005a; Hijmans &
Graham, 2006) so their usefulness as predictive tools
remains relatively untested (but see Araujo et al., 2005b;
Kharouba et al., 2009). Another criticism of correlative
models is that they tend to rely solely on abiotic
variables while excluding biotic factors such as species
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interactions, vegetation and dispersal (Davis et al., 1998;
Pearson & Dawson, 2003; Hampe, 2004; Araujo &
Luoto, 2007; Barnard & Thuiller, 2008; but see Preston
et al., 2008). In this study, we are in the unique position
to address some of these criticisms. Using historical
surveys and contemporary resurveys of chipmunks in
Yosemite National Park, California, we examine the
environmental drivers of changes in distribution over
the past century.

The three study species examined in the study, Tamias
alpinus, Tamias senex, and Tamias speciosus occupy dif-
ferent elevational zones in Yosemite. Recently, Moritz
et al. (2008) showed by comparing early 20th century
surveys with modern resurveys that these chipmunk
species have responded differently to environmental
change over the past century. The alpine chipmunk
(T. alpinus), which occupies the highest elevational zone,
retracted its lower elevational range upwards overtime.
Meanwhile, the lodgepole chipmunk (T. speciosus),
which occupies the midelevational zone, did not sig-
nificantly change its distribution. Finally, the shadow
chipmunk (T. senex), which occupies the low to mid-
elevational zone, experienced massive range collapse
and is now extremely rare in the study area. Moritz et al.
(2008) suggest warmer temperatures as the main driver
of the observed shifts for these species and the broader
community of small mammals, but did not explicitly
test alternative hypotheses or whether climate was
acting indirectly on distributions through changes in
vegetation or species interactions.

Interspecific competition is likely to be a factor where
chipmunk species co-occur (Heller, 1971; Chappell,
1978). However, the study species do differ in their
microhabitat preferences (Chappell, 1978; Waters &
Zabel, 1998; Waters ef al., 2001). Laboratory physiologi-
cal studies of these species suggest they have compar-
able climatic tolerances (Heller & Gates, 1971; Heller &
Poulson, 1972), whereas field based physiological stu-
dies suggest that higher altitude chipmunks are slower
to recover from heat stress (Chappell et al., 1978). Given
the previous physiological and behavioral work on
Tamias species (Heller, 1971; Heller & Gates, 1971; Heller
& Poulson, 1972; Chappell, 1978; Chappell et al., 1978),
we hypothesize that climate, vegetation and species co-
occurrence all should be important predictors of the
changes in chipmunk distributions observed in Yose-
mite National Park. However, because of conflicting
reports and the dynamic nature of species’ geographic
boundaries, the relative importance of each of these
variables is not easily deciphered.

We use historical (1900-1940) and modern (1980-2007)
climate, vegetation, and species presence—absence local-
ity data to ‘forecast’ changes in chipmunk distributions.
Specifically, the objective of this study is to identify
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drivers of observed distributional changes of three spe-
cies of chipmunks in Yosemite National Park. Our
approach is to include environmental variables both
separately (i.e., climate-only and vegetation-only) and
together to better understand their relative importance.
We examine the roles of climate and vegetation in both
single-species models (without congener co-occurrence)
and multi-species models (with congener co-occurrence)
to determine if accounting for the distribution of poten-
tial competitors improves model performance (Fig. 1).

Data and methods

Study area and species

This study took place in and around Yosemite National
Park, California (Fig. 2) and relied on data collected as
part of the ‘Grinnell Resurvey Project’ through the
Museum of Vertebrate Zoology (MVZ) at the University
of California, Berkeley (http://mvz.berkeley.edu/
Grinnell/index.html). Our study used data from the
resurvey of the “Yosemite transect’” published by Moritz
et al. (2008). Detailed descriptions of the original Grin-
nell mammal surveys (hereafter historical surveys)
from 1914 to 1915 and the modern resurvey of the small
mammals in the Yosemite Transect from 2003 to 2006
are given in Moritz et al. (2008) (supporting informa-
tion). For the modern dataset, we expand on the Moritz
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Fig. 1 Conceptual model illustrating modeling framework and
the potential direct (black arrows) and indirect (dashed arrows)
roles climate can play in species’ distributions. Species interac-
tions (in this study, specifically, interspecific competition) and
habitat can play a direct or a climate-mediated (indirect) role in
limiting distributions. Middle boxes indicate environmental
variables and their abbreviations. For the vegetation models,
focal vegetation types are coded by species and modeling
approach: 1, Tamias alpinus single-species models; 2, Tamias
speciosus single-species models; 3, Tamias senex single species
models; 4, multi-species models.
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Fig. 2 State of California showing the distribution of (a) Tamias alpinus, (b) Tamias speciosus and (c) Tamias senex. Black rectangle shows
blow-up of study area. The gray shaded area is the study area and the black line shows Yosemite National Park boundary. Black dots
indicate historical mammal sites (19141916, n = 39) and white dots show modern mammal sites (2003-2007, n = 109).

et al. (2008) data with results from targeted trapping of
chipmunks between May and August 2007. Because of
the limited availability of comparable vegetation data in
both eras, we restricted our study to 39 sites in the
historical dataset and 109 sites in the modern dataset.
There are more modern than historical sites because the
modern surveys were greater in their sampling extent at
each general site (i.e., more traplines in the general
vicinity of the historical locality) and included new
survey sites (i.e., sites not sampled in the past; Fig. 2).
The three focal species have overlapping but distinct
distributions in California and share several life history
traits (Table 1).

Species data

Original Grinnell survey results were georeferenced
from detailed field notes and maps (http:/ /bscit.berkeley.
edu/mvz/volumes.html?). Traplines within 2km and
100m in elevation were aggregated within each era to
minimize spatial autocorrelation and account for the
uncertainty in the location of historical traplines (here-
after ‘aggregated traplines’ are referred to as ‘sites’).
Using detailed field notes on trap captures in the
historical and modern surveys, we were able to

calculate the probability of detection of each species at
each site following the methods of MacKenzie et al.
(2002), MacKenzie (2006). We did the calculations in-
cluding the 2007 data following Moritz et al. (2008)
(supporting information) with one exception, instead
of estimating the probability of false absence (PFA)
across elevational bands, we calculated PFA for each
specific site. We considered a site at which a particular
species was not detected to represent a ‘true absence’
for that species if the PFA was <10%. We used the
presence and ‘true absence’ data when validating the
models within and between eras.

Climate data

We used a climate dataset generated with the Anusplin
interpolation algorithm on weather station data at 1km?
spatial resolution (Parra & Monahan, 2008). A compar-
ison of these interpolated layers of historical and pre-
sent climate indicated that our study area has become
drier and on average, the minimum monthly tempera-
ture has increased by about 1°C. However, warming is
not consistent across sites; low elevation sites have
warmed from 0.8 to 2.9°C and certain high elevation
sites have remained stable or become slightly cooler.
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Table 1 Elevational zone, observed distributional change (as recorded by Moritz et al., 2008), prevalence and habitat description of

study species in and around Yosemite National Park

Elevation shift
Elevational zone reported in Moritz

Species in study area et al. (2008)

Prevalence in
historical era (#
detected /# sites)

Prevalence in
modern era (# Habitat in study
detected /# sites) area*

Tamias alpinus  Above 3000 m Retracted 628 m up

Tamias speciosus 2000-3000 m
and 65m up
1800-2300 m Retracted
1007 m up and 334 m
down

Tamias senex

10/39 (0.26)

Expanded 128 m down 12/39 (0.31)

7/39 (0.18)

18/109 (0.17) Mainly above treeline in open
granite slab areas, talus
slopes and at meadow
edges

Open lodgepole forest
stands; present at treeline
but rarely above

Dense canopy old-growth
forests; Jeffrey Pine & Red
Fir; riparian vegetation

48/109 (0.44)

1/109 (0.01)

*Grinnell & Storer (1924), Johnson (1943), Waters & Zabel (1998), Waters et al. (2001).

This variation is not unexpected given the topological
complexity of the area. The Anusplin interpolation is
consistent with the available climate station data from
each time period (National Climate Data Center, 2003;
see Appendix S1 for more details). Nineteen bioclimatic
variables were derived for each time period. We re-
moved variables that were highly correlated (cut-off
Pearson’s r<0.85, Elith et al., 2006) and selected a final
set of variables that were biologically relevant to the
study species. From previous research, we know that
winter temperatures and timing of spring snowmelt are
important factors for the survival and reproduction of
alpine plants (e.g., Dunne et al., 2003), nonhibernating
boreal mammals (e.g., pika: Smith & Ivins, 1983; Morri-
son & Hik, 2007; snowshoe hares: Odonoghue & Krebs,
1992) and hibernating sciurid mammals (marmots:
Inouye et al., 2000, red squirrels: Réale et al., 2003).
Therefore, we selected climatic variables based on the
life history of the study species and the resources upon
which they depend at emergence. Four biologically
relevant variables were considered in our models: TS,
temperature seasonality (standard deviation of mean
monthly temperature); ATR, annual temperature range
(maximum temperature of warmest month minus
minimum temperature of coldest month); PWe, preci-
pitation of wettest month; MinT, minimum temperature
of coldest month.

Vegetation data

The vegetation dataset used for this study was derived
from two vegetation maps of the area representing both
eras (historical: Wieslander, 1935 and modern: Nature-
Serve, 2003). The Wieslander Vegetation Type Map
(VIM) collection consists of plot data, plot maps and
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vegetation maps which show hand drawn polygons of
forest type and their associated species across California.
The VIM collection has been digitized and is available
online (Kelly et al., 2005; Thorne et al., 2008) and a recent
analysis of spatial uncertainties in this dataset suggest
that the use of these data in environmental niche
modeling or multivariate analyses, such as this study,
alleviate spatial error concerns (Kelly et al., 2008).

S. Cameron, P. Moore, & ]. Thorne (unpublished
results) reclassified both the historical and modern
vegetation maps into a matching classification scheme
(i.e., developed a vegetation ‘crosswalk’) using the
California Wildlife Habitat Relationship database (Cali-
fornia Department of Fish and Game & California
Interagency Wildlife Task Group, 2008). Twelve vegeta-
tion categories were recorded in the Yosemite area in
both time periods. From these 12, we chose four to six
vegetation types for each species using the habitat
associations recorded in the CWHR database and repre-
senting habitats that each species is known from field
observation to inhabit. Multi-species vegetation models
included four vegetation types that are overlapping
between at least two of the three species (Fig. 1).

Model development and evaluation

We developed correlative distribution models using
both single- and multi-species multivariate adaptive
regression splines (Friedman, 1991). We constructed
single- and multi-species models with different
combinations of predictor variables according to the
following framework: climate-only, vegetation-only and
climate + vegetation. All models were run in the statis-
tical package R 2.9.0 (R Development Core Team, 2009)
using the mda library and custom code written by Elith
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& Leathwick (2007). We developed 18 historical models
and 12 modern models. We have a reduced set
of modern models because the prevalence of
T. senex dropped from 0.18 in the historical survey to
<0.01 in the modern resurvey with comparable
detectability (Moritz et al., 2008, this study). Hence,
modern models were run for only T. alpinus and
T. speciosus.

We evaluated the accuracy of the models both within-
and between-eras. For the within-era scenario we pro-
jected the model onto the environmental landscape
from the era in which it was built. In the between-era
evaluation we projected models built in one era onto the
environmental landscape of the modern or past era and
then used the species data from the era into which it
was projected to evaluate the accuracy of the model.
Sites where focal species exhibited low detectability or a
PFA > 0.1 were removed from the historical and modern
test data sets.

The ‘best’ models were defined using two ap-
proaches. First, we calculated Akaike Information
Criterion (AIC, Burnham & Anderson, 2002) to select
the top model from three candidate models Q.e.,
climate-only, vegetation-only, and climate + vegeta-
tion). Models were ranked based on the lowest AIC
score for a given species and modeling technique
(single- vs. multi-species). Second, we assessed model
prediction accuracy by examining the area under the
receiver-operating characteristic curve (AUC), and the
true skill statistic (TSS). AUC varies from 0 to 1: a score
of 1 is perfect discrimination and a score of 0.5 is no
different from random. TSS is defined as sensitivity
(correctly classified presences) + specificity (correctly
classified absences) — 1 (Allouche et al., 2006). We set
the threshold for calculating TSS to the prevalence (# of
presences/# of sites) in the training dataset (Liu et al.,
2005). The values of the thresholds to calculate TSS for
each species are shown in Table 1.

We determined the top performing model by exam-
ining its predictive power as measured by AUC and
TSS. An AUC>0.8 and TSS>0.50 suggest strong pre-
dictive power (Swets, 1988; Allouche et al., 2006). The
model for each species with the highest AUC and the
highest TSS (i.e., highest cumulative accuracy score)
was considered the most accurate at predicting the
species’ distribution either within or between eras.
AUC or TSS values that differed by 0.05 or less between
competing models were considered to have similar
predictive performance and in these cases the model
with the lowest AIC score was used to determine the
top model. All models with an AUC<0.70 and
TSS <0.40 were considered poor. For specific details of
the model settings, please refer to the supporting in-
formation (Appendix S2, S3).

Results

Based on AIC scores alone, the historical single- and
multi-species climate-only models were ranked as the
best models for all three species (Table 2a and b). The
same was true for the modern models with the excep-
tion of T. speciosus for which the climate + vegetation
model was ranked highest based on AIC for both
single- and multi-species models. For all species, across
eras and modeling approaches, the vegetation-only
models were ranked lowest by AIC. However, models
with high AIC rankings were not always the most
accurate as measured by AUC and TSS (Table 2a-d,
Fig. 3). The historical multi-species models did not
greatly improve the between era accuracy of models,
but the inclusion of co-occurrence did improve the
ability of modern models to predict distributions in
the past.

Within-era model accuracy

Results for the single-species models show that histor-
ical models with the top AIC score (climate-only
models) have high accuracy (Table 2a). The historical
climate + vegetation model was ranked second best by
AIC for all species and also did a good job of recovering
the input data. The lowest AIC-ranked model (vegeta-
tion-only) exhibited high accuracy for T. alpinus and
T. speciosus, but not for T. senex.

The modern climate-only model for T. alpinus had
high accuracy (Table 2c) whereas the highest AIC-
ranked climate + vegetation modern model for T. spe-
ciosus had low accuracy (Table 2¢). In fact, all three
modern within-era models for T. speciosus performed
poorly indicating a weak model fit between the input
data and the predictor variables. The addition of species
co-occurrence in the multi-species models did not
significantly improve model performance within eras
(Table 2b and ¢).

Between-era model accuracy

Historical to modern. The historical single-species
climate-only model accurately predicted the eleva-
tional shift observed in T. alpinus (Fig. 3b). All three
historical T. alpinus models had high discriminatory
power when predicting this species’ distribution to
the present, but only the climate-only model had high
accuracy with both AUC and TSS. Predictive perfor-
mance was not improved by adding co-occurrence into
the historical T. alpinus models (Table 2b), but overall,
the multi-species climate-only model had higher
accuracy than either of the other two single-species
models (climate + vegetation and vegetation-only).

© 2010 Blackwell Publishing Ltd, Global Change Biology, 17, 696-708
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Table 2. (Contd.)

[eal

TSS (within era) AUC (between era) TSS (between era)

AUC (within era)

Predictor variables

AAIC

AIC

Model

.M. RUBIDGE etal.

(d)

T. alpinus

0.55
0.0

0.72
0.73
0.35

0.92
0.93
0.67

MinT

0.0
9.0
35.5

—52.5
—43.5
-17.0

Climate-only

0.61
0.53

TS, MinT, ATR, PWet, Jun

RFR, JUN

Climate + vegetation

Vegetation-only
T. speciosus

0.05

0.13
0.86
0.25

0.57

0.48
0.33
0.18

0.8

TS, MinT, ATR, PWet, Jun

MinT

0.0
32
25.2

15.8

18.6

Climate + vegetation

Climate-only

0.75
0.59

0.62

RFR, JUN

41.0

Vegetation-only

(a) Single-species historical models projected onto historical (within era) and modern (between era) environmental data; (b) multi-species historical models projected onto

historical (within era) and modern (between era) environmental data; (c) single-species modern models when projected onto modern (within era) and historical (between era)

environmental data; (d) multi-species modern models projected onto modern (within era) and historical (between era) environmental data.

*Even with the inclusion of vegetation variables, model result is the identical to climate-only model.

AIC, Akaike Information Criterion; AUC, area under the receiver—operating characteristic curve; TSS, true skill statistic.

In contrast to the high accuracy of the T. alpinus
models, all three historical T. speciosus models per-
formed poorly in predicting the stability of this species’
distribution to the present (Table 2b; Fig. 3e-h) and
in all cases an upwards shift in distribution was pre-
dicted. For T. speciosus, the multi-species models had
slightly greater discriminatory power (AUC) but the
distribution of this species was still grossly under-
predicted, as reflected in the low TSS scores. All six
historical models for T. speciosus predicted a modern
shift upwards in elevation that was not empirically
observed.

The third AIC-ranked vegetation-only model more
accurately predicted the range collapse of T. senex
than the top AIC-ranked climate-only model (Table 2a,
Fig. 3j). In fact, both the single-species and the multi-
species vegetation-only models are most accurate at
predicting the observed range collapse of T. senex. The
single-species climate + vegetation and the multi-spe-
cies climate-only models do have high discriminatory
power (AUC=1.0 and 0.89, respectively), but these
models do not perform well when examining the
threshold-dependent TSS. However, the low TSS score
is likely an artifact of the testing data, which includes
only one presence point. The incorrect classification of
this single point results in a sensitivity of zero. None-
theless, the predictive maps of these models both in-
dicate a northward contraction of T. senex, suggesting
that both climate and vegetation are related to the range
collapse of this species.

Modern to historic. The single-species modern climate-
only model for T. alpinus did not accurately predict the
species’ historical distribution (Table 2c). Although it had
a high discriminatory power (AUC), the model under-
predicted the true historical range of T. alpinus based on
TSS. The single-species model that showed the highest
accuracy in predicting the distribution back in time was
the vegetation-only model, a model that did poorly at
predicting the distribution within era (Table 2c). Overall,
the best performing modern T. alpinus model at predicting
the species’ distribution in the past was the multi-species
modern climate-only model (Table 2c, Fig. 3c).

The best modern single-species model based on AIC
for T. speciosus was the climate + vegetation model, but
this model showed lower overall accuracy at predicting
the historical range of T. speciosus in the past than
both the vegetation-only and the climate-only models
(Table 2c). The most accurate modern model was the
multi-species climate-only model. The climate + vege-
tation multi-species model, which was ranked as best in
terms of AIC, did an inadequate job at predicting the
historical range. In general, the best modern T. speciosus
models did a better job at predicting historical distribu-
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tions than the historical models did at predicting into
the present (Table 2c, Fig. 3e-h).

Predictor variables

The variables included in the best models for predicting
species’ distributions varied by species, modeling
approach (single- vs. multi-species) and era (Table 2a-
d). The most common climate variables selected for the
historical single-species models were ‘minimum tem-
perature of coldest month” (MinT) and ‘precipitation of
wettest month” (PWet). The climate variables selected

© 2010 Blackwell Publishing Ltd, Global Change Biology, 17, 696-708

for the historical multi-species models were ‘TS’, MinT,
and ‘ATR’ and this did not change when vegetation was
included in the model (Table 2b).

The most common climate variables selected for the
modern single-species models were ATR and MinT. The
set of predictor variables for each species in the histor-
ical era was not the same set of variables that were
selected by the models for the modern era. For example,
the T. alpinus historical single-species climate-only mod-
el included TS and MinT but the modern model of the
same type included TS, MinT and ATR. Overall, TS
appears to be a more important predictor of species’
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distributions in the present than in the past and MinT
maintained its importance as a predictor in both eras.

Model results suggested that a minimum tempera-
ture of approximately —10 °C during the coldest month
of the year is required for T. alpinus to occupy an area
(Fig. 4a). Sites that did not exhibit this threshold had
low probability of presence. This threshold temperature
was present in both the historical and modern model
results. The modeled probability of presence for
T. speciosus shows a unimodal pattern in both eras,
suggesting that there are lower and upper thresholds
for critical temperatures; however, these limits were not
constant over time (Fig. 4b). Currently, T. speciosus
occupies both warmer and colder environments than
it did in the past.

The vegetation variables included in models were
different for each species as described in the methods.
There were two cases where vegetation-only models
outperformed or were comparable to climate models
between eras. One was in predicting the range collapse
observed in T. senex. The historical single- and multi-
species vegetation-only models for T. senex selected red
fir (RFR), Juniper (JUN) and Montane Chapparal-Mixed
Chaparral (MCP_MHC), and RFR and JUN respec-
tively. The other case is the single-species modern
vegetation-only model for T. alpinus. When projected
back in time, this model performed nearly as well as the
multi-species modern climate-only model. The vegeta-
tion variables in this model were barren (BAR) and
Subalpine Conifer (SCN).

Discussion

This study evaluated the role of climate, habitat and
occurrence of congeners in predicting known changes
in chipmunk distributions over the past century. Over-
all, we found that even with the inclusion of biotic
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predictors, climate alone is the dominant predictor
explaining the distribution of the study species within
a time period, and this was particularly true for the
historical era. However, climate was not consistently an
adequate predictor of changes in all three species’
distributions across time. The top model accurately
predicted the observed elevational shift upslope for
T. alpinus, but also predicted a similar upslope shift in
T. speciosus that was not observed. Climate alone did an
adequate job of explaining the distribution of T. senex in
the historical era but it did not predict its collapse as
accurately as models including vegetation.

Direct vs. indirect effects of climate on chipmunk
distributions

Animals and plants that live on mountaintops are
thought to be especially vulnerable to climate change
for two reasons: they are more extinction prone due to
limited dispersal options (McDonald & Brown, 1992),
and often have relatively narrow tolerances to tempera-
ture (e.g., pika, Macarthur & Wang, 1973). T. alpinus is
an example of an alpine animal that has retracted its
distribution upwards in elevation over the past century.
Our results strongly support the hypothesis that a
warmer modern climate is the major driver of this
elevational shift rather than factors such as vegetation
and competition with other chipmunk species. In parti-
cular, our results show that a minimum winter tem-
perature, approximately —10°C during the coldest
month of the year, is an important limiting factor for
T. alpinus within the study area. The elevation at which
this minimum temperature occurs appears to have
moved upslope over the past century and this species
has tracked it through time. Recently, as part of the
Grinnellian resurvey of Californian birds, Tingley et al.
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Fig. 4 The multivariate adaptive regression spline (MARS) predicted probability of presence of Tamias alpinus (left), and Tamias speciosus
(right), across minimum monthly temperatures (MinT) in the historical (black circles), and modern (open circles) models. MARS
probabilities generated from historical and modern single-species climate-only models.
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(2009) found that several species of birds have also
tracked their ‘climatic niche’ over the past century.

It is important to note, however, that although it
appears that MinT is a limiting factor in T. alpinus’
distribution, our approach cannot determine causation.
Our climate data estimate air temperatures, which are
known to be important cues for hibernating sciurid
mammals, particularly for springtime arousal (Inouye
et al., 2000), but other biologically important factors
related to climate were not directly measured in this
study and also vary with elevation, such as snowpack.
Snowpack provides a critical insulating layer for small
mammals and is an important factor for overwinter
survival (Vaughan et al., 2000). Our results suggest that
T. alpinus inhabits some colder areas now than it did in
the past (Fig. 4). One explanation of this is that the
higher the elevation the lower the MinT, but the tem-
perature inside the hibernacula during the winter is
likely warmer at higher elevations with deep snowpack,
than lower elevations with less snowpack. This example
demonstrates the multidimensional nature of climate-
species interactions but also stresses the potential lim-
itations of using interpolated bioclimatic variables as
biologically relevant proxies.

Interestingly, the modern multi-species climate-only
model is more accurate at predicting the historical
distribution of T. alpinus than the equivalent single-
species model. The multi-species model is based solely
on MinT, further supporting evidence that minimum
temperature is an important factor delimiting the eleva-
tional zonation of these species, and T. alpinus in parti-
cular. This result also suggests that perhaps simpler
models with few biologically relevant predictor vari-
ables are more accurate at predicting across time than
more complex models (the single-species modern cli-
mate-only model selected three: TS, MinT, and PWet). It
is also possible that single-species within era models are
subject to model-overfitting and therefore suffer re-
duced performance when projected between eras.

A key weakness of species distribution models is
their high prediction error rate when projecting into
novel environments and/or non-analog climates (Fitz-
patrick & Hargrove, 2009). This occurs because the
correlations between the environmental variables and
species data in the training model may not exist in those
combinations in the new environmental space (Thuiller
et al., 2004). An alternative hypothesis for the large
prediction error when predicting a distribution across
time is that the predictor variables selected by the
model in one era are not tracked by the species across
time and space (Broennimann et al., 2008). In other
words, what limits a species distribution in one era
may be different than what limits its distribution in
another (e.g., Monahan & Hijmans, 2008). This appears
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to be the case for T. speciosus. The single-species histor-
ical climate-only model did an adequate job of recover-
ing the species distribution within the historical era, but
the climate-only model did not perform well when
forecasting the current distribution or simply recover-
ing the modern distribution from the modern input
data. However, both the single- and multi-species mod-
ern climate-only models accurately predicted the his-
torical distribution of T. speciosus. These results suggest
that the historical distribution of T. speciosus in the study
area was delineated by climate, primarily by minimum
winter temperature and secondarily by seasonality.
However, this correlative relationship between tem-
perature and the species” distributional limit no longer
exists. T. speciosus appears to now occupy both warmer
and colder habitats than it did in the past. Perhaps this
suggests that it is no longer limited by temperature;
however, a more likely explanation is that it was not
and is not in a stable equilibrium state with respect to
these environmental variables, a simplifying assump-
tion of most distribution models.

It is possible that the historical distribution of
T. speciosus was in fact limited indirectly by interspecific
competition and not by climate as the models suggest. It
meets two congeners at both distributional boundaries:
T. senex at the lower elevational boundary and T. alpinus
at the upper boundary. Our results provide strong
evidence that T. alpinus is limited by climate and mod-
erate evidence that both climate and vegetation have
played a role in the range collapse of T. senex. With the
retraction of both of these species, T. speciosus may have
been released from competition and responded by
filling the space left following the contraction of the
other two species, hence moving into both cooler
and warmer areas. In addition, there was greater
opportunity for interspecific interactions in the past,
because the species’ distributions had greater geo-
graphic overlap.

Using the historical surveys, we calculated that
T. senex and T. speciosus were found together at 27% of
sites out of all sites where at least one of the species was
found. Currently, both species were only detected at one
site (2%), the single site where we detected T. senex.
There was a similar trend with T. alpinus. In the past,
T. alpinus and T. speciosus were caught at the same site
35% of the time whereas today, we only caught both
species at 18% of sites out of all sites where at least one
was captured. Interestingly, in the past there was one
site (elevation 2455m) where all three species were
detected whereas currently, only T. speciosus was de-
tected at that site. Although T. speciosus’ distribution has
generally remained stable overtime, Moritz et al. (2008)
did report an elevational expansion up by 65m and
down by 128 m, which provides some evidence consis-
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tent with competitive release of this species at its
elevational boundaries. T. speciosus was ‘likely the most
common chipmunk’ in Yosemite National Park during
Grinnell surveys (Grinnell & Storer, 1924) and today,
trap captures corrected for effort suggest that it has
increased in relative abundance since the original sur-
veys across the park (Rubidge, unpublished data).
Based on this evidence and our results, it is possible
that T. speciosus’ distribution in the study area is not
limited by climate but by interspecific interactions with
the other two chipmunk species. However, the environ-
mental change in the study area appears to have had an
indirect and positive effect on T. speciosus by removing
its competitors at its distributional limits.

Our study area captures the southern-most tip of the
T. senex range. Local populations at range edges are
expected to experience higher extinction rates and
possess lower genetic diversity than those at the center
because they tend to occur in less favorable habitats
(Lawton, 1993). The local populations at the rear edge
are at particular extinction risk under climate change
scenarios because they already represent the warmest
conditions a species inhabits (e.g., Parmesan, 1996), and
perhaps do not possess the genetic variation required
for adaptation to a change in conditions (Kirkpatrick &
Barton, 1997; Case & Taper, 2000). Grinnell & Storer
(1924) describe T. senex as a ‘common resident’ in
Yosemite National Park; today, T. senex has virtually
disappeared from the area. The collapse of T. senex’s
distribution in Yosemite is likely another example of a
poleward range shift in response to warming that has
been observed in other taxa (reviewed in Parmesan &
Yohe, 2003). Resurvey efforts in other parts of California
including a site just 190 km north of our study area
report capture rates of T. senex similar to the historical
surveys in the same area (Chris Conroy, pers. comm.).
T. senex is the largest of the three study chipmunks and
previous studies suggest that it selects dense closed-
canopy old growth Jeffrey pine and Red Fir forests
(Sharples, 1983; Coppeto et al., 2006) and riparian habi-
tat (Waters & Zabel, 1998). A recent study reported that
between 1930 and 1990, large diameter tree density in
Yosemite declined by 24% (Lutz et al., 2009). Jeffrey Pine
(Pinus jeffreyi), in particular, suffered disproportionately
greater losses of large-diameter trees in the lower-eleva-
tion portions of their range. Lutz et al. (2009) attribute
the death of old growth trees in Yosemite to increased
water stress. The direct impact of climate change on
vegetation has indirect effects on the species that de-
pend upon these habitats. According to our model
results, the documented change in the vegetation struc-
ture of the forests of Yosemite, as well as warming,
have likely played a role in the northward retraction of
the T. senex range. However, because this species has

become so rare in the study area our power to validate
the model is low.

Conclusions

Species are responding to climate change by shifting
their distributions both by latitude and elevation (Par-
mesan, 2006). Correlative distribution models can be
useful for predicting where species will occur under
future climates, but the correlations do not necessarily
hold through time. This study was able to assess the
predictive accuracy of correlative species distribution
models over a century of climate change, but we were
also able to include habitat and species co-occurrence
predictors to determine their relative importance. Our
results demonstrate that correlative distribution models
are useful in understanding species’ potential responses
to environmental change, but also show how changes in
species-environment correlations through time can lim-
it the predictive performance of models. With recent
developments in biodiversity informatics and the in-
creasing availability of spatiotemporally explicit data
(Graham et al., 2004), studies like this that are able to
validate models in a projection environment, and in-
clude both abiotic and biotic predictor variables, will
allow us to develop a more complete mechanistic
understanding of which species respond directly or
indirectly to climate change.

Acknowledgements

We are grateful to ]. L. Patton, C. Conroy, the YNP resurvey field
team, C. Patton and L. Chow for their role in collecting the
modern field data. Thank you to J. Thorne and the Wieslander
Working Group for access to historical vegetation data and to
P. Moore for access to contemporary vegetation data. Early drafts
of this manuscript were greatly improved by C. Moritz, the
Grinnell Resurvey Group, C. Burton, L. Prugh and other mem-
bers of the Brashares Lab Group, and N. M. Kelly. E. M. Rubidge
was supported by a National Science & Engineering Research
Council PGS D award, the Museum of Vertebrate Zoology, and
the Environmental Science, Policy and Management Department
at UC Berkeley, during this research.

References

Allouche O, Tsoar A, Kadmon R (2006) Assessing the accuracy of species distribution
models: prevalence, kappa and the true skill statistic (TSS). Journal Applied Ecology,
43, 1223-1232.

Araujo MB, Luoto M (2007) The importance of biotic interactions for modelling species
distributions under climate change. Global Ecology and Biogeogreography, 16, 743-753.

Araujo MB, Pearson RG, Thuiller W, Erhard M (2005a) Validation of species-climate
impact models under climate change. Global Change Biology, 11, 1504-1513.

Araujo MB, Whittaker RJ, Ladle R], Erhard M (2005b) Reducing uncertainty in
projections of extinction risk from climate change. Global Ecology and Biogeogreo-
graphy, 14, 529-538.

Barnard P, Thuiller W (2008) Introduction. Global change and biodiversity: future
challenges. Biology Letters, 4, 553-555.

© 2010 Blackwell Publishing Ltd, Global Change Biology, 17, 696-708



DRIVERS OF CHANGE IN CHIPMUNK DISTRIBUTIONS 707

Broennimann O, Treier UA, Mueller-Schaerer H, Thuiller W, Peterson AT, Guisan A
(2008) Evidence of climatic niche shift during biological invasion. Ecology Letters, 10,
701-709.

Brown JH, Valone T, Curtin C (1997) Reorganization of an arid ecosystem in response
to recent climate change. Proceedings of the National Academy of Science USA, 94,
9729-9733.

Burnham KP, Anderson DR (2002) Model Selection and Multimodel Inference: A Practical
Information-Theoretic Approach, 2nd edn. Springer Science + Buisiness Media Inc.,
New York, NY, USA.

California Department of Fish and Game, California Interagency Wildlife Task Group
(2008) CWHR Version 8.2 Personal Computer Program. CWHR, Sacramento, CA.
Case TJ, Taper ML (2000) Interspecific competition, environmental gradients, gene
flow, and the coevolution of species’ borders. American Naturalist, 155, 583-605.
Chappell MA (1978) Behavioral factors in the altitudinal zonation of chipmunks

(Eutamias). Ecology, 59, 565-579.

Chappell MA, Calvo AV, Heller HC (1978) Hypothalamic thermosensitivity and
adaptations for heat-storage behavior in 3 species of chipmunks (Eutamias) from
different thermal environments. Journal of Comparative Physiology, 125, 175-183.

Coppeto SA, Kelt DA, Van Vuren DH, Wilson JA, Bigelow S (2006) Habitat associations
of small mammals at two spatial scales in the northern Sierra Nevada. Journal of
Mammalogy, 87, 402-413.

Davis AJ, Jenkinson LS, Lawton JH, Shorrocks B, Wood S (1998) Making mistakes
when predicting shifts in species range in response to global warming. Nature, 391,
783-786.

Dunne J, Harte J, Taylor K (2003) Subalpine meadow flowering phenology responses
to climate change: integrating experimental and gradient methods. Ecological
Monographs, 73, 69-86.

Elith J, Graham CH, Anderson RP et al. (2006) Novel methods improve prediction of
species” distributions from occurrence data. Ecography, 29, 129-151.

Elith J, Leathwick J (2007) Predicting species distributions from museum and herbar-
ium records using multiresponse models fitted with multivariate adaptive regres-
sion splines. Diversity and Distributions, 13, 265-275.

Fitzpatrick MC, Hargrove WW (2009) The projection of species distribution models
and the problem of non-analog climate. Biodiversity Conservation, 18, 2255-2261.
Friedman J (1991) Multivariate adaptive regression splines. Annals of Statistics, 19,

1-141.

Graham C, Ferrier S, Huettman F, Moritz C, Peterson A (2004) New developments in
museum-based informatics and applications in biodiversity analysis. Trends in
Ecology & Evolution, 19, 497-503.

Grinnell J, Storer TI (1924) Animal Life in the Yosemite. University of California Press,
Berkeley, CA.

Guisan A, Thuiller W (2005) Predicting species distribution: offering more than simple
habitat models. Ecology Letters, 8, 993-1009.

Guisan A, Zimmermann N (2000) Predictive habitat distribution models in ecology.
Ecological Modelling, 135, 147-186.

Hampe A (2004) Bioclimate envelope models: what they detect and what they hide.
Global Ecology and Biogeography, 13, 469-471.

Heller HC (1971) Altitudinal zonation of chipmunks (Eutamias): interspecific aggres-
sion. Ecology, 52, 312-319.

Heller HC, Gates DM (1971) Altitudinal zonation of chipmunks (Eutamias): energy
budgets. Ecology, 52, 424-433.

Heller HC, Poulson T (1972) Altitudinal zonation of chipmunks (Eutamias): adapta-
tions to aridity and high temperature. American Midland Naturalist, 87, 296-313.
Hijmans RJ, Graham CH (2006) The ability of climate envelope models to predict the
effect of climate change on species distributions. Global Change Biology, 12, 2272—

2281.

Inouye DW, Barr B, Armitage KB, Inouye BD (2000) Climate change is affecting
altitudinal migrants and hibernating species. Proceedings of the National Academy of
Science USA, 97, 1630-1633.

Jackson ST, Overpeck JT (2000) Responses of plant populations and communities to
environmental changes of the late Quaternary. Paleobiology, 26, 194-220.

Johnson DH (1943) Systematic review of chipmunks (genus Eutamias) of California.
University of California Publications in Zoology, 48, 63-148.

Kharouba HM, Algar AC, Kerr JT (2009) Historically calibrated predictions of butterfly
species’ range shift using global change as a pseudo-experiment. Ecology, 90, 2213—
2222.

Kelly M, Allen-Diaz B, Kobzina N (2005) Digitization of a historic dataset: the
Wieslander California vegetation type mapping project. Madroiio, 51, 372-378.

Kelly M, Ken-ichi U, Allen-Diaz B (2008) Considerations for ecological reconstruction
of historic vegetation: Analysis of the spatial uncertainties in the California
Vegetation Type Map dataset. Plant Ecology, 194, 37-49.

© 2010 Blackwell Publishing Ltd, Global Change Biology, 17, 696-708

Kirkpatrick M, Barton NH (1997) Evolution of a species’ range. American Naturalist,
150, 1-23.

Lawler JJ, White D, Neilson RP, Blaustein AR (2006) Predicting climate-induced range
shifts: model differences and model reliability. Global Change Biology, 12, 1568-1584.

Lawton JH (1993) Range, population abundance and conservation. Trends in Ecology &
Evolution, 8, 409-413.

Liu CR, Berry PM, Dawson TP, Pearson RG (2005) Selecting thresholds of occurrence in
the prediction of species distributions. Ecography, 28, 385-393.

Lutz JA, van Wagtendonk JW, Franklin JF (2009) Twentieth-century decline of large-
diameter trees in Yosemite National Park, California, USA. Forest Ecology and
Management, 257, 2296-2307.

Macarthur A, Wang LCH (1973) Physiology of thermoregulation in pika, Ochotona
princeps. Canadian Journal of Zoology, 51, 11-16.

MacKenzie DI (2006) Modeling the probability of resource use: the effect of, and
dealing with, detecting a species imperfectly. Journal of Wildlife Management, 70,
367-374.

MacKenzie DI, Nichols JD, Lachman GB, Droege S, Royle JA, Langtimm CA (2002)
Estimating site occupancy rates when detection probabilities are less than one.
Ecology, 83, 2248-2255.

McDonald KA, Brown JH (1992) Using montane mammals to model extinctions due to
global change. Consveration Biology, 6, 409—415.

Monahan WB, Hijmans RJ (2008) Ecophysiological constraints shape autumn migra-
tory response to climate change in the North American Field Sparrow. Biology
Letters, 4, 595-598.

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

Morrison SF, Hik DS (2007) Demographic analysis of a declining pika, Ochotona collaris,
population: linking survival to broad-scale climate patterns via spring snowmelt
patterns. Journal of Animal Ecology, 76, 899-907.

National Climate Data Center (2003) Data Documentation for Data Set 3220 (DSI-3220).
National Climatic Data Center, NC, USA.

NatureServe (2003) A vegetation classification for Yosemite National Park and environs,
Tuolumne, Mariposa, Madera, Mono counties. California Report to the National Park
Service in cooperation with the California Native Plant Society and California
Natural Heritage Program, Wildlife and Habitat Data Branch, California Depart-
ment of Fish and Game, Sacromento, USA.

Odonoghue M, Krebs CJ (1992) Effects of supplemental food on snowshoe hare
reproduction and juvenile growth at a cyclic population peak. Journal of Animal
Ecology, 61, 631-641.

Parmesan C (1996) Climate and species’ range. Nature, 382, 765-766.

Parmesan C (2006) Ecological and evolutionary responses to recent climate change.
Annual Reviews of Ecology, Evolution and Systematics, 37, 637-669.

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts
across natural systems. Nature, 421, 37-42.

Parra JL, Monahan WB (2008) Variability in 20th century climate change reconstruc-
tions and its consequences for predicting geographic responses of California
mammalsl. Global Change Biology, 14, 2215-2231.

Pearson RG, Dawson TP (2003) Predicting the impacts of climate change on the
distribution of species: are bioclimate envelope models useful? Global Ecology and
Biogeography, 12, 361-371.

Preston K, Rotenberry JT, Redak RA, Allen MF (2008) Habitat shifts of endangered
species under altered climate conditions: importance of biotic interactions. Global
Change Biology, 14, 2501-2515.

R Development Core Team (2009) R: a language and environment for statistical
computing — R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-
900051-07-0. Available http://www.R-project.org/ (accessed 29 May 2009).

Réale D, Mcadam AG, Boutin S, Berteaux D (2003) Genetic and plastic responses of a
northern mammal to climate change. Proceedings of the Royal Society of London Series
B-Biological Sciences, 270, 591-596.

Sharples FE (1983) Habitat use by sympatric species of Eut
ogy., 64, 572-579.

Smith AT, Ivins BL (1983) Colonization in a pika population — dispersal vs philopatry.

1

Journal of M

Behavioral Ecology and Sociobiology, 13, 37-47.

Swets K (1988) Measuring the accuracy of diagnostic systems. Science, 240, 1285-1293.

Thomas CD, Cameron A, Green RE et al. (2004) Extinction risk from climate change.
Nature, 427, 145-148.

Thorne JH, Morgan BJ, Kennedy JA (2008) Vegetation change over 60 years in the Central
Sierra Nevada. Madroiio, 55, 223-237.

Thuiller W, Brotons L, Araujo MB, Lavorel S (2004) Effects of restricting environmental
range of data to project current and future species distributions. Ecography, 27, 165-172.


http://www.R-project.org/

708 E. M. RUBIDGE etal.

Thuiller W, Lavorel S, Araujo MB (2005) Niche properties and geographical extent as
predictors of species sensitivity to climate change. Global Ecology and Biogeography,
14, 347-357.

Tingley MW, Monahan WB, Beissinger SR, Moritz C (2009) Birds track their Grinnel-
lian niche through a century of climate change. Proceedings of the National Academy of
Science USA, 106, 19637-19643.

Vaughan T, Ryan ], Czaplewski N (2000) Mammology, 4th edn. Saunders College
Publishing, San Diego, CA, USA.

Walther G, Post E, Convey P et al. (2002) Ecological responses to recent climate change.
Nature, 416, 389-395.

Waters J, Zabel C (1998) Abundances of small mammals in fir forests in northeastern
California. Journal of Mammal, 79, 1244-1253.

Waters J, Zabel C, McKelvey K, Welsh HH (2001) Vegetation patterns and abundances
of amphibians and small mammals along small streams in a northwestern Cali-
fornia watershed. Northwest Science, 75, 37-52.

Wieslander AE (1935) A vegetation type map of California. Madroiio, 3,
140-144.

Williams JW, Jackson ST (2007) Novel climates, no-analog communities, and ecological
surprises. Frontiers in Ecology and Environment, 5, 475-482.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Appendix S1. Climate comparison.

Appendix S2. Detailed description of model development
and evaluation.

Appendix S3. Sampling and Sample size effects on modeling
results.

Please note: Wiley-Blackwell are not responsible for the con-
tent or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should
be directed to the corresponding author for the article.

© 2010 Blackwell Publishing Ltd, Global Change Biology, 17, 696-708



