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ABSTRACT. In a rapidly changing climate, effective bird conservation requires not only reliable information about the current vulnerability
of species of conservation concern, but also credible projections of their future vulnerability. Such projections may enable managers to
preempt or reduce emerging climate-related threats through appropriate habitat management. We used NatureServe’s Climate Change
Vulnerability Index (CCVI) to predict vulnerability to climate change of 168 bird species that breed in the Sierra Nevada mountains of
California, USA. The CCVI assesses species-specific exposure and sensitivity to climate change within a defined geographic area, through
the integration of (a) species’ range maps, (b) information about species’ natural history traits and ecological relationships, (c) historic
and current climate data, and (d) spatially explicit climate change projections. We conducted the assessment under two different downscaled
climate models with divergent projections about future precipitation through the middle of the 21st century. Assessments differed relatively
little under the two climate models. Of five CCVI vulnerability ranking categories, only one species, White-tailed Ptarmigan (Lagopus
leucura), received the most vulnerable rank, Extremely Vulnerable. No species received the second-highest vulnerability ranking, Highly
Vulnerable. Sixteen species scored as Moderately Vulnerable using one or both climate models: Common Merganser (Mergus merganser),
Osprey (Pandion haliaetus), Bald Eagle (Haliaeetus leucocephalus), Northern Goshawk (Accipiter gentilis), Peregrine Falcon (Falco
peregrinus), Prairie Falcon (Falco mexicanus), Spotted Sandpiper (Actitis macularius), Great Gray Owl (Strix nebulosa), Black Swift
(Cypseloides niger), Clark’s Nutcracker (Nucifraga columbiana), American Dipper (Cinclus mexicanus), Swainson’s Thrush (Catharus
ustulatus), American Pipit (Anthus rubescens), Gray-crowned Rosy-Finch (Leucosticte tephrocotis), Pine Grosbeak (Pinicola enucleator),
and Evening Grosbeak (Coccothraustes vespertinus). Species associated with alpine/subalpine habitats and aquatic habitats received
significantly more vulnerable rankings than birds associated with other habitats. In contrast, species of foothill, sagebrush, and chaparral
habitats ranked as less vulnerable than other species, and our results suggest these species may respond to climate change in the region
with population increases or range expansions.

Vulnérabilité des oiseaux aux changements climatiques dans la Sierra Nevada en Californie
RÉSUMÉ. Dans le contexte d’un climat qui change rapidement, la conservation efficace des oiseaux passe non seulement par un besoin
d’information fiable sur la vulnérabilité actuelle des espèces préoccupantes, mais également par des projections crédibles de leur vulnérabilité
future. Les projections de ce type peuvent permettre aux gestionnaires d’écarter ou d’amoindrir les menaces qui se profilent en raison du
climat grâce à une gestion appropriée de l’habitat. Nous avons utilisé l’indice de vulnérabilité aux changements climatiques (CCVI pour
Climate Change Vulnerability Index) de NatureServe afin de prévoir la vulnérabilité aux changements climatiques de 168 espèces d’oiseaux
qui nichent dans la Sierra Nevada en Californie, aux États-Unis. Le CCVI détermine le degré d’exposition et de sensibilité aux changements
climatiques spécifiques aux espèces dans une région géographique donnée par l’intégration des éléments suivants : a) la répartition de
l’espèce; b) les caractéristiques de l’histoire naturelle et les relations écologiques de l’espèce; c) les données climatiques historiques et
actuelles; et d) des projections des changements climatiques spatialement explicites. Nous avons effectué nos évaluations selon deux modèles
climatiques ayant des projections divergentes pour les précipitations jusqu’au milieu du 21e siècle. Les résultats différaient relativement
peu selon les deux modèles. Parmi les cinq catégories de vulnérabilité du CCVI, seulement une espèce, le Lagopède à queue blanche
(Lagopus leucura), s’est classée au rang de vulnérabilité le plus élevé, soit « extrêmement vulnérable ». Aucune espèce n’a figuré au second
rang, soit « très vulnérable ». Seize espèces ont été classées comme « moyennement vulnérables » selon un des deux modèles ou les deux :
Grand Harle (Mergus merganser), Balbuzard pêcheur (Pandion haliaetus), Pygargue à tête blanche (Haliaeetus leucocephalus), Autour des
palombes (Accipiter gentilis), Faucon pèlerin (Falco peregrinus), Faucon des prairies (Falco mexicanus), Chevalier grivelé (Actitis
macularius), Chouette lapone (Strix nebulosa), Martinet sombre (Cypseloides niger), Cassenoix d’Amérique (Nucifraga columbiana), Cincle
d’Amérique (Cinclus mexicanus), Grive à dos olive (Catharus ustulatus), Pipit d’Amérique (Anthus rubescens), Roselin à tête grise
(Leucosticte tephrocotis), Durbec des sapins (Pinicola enucleator) et Gros-bec errant (Coccothraustes vespertinus). Les espèces associées
aux milieux alpins/subalpins et aux milieux aquatiques ont été classées dans des catégories de vulnérabilité plus élevées que les espèces
fréquentant d’autres milieux, et ce de façon significative. À l’opposée, les espèces associées aux contreforts, aux armoises et au chaparral
se sont vues attribuées des rangs de vulnérabilité moins élevés que les autres espèces, et nos résultats montrent que ces espèces réagiront
peut-être aux changements climatiques par une augmentation de leurs populations ou une expansion de leur répartition.
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INTRODUCTION
In a rapidly changing climate, effective management of bird
populations and their habitats requires not only reliable data
about the current status and vulnerability of species of
conservation concern, but also credible projections of future
status and vulnerability. Future projections may allow managers
to address emerging threats proactively, and, where possible,
preempt or reduce them through thoughtful and appropriate
habitat management. Integrating spatially explicit climate
projections with information about the current distribution and
ecology of plant and animal species provides an approach for
predicting how vulnerable different organisms are likely to be to
climate change (Hansen and Hoffman 2011).
Anthropogenic climate change is already evident across
mountainous regions of the western United States (Bonfils et al.
2008), and the rate of change is expected to increase in the coming
decades (Hayhoe et al. 2004, IPCC 2007, Cayan et al. 2008,
Thorne et al. 2012). In our study region, the Sierra Nevada
mountains of California, USA, climate models uniformly project
warming temperatures, with variation only in the magnitude of
warming, while projected changes in precipitation and other
moisture metrics vary more widely (Cayan et al. 2008, Thorne et
al. 2012). Regardless of whether precipitation decreases greatly,
warming is expected to result in more precipitation falling as rain
rather than snow (Hayhoe et al. 2004), and greatly reduced endof-winter snowpack because more runoff and flooding occurs
during winter (Knowles and Cayan 2004, Dettinger et al. 2004).
The magnitude of the reduction in snowpack and increases in
winter runoff are expected to be highly variable across elevations
and subregions (Dettinger et al. 2004, Maurer 2007), but will yield
reduced spring and summer streamflows across the region
(Knowles and Cayan 2002, Hayhoe et al. 2004). Throughout the
21st century, climate change is projected to decrease the area of
montane and subalpine conifer forest in the Sierra Nevada, and
increase the amount of grassland and oak/pine vegetation
(Lenihan et al. 2008, PRBO Conservation Science 2011).
Long-term anthropogenic climate change may threaten bird
populations through factors such as habitat change and emerging
mismatches between bird life-cycle phenology and prey
availability (Both et al. 2006, Huntley et al. 2008, Möller et al.
2008). In California, Stralberg et al. (2009) predicted that climate
change is likely to yield large shifts in the distributions of many
bird species by 2070, with as much as 57% of the state occupied
by novel bird species assemblages. In contrast to other areas of
California, however, Stralberg et al. (2009) predicted that bird
species’ ranges in the Sierra Nevada will largely shift upslope in
concert with one another, generally maintaining current species
assemblages. Other evidence suggests that distributions of many
bird (Tingley et al. 2009, Tingley and Beissinger 2013) as well as
mammal (Moritz et al. 2008) species in the Sierra Nevada have
already shifted in response to climate change during the past
century, with some species shifting their ranges upslope in
response to temperature changes and others shifting their ranges
downslope in response to precipitation changes (Tingley et al.
2012).
The Climate Change Vulnerability Index (CCVI) was developed
by NatureServe (Young et al. 2011) to predict vulnerability of
plant and animal species to forecasted climate change, using a

standardized method that has been applied across numerous taxa
and regions (e.g., Young et al. 2009, Dubois et al. 2011, Walk et
al. 2011, Anacker et al. 2013). The CCVI employs a scoring system
to assess species-specific exposure and sensitivity to climate
change within a defined geographic area, through the integration
of spatially explicit climate change projections and detailed
information about the distribution, ecology, and life-history of
focal species (Young et al. 2009, 2011, 2012).
To investigate the potential impact of climate change on breeding
bird populations in the Sierra Nevada, we used the CCVI to assess
vulnerability of 168 bird species that breed regularly during
summer in the region. To assess potential variation in response
to uncertain future climate scenarios, we conducted the
assessment under two different climate models with substantially
divergent projections about future precipitation in the Sierra
Nevada. Our primary goals were to identify individual bird
species whose Sierra Nevada breeding populations are most likely
to be jeopardized by climate change during the next half-century,
and to assess patterns in the habitat associations of those species.
We stress that we did not attempt to assess the overall vulnerability
of individual species to all possible threats, but rather the likely
vulnerability of each species to climate change during the next
40-50 years. Additionally, other nonclimate factors, such as
habitat destruction and urban encroachment, or small population
size, could also be important in driving overall vulnerability. Our
results therefore will need to be considered in concert with other
nonclimate factors for establishing conservation priorities and
formulating management strategies (Ohlemüller et al. 2008,
Young et al. 2011, Gardali et al. 2012, Anacker et al. 2013).

METHODS
Study area
We defined the Sierra Nevada according to biogeographical
boundaries for California ecoregions established in Hickman
(1993) and Davis and Stoms (2012). The 6.3 million ha region
includes the Sierra Nevada foothills and highlands, as well as the
Tehachapi Mountains at the southern extreme of the region (Fig.
1). Approximately 37% of lands in the Sierra Nevada are privately
owned, with private holdings heavily concentrated at lower
elevations. The remaining lands are publicly owned and largely
concentrated in national forests (47%) and national parks (10%).

Assessing species vulnerability
We selected 168 bird species that breed or occur regularly during
summer in the Sierra Nevada (Appendix 1). Although > 300 bird
species are known to occur within the region (Lukas 2011, Beedy
and Pandolfino 2013), many of these species are present only in
winter, during northbound or southbound migration, or as rare
vagrants. We restricted our list to species that regularly breed in
the region, based on recent published sources (e.g., Siegel and
DeSante 1999, Lukas 2011, Beedy and Pandolfino 2013) as well
as personal experience.
For each species, our CCVI assessments included (a) projections
of direct exposure to future climate change based on fine-scale,
spatially explicit climate change projections, (b) four factors that
assess indirect exposure to climate change, (c) 15 factors that
assess sensitivity to climate change, and (d) four factors that
incorporate any previously documented or modeled responses to
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Table 1. Vulnerability factors that contribute to the Climate Change Vulnerability Index (Young et al. 2011), and the number of bird
species breeding in the Sierra Nevada (out of 168 we considered) that we assigned to each vulnerability score for each factor. Note that
some scores were not used for certain vulnerability factors (e.g., “Greatly Increase” was not used for factor B3).
No. of species receiving each score for indicated vulnerability factor†
Climate Change Vulnerability Factor

GI

Section A – Direct Exposure to Climate Change
A - Projected exposure to future climate change
Section B – Indirect Exposure to Climate Change
B1 – Exposure to sea-level rise
B2a – Ability to disperse through foreign habitats or
barriers
B2b – Ability to disperse across anthropogenic
barriers
B3 – Impact of climate-related human activities (e.
g., windfarms, dams)
Section C - Sensitivity to Climate Change
C1 – Ability to disperse in response to climate
change
C2ai – Historic temperature variation
C2aii – Physiological need for cool temperatures
C2bi – Past precipitation variation
C2bii – Physiological or ecological need for moist
habitats
C2c – Response to increased disturbance regimes (e.
g., fires, floods)
C2d – Response to decreased ice and snow
C3 – Dependence on uncommon geologic features
C4a – Dependence on particular plant or animal
species
C4b – Dietary versatility; reliance on 1 or 2 species
for food
C4d – Dependence on other species to disperse
C4e – Reliance on interspecific interactions
C5a – Degree of measured genetic variation
C5b – Indication of bottlenecks in recent
evolutionary history
C6 – Vulnerability based on phenotypic inability to
respond
Section D – Documented Response to Climate
Change
D1 – Documented range changes due to recent
climate change
D2 – Modeled predictions for range contraction or
expansion
D3 – Overlap of modeled future range with current
range
D4 – Overlap of predicted future range with
protected areas

I

SI

N

SD

D

U

n/a – Entries for this factor are quantitative rather than categorical

0
0

0
2

0
22

168
144

0
n/a

0
n/a

0
0

0

0

0

168

n/a

n/a

0

n/a

0

29

136

3

0

0

0

0

1

167

0

0

0

0
4
0
6

0
6
0
16

9
7
2
18

158
126
25
114

0
25
141
14

n/a
n/a
n/a
n/a

0
0
0
0

n/a

3

29

19

51

10

56

n/a
n/a
0

1
0
0

1
12
5

166
4
163

n/a
141
n/a

n/a
11
n/a

0
0
0

n/a

8

18

133

9

n/a

0

n/a
n/a
0
n/a

0
0
0
3

0
0
2
3

168
168
5
162

n/a
n/a
0
n/a

n/a
n/a
n/a
n/a

0
0
161
0

n/a

0

0

168

0

n/a

0

0

1

26

32

24

0

85

1

12

47

52

41

13

0

14

38

110

n/a

n/a

2
6

n/a

61

95

7

n/a

n/a

5

†

GI=greatly increased vulnerability, I=increased vulnerability, SI=somewhat increased vulnerability, N=neutral, SD=somewhat decreased
vulnerability, D=decreased vulnerability, U=Unknown.

climate change (Table 1). For sections (b) through (d), each factor
was scored to one of five categories or “unknown,” based on how
the factor may be expected to increase or decrease vulnerability
to climate change (Table 2). Ordinal scores for each factor were
determined based on published and unpublished information
about the species in the assessment area. Space limitations

preclude citing sources of information on natural history, ecology,
and potential sensitivity to climate change for 168 species, but
many of the works we consulted are provided in Poole (2005),
Shuford and Gardali (2008), and Steel et al. (2012). We also relied
on Jongsomjit et al. (2011) for scoring vulnerability based on
modeled responses to climate change, and Tingley et al. (2012)
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for scoring vulnerability based on documented responses to
climate change. Additional details about the data sets used, and
our rationale for scoring the various factors are provided in
Appendix 2.
Fig. 1. The Sierra Nevada regional boundaries delineating our
climate change vulnerability assessment area for breeding bird
species.

Table 2. Categorical vulnerability rankings produced by
NatureServe’s Climate Change Vulnerability Index (Young et al.
2011).
Vulnerability
Ranking

Interpretation

Extremely
Vulnerable

Abundance and/or range extent within
geographical area assessed extremely likely to
substantially decrease or disappear by 2050.
Abundance and/or range extent within
geographical area assessed likely to decrease
significantly by 2050.
Abundance and/or range extent within
geographical area assessed likely to decrease by
2050.
Available evidence does not suggest that
abundance and/or range extent within the
geographical area assessed will change (increase/
decrease) substantially by 2050. Actual range
boundaries may change.
Available evidence suggests that abundance and/
or range extent within geographical area assessed
is likely to increase by 2050.

Highly Vulnerable

Moderately
Vulnerable
Not Vulnerable/
Presumed Stable

Not Vulnerable/
Increase Likely

For section (a), we indexed exposure to projected climate change
as the proportion of each species’ current range within the Sierra
Nevada, forecast to undergo different magnitudes of temperature
and moisture change by the period 2040-2069. The CCVI
guidelines (Young et al. 2011) recommend using the most accurate
broad-scale range map polygons rather than finer point-scale
range maps. We used broad-scale range maps of bird species’
breeding or summer ranges in California developed by Zeiner et
al. (1990) and then digitized and for some species later updated
by staff at the California Department of Fish and Game.

To assess climate change vulnerability factors related to current
and projected climatic conditions, we used historical and
projected future temperature, precipitation, and related
environmental moisture metrics that were produced for California
at a 270-meter grid-scale (Thorne et al. 2012) and clipped to the
particular mapped breeding range of each species in the Sierra
Nevada. These monthly climate data were developed using the
Basin Characterization Model (BCM; Flint and Flint 2007),
which uses a unique statistical downscaling technique that
regresses historical trend on a per-grid cell basis, and accounts for
the effects of topographic complexity to better approximate
climatic conditions at a fine spatial resolution (Flint and Flint
2012). The climate data are then used in BCM on a per-grid cell
basis to project climatic water deficit (CWD), a measure of unmet
water demand by plants for metabolic purposes (Stephenson
1998), snowpack, runoff, and recharge. These outputs are from a
mechanistic model, meaning they are derived from site
characteristics (depth of soil and permeability of bedrock) as well
as temperature and precipitation. The model has been calibrated
through the use of 159 stream gauges in California (Flint et al.
2013). We used 30-year blocks to derive characteristic means of
the values used: monthly mean temperature, precipitation, and
climatic water deficit, for historic and future time periods (Thorne
et al. 2012). We used the difference between recent historical values
(from 1971-2000) and projections for 2040-2069 for our
projections of climate change exposure (Figs. 2 and 3). Following
CCVI guidelines (Young et al. 2011), we assessed projected
changes in temperature directly, whereas for moisture we used
projected changes in climatic water deficit (CWD). Although
Young et al. (2011) provide explicit guidelines for using the
Hamon ratio of actual evapotranspiration to potential
evapotranspiration (Hamon 1961) as a moisture metric that is
available for the entire United States (Hamon 1961), they caution
that the metric is not ideal because it does not include components
of habitat moisture retention such as water holding capacity,
effect of snow pack on water availability, and different vegetation
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types, all of which are challenging to incorporate at a national
scale. The authors therefore explicitly encourage the use of more
detailed, locally-relevant models of moisture availability if they
are available. We used climatic water deficit, the annual plant
evaporative demand that exceeds available soil water, and
integrates precipitation and temperature inputs to yield a single
moisture index that can increase through increased evaporative
demand, decreased water availability, or both factors (Thorne et
al. 2012). CWD provides an ecologically meaningful index of
available moisture and is increasingly used for predicting the
effects of climate change on ecosystems (e.g., Crimmins et al.
2011), including Sierra Nevada ecosystems (van Mantgem and
Stephenson 2007, Lutz et al. 2010). Using this alternative metric
required that we develop a new set of threshold values for scoring
species’ predicted exposure to changes in moisture across their
ranges in the Sierra Nevada. Following the methods that Young
et al. (2011) used in setting national threshold values for the
Hamon Index, we used one and two positive and negative
standard deviations from the mean projected CWD across the
Sierra Nevada as our threshold values.

Fig. 2. Differences between current and future temperature
based on Geophysical Fluid Dynamics Laboratory (GFDL)
and Parallel Climate Model (PCM) climate models within the
Sierra Nevada. For each 270-m grid cell, monthly mean
temperature was calculated as mean of the monthly maximum
temperature + the monthly minimum temperature divided by
two during historical (1971-2000) and future (2040-2069) 30year periods. The maps represent the differences between the
values from the two 30-year periods. The GFDL model projects
greater warming than does the PCM model, but under both
models more warming is generally anticipated in higher
elevation and eastern sections than in lower elevation and
western sections of the Sierra Nevada.

To capture uncertainty inherent in climate projections, we selected
two models, the Geophysical Fluid Dynamics Laboratory
(GFDL; Delworth et al. 2006, Stouffer et al. 2006) and Parallel
Climate Model (PCM; Washington et al. 2000, Meehl et al. 2003),
that accurately represent California climate in current time and
provide divergent future projections whose implications for
California’s climate have been well explored (Cayan et al. 2008).
For both models we based future climate projections (Figs. 2 and
3) on a medium-high (A2) emissions scenario, resulting in
medium-high global temperature increases (Hayhoe et al. 2004).
Both models project warmer future temperatures but the GFDL
model projects moisture deficit to be more pronounced in the
Sierra Nevada than does the PCM model; e.g., GFDL shows
substantial drying over the coming decades, whereas PCM
projects relatively unchanged average precipitation (Thorne et al.
2012).
The CCVI also requires assessments of species’ sensitivity to
changes in temperature and precipitation based on exposure to
past climatic variation (Young et al. 2011). We quantified
variation in temperature and precipitation across the Sierra
Nevada Region between 1971 and 2000 (Fig. 4), and calculated
the amount of variation within each species’ breeding range in
the region. Calculations were based on year-round variation, even
for migratory species not present year round in the Sierra Nevada,
because habitats and food resources used by breeding birds are
subject to year-round temperature variation (Young et al. 2011).
To describe current temperature variation, we used the average
annual difference between monthly mean July maximum
temperatures and monthly mean January minimum temperatures
within each 270-m grid cell, and for precipitation, the difference
between the highest and lowest annual precipitation (mm) values
for each cell during the 30-year period. Exposure to temporal
variability in climate may not be an ideal proxy for sensitivity to
climate change because some species may be able to tolerate wider
variation in climatic conditions than they have experienced in the
area and time span under consideration, but this approach
nevertheless provides a standard that facilitates interstudy
comparisons.

For calculating final vulnerability rankings, we used CCVI version
2.3. Young et al. (2011, 2012) provide detailed descriptions of the
factor weighting scheme and the algorithm for calculation of the
final vulnerability score. In brief, the index first combines
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Fig. 3. Differences between current and future moisture,
quantified here as climatic water deficit (CWD), based on
Geophysical Fluid Dynamics Laboratory (GFDL) and Parallel
Climate Model (PCM) climate models within the Sierra
Nevada. For each 270-m grid cell, monthly mean CWD
evapotranspiration values were calculated as mean of the
annual CWD values during historical (1971-2000) and future
(2040-2069) 30-year periods. Greater changes in CWD values
represent drier future conditions. The maps represent the
differences between the CWD values from the two 30-year
periods for each climate model. The GFDL model projects
much more drying than does the PCM model, but more drying
is anticipated in higher elevation and eastern sections than in
lower elevation and western sections of the Sierra Nevada
under both models.

information on exposure and sensitivity by summing subscores
for each of the four indirect exposure and 15 species sensitivity
factors (Sections B and C in Table 1), which receive values (3.0,

Fig. 4. Recent historical (1971-2000) variation in (a)
temperature and (b) precipitation within the Sierra Nevada. For
temperature, bins represent the average annual difference
between monthly mean July maximum temperatures and
monthly mean January minimum temperatures within each
270-m grid cell. Moisture is represented as the difference
between the highest and lowest annual precipitation (mm)
values for each cell during the 30-year period. Lowland areas of
the Sierra Nevada are generally exposed to greater annual
temperature variation than high-elevation areas, and northern
areas are generally exposed to greater annual variation in
precipitation than southern areas.

2.0, 1.0, 0, –1.0, and –2.0) that reflect the degree to which
vulnerability is increased or decreased. The individual factor
values are then weighted by exposure (Section A, Table 1) to
calculate a subscore for exposure and sensitivity. For most factors,
the exposure weighting is the product of weightings for
temperature (0.5, 1.0, 1.5, or 2.0, depending on the projected
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temperature increase) and climatic water deficit (0.5, 1.0, 1.5, or
2.0, depending on the projected change in climatic water deficit).
The thresholds for the index scores of Extremely Vulnerable,
Highly Vulnerable, Moderately Vulnerable, Not Vulnerable/
Presumed Stable, and Not Vulnerable/Increase Likely are 10.0,
7.0, 4.0, and –2.0, and correspond with possible scenarios of
exposure and sensitivity. For example, the Extremely Vulnerable
threshold is reached for species with high exposure and at least
two indirect exposure or sensitivity factors with scores of 3.0, or
with high exposure and three factors with scores of 2.0. The four
vulnerability factors for the documented and/or modeled
response subscore (Section D, Table 1) are scored in the same
manner as the exposure and sensitivity factors, but are summed
independently with no weighting, because exposure has
presumably already been incorporated in the studies upon which
the factors are based. The thresholds for these index scores are
6.0, 4.0, 2.0, and –1.0, a schema that accounts for the smaller
number of response factors than are incorporated in the exposure
and sensitivity subscore. The two subscores are averaged to yield
the overall index of climate change vulnerability.

Identifying habitats that host the most
vulnerable species
To identify major habitats in the Sierra Nevada that support the
most vulnerable species, we assigned each species up to three of
six habitat classifications we developed to capture the diversity of
Sierra Nevada birds’ habitat associations with a minimal number
of categories: foothill woodlands and foothill chaparral; montane
conifer forest; montane chaparral and sagebrush; aquatic habitats
including rivers, ponds, and lakes; marshes, meadows, and
riparian vegetation; and high-elevation regions encompassing the
subalpine and alpine zones. Classifications were based on
published literature (e.g., Grinnell and Miller 1944, Beedy and
Granholm 1985, Gaines 1992, Lukas 2011) as well as our own
extensive experience in the region. We then assessed habitat
associations in relation to CCVI rankings using a proportional
odds ordinal logistic regression model (McCullagh 1980). This
regression model interprets an ordinal response variable as an
ordered series of binary logistic regressions with common
regression parameters. A full model (i.e., all habitat and range
variables) was run on both the GFDL and PCM CCVI rankings
(ordinally ranked 1 for Increase Likely, 2 for Presumed Stable, 3
for Moderately Vulnerable, 4 for Highly Vulnerable, and 5 for
Extremely Vulnerable), with the importance of habitat
associations assessed by Wald Z statistics. Models were fit using
maximum likelihood estimation. All analyses were run in R
version 2.15.1 using the package ‘rms’ (Harrell 2012).

RESULTS
Individual climate change vulnerability
factors
Our entire matrix of climate change vulnerability factor scores
for all 168 species is provided in Appendix 3. Individual climate
change vulnerability factors varied widely in the degree to which
they differentiated risk among the species we assessed (Table 1).
Projections of direct exposure to climate change varied
substantially across species, with many species falling into one of
several broad groupings. Species that breed primarily at low

elevations on the Sierra Nevada’s west slope, e.g., California
Thrasher, (Toxostoma redivivum; Fig. 5) have generally
experienced relatively high temperature variation but low
precipitation variation in the recent past, and are projected to be
relatively less exposed, compared with other parts of the Sierra
Nevada, to climate change in the next 50 years. Species that breed
primarily on the east slope, e.g., Brewer’s Sparrow, (Spizella
breweri; Fig. 6) have generally experienced relatively high
temperature and precipitation variation in the recent past, and
are projected to experience intermediate to high climate change
exposure compared to other portions of the Sierra Nevada.
Species restricted to breeding in alpine/subalpine areas, e.g., Graycrowned Rosy-Finch, (Leucosticte tephrocotis; Fig. 7) have
generally experienced intermediate temperature and precipitation
variation in the recent past, and are projected to be exposed to
high levels of climate change. Last, species with widespread
breeding distributions across the low- and mid-elevation portions
of the Sierra Nevada, e.g., Song Sparrow, (Melospiza melodia;
Fig. 8) experienced intermediate (relative to the entire region)
climate variation in the recent past and are projected to be exposed
to intermediate levels of climate change in the coming decades.
Unlike direct exposure to climate change, vulnerability factors
associated with indirect exposure to climate change (Table 1,
Section B) did not vary greatly among species in our assessment.
The 15 vulnerability factors associated with sensitivity to climate
change (Table 1, Section C) collectively yielded substantially more
variation across species, with especially diverse effects indicated
for physiological or ecological need for moist habitats (factor
C2bii) and responses to increased disturbance regimes (factor
C2c). Vulnerability factors associated with documented responses
to climate change (Table 1, Section D) yielded diverse scores across
species for all four vulnerability factors.

Identifying the most vulnerable species
Of the five vulnerability rankings that the CCVI assigns, only one
species, White-tailed Ptarmigan (Lagopus leucura), received the
most vulnerable ranking, Extremely Vulnerable (Appendix 1); this
ranking resulted using projections from both climate models. No
species received the second-highest vulnerability ranking, Highly
Vulnerable, using projections from either climate model. Sixteen
species (Table 3) ranked as Moderately Vulnerable under at least
one of the two climate scenarios (15 species using GFDL-based
climate projections and 13 using PCM-based climate projections).
The remaining 151 species were scored as Presumed Stable (110
species using GFDL-based projections and 125 using PCM-based
projections), and Increase Likely (41 species using GFDL-based
projections and 29 using PCM-based projections [Appendix 1]).

Variation in vulnerability rankings based on
different climate models
Climate projections based on the GFDL climate model yielded
fewer species ranked as Presumed Stable (110 species) than did
projections based on the PCM model (125 species). The GFDL
climate projections yielded more species ranked as Extremely
Vulnerable or Moderately Vulnerable than did the PCM climate
projections (16 species under the GFDL climate model versus 14
species under the PCM climate model), but also yielded more
species ranked as Increase Likely (42 species versus under the
GFDL model versus 29 species under the PCM model; Table 4).
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Fig. 5. Exposure of California Thrasher (Toxostoma redivivum) to recent temperature variation (a) and recent precipitation variation
(d) within its mapped breeding range in the Sierra Nevada, based on climate data from the 30-year period 1971-2000, and projected
change in temperature (b and c) and climatic water deficit (CWD; e and f) between the 30-year periods 1971-2000 and 2040-2069,
based on the Geophysical Fluid Dynamics Laboratory (GFDL) and Parallel Climate Model (PCM) climate models and the A2
(medium-high) emissions scenario. In the portion of the Sierra Nevada in which California Thrasher currently breeds, historic
exposure to temperature variation was relatively high, historic exposure to precipitation variation was relatively low, and projected
changes in temperature and moisture are relatively low compared to other portions of the Sierra Nevada.

Three species received more vulnerable rankings using climate
projections from the GFDL model than from the PCM model,
whereas 13 received more vulnerable rankings using projections
from the PCM climate model than from the GFDL model
(Appendix 1). The three species showing more vulnerable
rankings with GFDL projections included two, Osprey (Pandion
haliaetus) and American Dipper (Cinclus mexicanus), associated
with aquatic habitats and one, Prairie Falcon (Falco mexicanus)
associated with sagebrush or montane chaparral. All three of
these species ranked as Moderately Vulnerable using GFDLbased climate projections and Presumed Stable using PCM
projections. The 13 species receiving more vulnerable rankings
under the PCM projections included 11 species associated with
foothill woodland and chaparral (five species with this
classification alone and six species with this and one other habitat
classification), one species, Black-billed Magpie (Pica hudsonia),
associated with montane chaparral and sagebrush and with

marsh, meadow, and riparian habitats, and one species, Clark’s
Nutcracker (Nucifraga columbiana) associated with both
montane conifer forest and alpine/subalpine habitats. Twelve of
these 13 species ranked Increase Likely with GFDL projections
and Presumed Stable with PCM projections whereas one, Clark's
Nutcracker, ranked as Presumed Stable with GFDL projections
and Moderately Vulnerable with PCM projections.

Importance of habitat associations
Many species (109) were assigned just one primary habitat
classification but two or three classifications were assigned to 59
species that occur extensively in multiple habitats or are associated
with ecotones (Appendix 1). Among the 17 species ranked as
moderately or extremely vulnerable under projections using at
least one of the two climate models, seven species were associated
with montane conifer forest, five with aquatic habitats, four with
alpine/subalpine habitats, three with marsh, meadow, or riparian
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Fig. 6. Exposure of Brewer’s Sparrow (Spizella breweri) to recent temperature variation (a) and recent precipitation variation (d)
within its mapped breeding range in the Sierra Nevada, based on climate data from the 30-year period 1971-2000, and projected
change in temperature (b and c) and climatic water deficit (CWD; e and f) between the 30-year periods 1971-2000 and 2040-2069
based on the Geophysical Fluid Dynamics Laboratory (GFDL) and Parallel Climate Model (PCM) climate models and the A2
(medium-high) emissions scenario. In the portion of the Sierra Nevada in which Brewer’s Sparrow breeds, historic exposure to
temperature and precipitation variation was relatively high, and projected changes in temperature and moisture are intermediate to
high compared to other portions of the Sierra Nevada.

vegetation, one with sagebrush or montane chaparral, and none
with foothill habitats (Table 3). Species associated with alpine/
subalpine habitats were ranked significantly more vulnerable to
climate change than species of other habitats, using projections
based on both the GFDL (P = 0.049) and PCM (P = 0.007) climate
models (Table 4). Species associated with aquatic habitats were
also ranked as more vulnerable than species of other habitats, but
this difference was significant only using rankings based on the
GFDL climate model (P = 0.049; P = 0.380 for the PCM model).
Species associated with foothill woodland and foothill chaparral,
and with montane chaparral and sagebrush, were ranked as
significantly less vulnerable than species of other habitat
classifications using projections from both climate models
(Foothill: P < 0.001 for GFDL, P = 0.007 for PCM; Montane: P
= 0.026 for GFDL, P = 0.008 for PCM). Indeed, these species
frequently scored as Increase Likely indicating that their ranges
or populations within the Sierra Nevada could expand because

of climate change. Species associated with marshes, meadows,
and riparian vegetation were also ranked as less vulnerable than
those of other habitats, a difference that was significant using
projections based on the PCM model (P = 0.030) but marginal
using the GFDL model projections (P = 0.050) projections.

DISCUSSION
The majority of species (65.5% using GFDL projections and
74.4% using PCM projections) are not projected to be jeopardized
substantially or benefited by climate change in the region during
the next 50 years; a moderate proportion of species (24.4% using
GFDL projections and 17.3% using PCM projections) are
projected to experience increases in range or population within
the region because of climate change; and a minority of species
(9.5% using GFDL projections and 8.3% using PCM projections)
are ranked as moderately or extremely vulnerable to climate
change. The relatively low percentage of species with vulnerable
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Fig. 7. Exposure of Gray-crowned Rosy-Finch (Leucosticte tephrocotis) to recent temperature variation (a) and recent precipitation
variation (d) within its mapped breeding range in the Sierra Nevada, based on climate data from the 30-year period 1971-2000, and
projected change in temperature (b and c) and climatic water deficit (CWD; e and f) between the 30-year periods 1971-2000 and
2040-2069 based on the Geophysical Fluid Dynamics Laboratory (GFDL) and Parallel Climate Model (PCM) climate models and
the A2 (medium-high) emissions scenario. In the portion of the Sierra Nevada in which Gray-crowned Rosy-Finch breeds, historic
exposure to temperature and precipitation variation was intermediate, and projected changes in temperature and moisture are
relatively high compared to other portions of the Sierra Nevada.

rankings is commensurate with other findings for bird species
using the CCVI (Young et al. 2009, Dubois et al. 2011, Walk et
al. 2011). Relative to other taxa, birds tend not to score as
especially vulnerable because of their vagility and dispersal
capacity, which may enhance their ability to shift their ranges in
concert with appropriate environmental conditions as those
conditions change and shift across the landscape. Nevertheless,
the 17 species that our analysis identified as Extremely Vulnerable
or Moderately Vulnerable (Table 3) should be considered in
conservation planning efforts throughout the region.

Importance of habitat associations
Our analysis provided insight into which Sierra Nevada habitats
host relatively more vulnerable bird species. Birds associated with
alpine/subalpine and aquatic habitats ranked more vulnerable to
climate change than birds associated with other habitats. In
contrast, species of foothill, sagebrush, and chaparral habitats
were ranked significantly less vulnerable to climate change.

Vulnerable alpine and subalpine species include White-tailed
Ptarmigan, Clark’s Nutcracker, American Pipit (Anthus
rubescens), and Gray-crowned Rosy-Finch. Species restricted to
alpine/subalpine zones may be particularly vulnerable to climate
change because they lack higher altitude habitats to which they
can shift their ranges (Loarie et al. 2009). Moreover, potentially
important climate-related changes in the structure of subalpine
forests have already been detected in the Sierra Nevada (Millar et
al. 2004, Thorne et al. 2008, Dolanc et al. 2013). However, it
should not be assumed that climate change will uniformly shift
bird species’ ranges upslope in response to increasing
temperatures. Tingley et al. (2012) showed that avian range shifts
during the past century occurred in response to changes in both
temperature and precipitation, with changes in temperature
clearly exerting upslope pressure on ranges, but changes in
precipitation frequently exerting downslope pressure, and many
species shifting their ranges downslope in response.
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Fig. 8. Exposure of Song Sparrow (Melospiza melodia) to recent temperature variation (a) and recent precipitation variation (d)
within its mapped breeding range in the Sierra Nevada, based on climate data from the 30-year period 1971-2000, and projected
change in temperature (b and c) and climatic water deficit (CWD; e and f) between the 30-year periods 1971-2000 and 2040-2069
based on the Geophysical Fluid Dynamics Laboratory (GFDL) and Parallel Climate Model (PCM) climate models and the A2
(medium-high) emissions scenario. In the widespread portion of the Sierra Nevada in which Song Sparrow breeds, both historic
exposure to climate variation and projected exposure to climate change are intermediate compared to the Sierra Nevada overall.

White-tailed Ptarmigan, which scored as the single most
vulnerable species in our assessment, is not a native species in the
Sierra Nevada or California (Braun et al. 1993). The entire Sierra
population apparently stems from the deliberate release of 73
birds near Mono Pass in 1971 and 1972 (Frederick and Gutiérrez
1992). Conservation of the White-tailed Ptarmigan may therefore
not be a high priority for most managers in the region, but our
results may also have implications for the species within its native
range elsewhere in North America.
Our analysis suggested that species associated with aquatic
habitats are also significantly more vulnerable to climate change
in the Sierra Nevada than other species, at least under the drier
GFDL climate model. Species associated with aquatic habitats
that ranked as Moderately Vulnerable to climate change based on
projections from one or both climate models include Common
Merganser (Mergus merganser), Osprey, Bald Eagle (Haliaeetus
leucocephalus), Spotted Sandpiper (Actitis macularius), and
American Dipper.

A somewhat surprising result of our analysis is that, under climate
projections based on the PCM, but not the GFDL, model, species
associated with marshes, meadows, and riparian vegetation were
significantly less likely to show vulnerability to projected climate
change than species associated with other habitats. A
predominance of species associated with these habitats (40 of 52)
ranked Presumed Stable, with only three species, Spotted
Sandpiper, Great Gray Owl (Strix nebulosa), and Swainson’s
Thrush (Catharus ustulatus) ranking Moderately Vulnerable. By
contrast, nine species associated with these habitats are expected
to increase under projections based on both climate models, most
of them common and widespread species such as American Robin
(Turdus migratorius), Song Sparrow, and Brewer’s Blackbird
(Euphagus cyanocephalus). Seavy et al. (2009) suggest that intact
riparian ecosystems may be particularly resilient to climate
change, and our results appear to be consistent with this
prediction.
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Table 3. Climate change vulnerability rankings and course-scale habitat associations for the 17 species (168 species assessed) that ranked
as Moderately Vulnerable or Extremely Vulnerable to climate change in the Sierra Nevada under one or both of the climate projections
we assessed. CCVI = Climate Change Vulnerability Index, GFDL = Geophysical Fluid Dynamics Laboratory; PCM = Parallel Climate
Model.
Common Name
Common Merganser
(Mergus merganser)
White-tailed Ptarmigan
(Lagopus leucura)
Osprey
(Pandion haliaetus)
Bald Eagle
(Haliaeetus leucocephalus)
Northern Goshawk
(Accipiter gentilis)
Peregrine Falcon
(Falco peregrinus)
Prairie Falcon
(Falco mexicanus)
Spotted Sandpiper
(Actitis macularius)
Great Gray Owl
(Strix nebulosa)
Black Swift
(Cypseloides niger)
Clark’s Nutcracker
(Nucifraga columbiana)
American Dipper
(Cinclus mexicanus)
Swainson’s Thrush
(Catharus ustulatus)
American Pipit
(Anthus rubescens)
Gray-crowned Rosy-Finch
(Leucosticte tephrocotis)
Pine Grosbeak
(Pinicola enucleator)
Evening Grosbeak
(Coccothraustes vespertinus)

Habitat(s)†

CCVI Assessment
GFDL Climate Model

PCM Climate Model

Moderately Vulnerable

Moderately Vulnerable

AQU

Extremely Vulnerable

Extremely Vulnerable

SUA

Moderately Vulnerable

Presumed Stable

AQU

Moderately Vulnerable

Moderately Vulnerable

AQU

Moderately Vulnerable

Moderately Vulnerable

MCF

Moderately Vulnerable

Moderately Vulnerable

MCF

Moderately Vulnerable

Presumed Stable

MCS

Moderately Vulnerable

Moderately Vulnerable

AQU, RMM

Moderately Vulnerable

Moderately Vulnerable

MCF, RMM

Moderately Vulnerable

Moderately Vulnerable

MCF

Presumed Stable

Moderately Vulnerable

MCF, SUA

Moderately Vulnerable

Presumed Stable

AQU

Moderately Vulnerable

Moderately Vulnerable

RMM

Moderately Vulnerable

Moderately Vulnerable

SUA

Moderately Vulnerable

Moderately Vulnerable

SUA

Moderately Vulnerable

Moderately Vulnerable

MCF

Moderately Vulnerable

Moderately Vulnerable

MCF

†

Species’ primary breeding habitats classified as foothill woodlands and foothill chaparral (FWC); montane conifer forests (MCF); montane
chaparral and sagebrush (MCS); aquatic habitats including rivers, ponds, and lakes (AQU); riparian vegetation, meadows, and marshes (RMM);
and/or subalpine and alpine habitats (SUA).

Our analysis indicates that many species of foothill woodland and
chaparral habitats are significantly less vulnerable to climate
change in the region compared with other species, under
projections based on both climate models we considered; many
such species may undergo range expansions or population
increases within the Sierra Nevada region. Twenty species (29.9%)
associated with these habitats are predicted to benefit from climate
change, perhaps through increased population size or range
expansion, under both the GDFL and PCM climate models, 11
additional species (16.4%) are predicted to benefit under the more
substantial climate change predicted by the GFDL model, and
no species received rankings indicating vulnerability to climate
change (Table 3). Rankings of Increase Likely for many of these
foothill species reflect exposure to relatively broad temperature
and precipitation variation in recent years, which are taken to

suggest broad physiological and ecological tolerances to variation
in temperature and moisture. Similar scoring contributed to
rankings of Increase Likely for many montane chaparral and
sagebrush species.
A large numbers of species expected to undergo range expansions
or population increases in the region occupy drier and warmer
foothill habitats, under climatic conditions and in vegetation types
that are less likely to change dramatically and may expand upslope
(Stralberg et al. 2009). The suggestion that these species might
benefit from climate change assumes that species will be able to
track appropriate climatic conditions as they shift across the
region. Such tracking already appears to be occurring in
numerous species (Tingley et al. 2009, 2012), although it is unclear
how such shifts might affect regional population sizes over the
long-term.
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Table 4. Summary of Climate Change Vulnerability Index rankings for 168 species in the Sierra Nevada as classified by habitat
associations.
No. of Species with Ranking
Species Group

N

Increase
Likely

Presumed
Stable

Moderately
Vulnerable

Extremely
Vulnerable

Mean
Score†

GFDL climate model
All species

168

42

110

15

1

1.86

Habitat§
Foothill Woodland/Chaparral
Montane Conifer Forest
Montane Chap./Sagebrush
River/Lake/Pond
RiparianMeadow/Marsh
Subalpine/Alpine

67
62
28
15
52
13

31
9
12
0
13
0

36
47
15
10
36
10

0
6
1
5
3
2

0
0
0
0
0
1

1.54
1.95
1.61
2.33
1.81
2.38

PCM climate model
All species

168

29

125

13

1

1.92

Habitat§
Foothill Woodland/Chaparral
Montane Conifer Forest
Montane Chap./Sagebrush
River/Lake/Pond
Riparian/Meadow/Marsh
Subalpine/Alpine

67
62
28
15
52
13

20
9
9
0
10
0

47
46
19
12
39
9

0
7
0
3
3
3

0
0
0
0
0
1

1.70
1.97
1.68
2.20
1.87
2.38

Direction and
Significance‡

- (***)
ns
- (*)
+ (*)
ns
+ (*)

- (**)
ns
- (**)
ns
- (*)
+ (*)

†

Mean score calculated by assigning values to each vulnerability ranking: Increase Likely = 1, Presumed Stable = 2, Moderately Vulnerable = 3,
Highly Vulnerable = 4, and Extremely Vulnerable = 5.
‡
Direction of relationship indicates whether a variable was positively (+) or negatively (-) associated with increased vulnerability ranking, as derived
from proportional odds ordinal logistic regression models. Significant differences (* P < 0.05, ** P < 0.01, *** P<0.001) assessed by Wald Z
statistics.
§
Some species were classified as being associated with multiple (two or three) habitats.

Over the near-term, J. Saracco, R. Siegel, S. Stock, R. Wilkerson,
and D. DeSante (unpublished manuscript) corroborate that at least
one climatic factor, reduced spring snowpack, may benefit some
species in the region. During the period 1993-2010, a
preponderance of bird species exhibited higher breeding
productivity in Yosemite National Park during years with
relatively less spring snowpack. Climate change is expected to
dramatically reduce average spring snowpack over the coming
decades, a phenomenon that may thus bolster many bird
populations in the region. However, Saracco et al. caution that
the effects of climate change are likely to be numerous and
complex. Earlier snowmelt, for example, is likely to lead to drier
midsummer meadow conditions, which might mean reduced food
resources or other negative consequences for meadow-associated
birds and it is unclear how such factors may weigh against one
another to affect population trends.

Effect of range within the Sierra Nevada on
vulnerability rankings
Species with ranges restricted to areas projected to undergo
greater climate change tended to have higher overall vulnerability
rankings than species restricted to areas where less climate change
is projected. For example, Gray-crowned Rosy-Finch, whose
breeding range is restricted to alpine/subalpine areas in the
southeast portion of the Sierra Nevada Region (Fig. 7), ranked
as Moderately Vulnerable using projections from either the

GFDL or PCM climate models, whereas California Thrasher,
whose range is restricted to lower-elevation areas along the
western margin of the Sierra Nevada (Fig. 5), ranked as Increase
Likely under both models. Other factors besides climate change
exposure also contributed to these contrasting rankings, but
within these two example species’ respective ranges, the
distribution of land area projected to undergo various magnitudes
of warming and especially drying (Fig. 9) differed substantially.

Sensitivity of results to different climate
models
Although climate model selection clearly affected the
vulnerability rankings for a minority of species (16 species, or
9.5% of all species assessed had different vulnerability rankings
under the two climate models), no species differed by more than
one ranking level under the two climate scenarios, e.g., no species
ranked as Increase Likely under one climate scenario, but as
Moderately Vulnerable under the other. Because the climate
models we used are considered likely to bracket future conditions,
we consider our vulnerability rankings to be relatively robust to
uncertainties in the climate projections.

Previous climate change vulnerability
assessments in California
Gardali et al. (2012) recently used fairly similar methods to assess
climate change vulnerability for selected bird species across
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Fig. 9. Projected changes in temperature and climatic water deficit (CWD) between the periods 1971-2000 and 2040-2069 within the
Sierra Nevada breeding ranges of Gray-crowned Rosy-Finch (Leucosticte tephrocotis), a species restricted to breeding in higher
elevation portions of the region, and California Thrasher (Toxostoma redivivum), a species restricted to breeding at low elevations on
the western slope, under the Geophysical Fluid Dynamics Laboratory (GFDL) and Parallel Climate Model (PCM) climate models.
The histograms indicate the number of 270-m cells within each species’ Sierra Nevada breeding range projected to undergo the
indicated degree of change in temperature or climatic water deficit between the periods 1971-2000 and 2040-2069.
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California as a whole. However, their analysis included many
species associated with marine, desert, and other habitats not
present in the Sierra Nevada, and subject to threats, e.g., sea level
rise, that are not relevant to the Sierra Nevada region.
Nevertheless, for 135 species that we assessed and that were also
assessed by Gardali et al., the two sets of vulnerability rankings
showed significant concordance using our GFDL-based
assessments (proportional odds ordinal logistic regression
comparing our CCVI rankings to the continuous vulnerability
rankings of Gardali et al.; Wald Z-score = 2.31, P = 0.016) but
no significant relationship using our PCM-based assessments
(Wald Z-score = 1.41, P = 0.158).
The most important source of differences between our results and
those of Gardali et al. (2012) is likely the spatial scales under
consideration, i.e., the entire state of California by Gardali et al.
(2012) and the Sierra Nevada in our analysis. Our study, like that
of Gardali et al., evaluated vulnerability in a spatially explicit
context; for species with broader distributions in California than
just the Sierra Nevada, projected climate change exposure may
vary substantially across the two areas of inference. Indeed, some
projections indicate that climate change in other parts of
California is likely to be considerably greater than in the Sierra
Nevada (e.g., Ackerly et al. 2010). In some cases even indirect
exposure to climate change as well as sensitivity to climate change
may vary across regions. For these reasons, Gardali et al. noted
that the state-wide scale of their assessment in California may not
identify taxa vulnerable at smaller spatial scales. These differences
in the geographic scope of the data considered and differences in
the resulting vulnerability rankings provide a cautionary note
about the importance of carefully and explicitly selecting the
spatial domain for climate change vulnerability assessments. It
should not be assumed that vulnerability to climate change always
“scales up” to larger spatial domains, or “scales down” to smaller
domains without important changes to species’ relative degree of
exposure or perhaps even sensitivity to climate change.
Nevertheless, the smaller sets of Sierra Nevada species identified
as vulnerable by both studies have substantial commonality,
which helps validate the methods of both assessments, and also
emphasizes the need to take seriously possible threats faced by
the species ranked as vulnerable. Gardali et al. (2012) evaluated
14 of the 17 species that ranked as Moderately Vulnerable or
Extremely Vulnerable in our analysis, and considered 6 of them
to be climate-vulnerable across California as a whole: Osprey,
Great Gray Owl, Black Swift (Cypseloides niger), Swainson’s
Thrush, Gray-crowned Rosy-Finch, and Pine Grosbeak (Pinicola
enucleator). Two more of the 17 species, Peregrine Falcon (Falco
peregrinus) and American Dipper, received vulnerability scores
only slightly below the cutoff that Gardali et al. (2012) used to
separate taxa into vulnerable versus nonvulnerable.

Limitations of our approach
One limitation of the CCVI methodology is that it incorporates
spatially explicit climate projections only within the current range
of a given species. Species that are able to shift their ranges to
track changing environmental conditions may be able to colonize
newly suitable habitat outside their current ranges. The CCVI
accounts for this to some degree, as many of the factors scored
in Section B (indirect exposure to climate change), Section C
(sensitivity to climate change) and Section D (documented
response to climate change) are relevant to whether an individual

species is likely to be able to shift its range to track appropriate
environmental conditions (Table 1). Another limitation to our
methodology is that we assessed the vulnerability of species to
climate change and associated factors within breeding ranges
only; for migratory species we did not consider climate-related
threats on the wintering grounds or along migratory routes
outside the region. Assessing climate-change vulnerability
without explicitly using knowledge of migratory connectivity to
incorporate vulnerability factors on the wintering grounds and
migratory routes of migratory species has been criticized as an
incomplete approach (Small-Lorenz et al. 2013), because many
migratory species may face their biggest threats when they are
away from their breeding range. Specific data on migratory
connectivity are available for few if any Sierra Nevada
populations of breeding migratory birds, and we encourage
further study on this as well as evaluation of climate-change
effects on migration and winter grounds of these species. Despite
these limitations, we urge land managers to take seriously the
apparent climate-related vulnerability of species ranked as
Extremely or Moderately Vulnerable in our analysis, including
species that have not yet shown evidence of population declines
or range contractions in the region.

CONCLUSION
We recommend that managers gauge concern for individual bird
species in the Sierra Nevada based on likely effects of climate
change on those species and their habitats, rather than assuming
that all species will be affected negatively. Our results suggest that
species vary greatly in their vulnerability to climate change in the
region. Interestingly, of the two climate model scenarios we used,
the GFDL model projecting more-severe climate change yielded
substantially more species predicted to benefit from climate
change, but also slightly more species ranked as vulnerable to
climate change, than did the PCM model, which projecting less
severe climate change.
Our analysis identified 17 bird species that may be particularly
vulnerable to climate change in the Sierra Nevada over the coming
decades, and also suggests that two broader ecological groups of
species, birds associated with subalpine or alpine habitats, and
birds associated with aquatic habitats, appear to be more
vulnerable than other groups. In contrast, birds associated with
foothill habitats, as well as montane chaparral and sagebrush,
appear to be less vulnerable and in some cases may benefit from
climate change. These findings can help land managers set
conservation priorities and develop strategies for bolstering
resistance and resilience of the more vulnerable species and
habitats. Balancing these efforts with the needs of species that are
already jeopardized for other reasons may be a substantial
challenge.

Responses to this article can be read online at:
http://www.ace-eco.org/issues/responses.php/658
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Appendix 1. Climate change vulnerability rankings, current special-status designations in California, and course-scale
habitat associations for 168 bird species that breed in the Sierra Nevada.
CCVI Assessment
Common Name
(Scientific Name)
Wood Duck
(Aix sponsa)
Mallard
(Anas platyrhynchos)
Harlequin Duck
(Histrionicus histrionicus)
Bufflehead
(Bucephala albeola)
Common Merganser
(Mergus merganser)
Mountain Quail
(Oreortyx pictus)
California Quail
(Callipepla californica)
White-tailed Ptarmigan
(Lagopus leucura)
Sooty Grouse
(Dendragapus fuliginosus)
Wild Turkey
(Meleagris gallopavo)
Pied-billed Grebe
(Podilymbus podiceps)
Great Blue Heron
(Ardea herodias)
Turkey Vulture
(Cathartes aura)

California
Special
Status†

Habitat(s)‡

GFDL Climate Model

PCM Climate Model

Presumed Stable

Presumed Stable

AQU

Presumed Stable

Presumed Stable

AQU, RMM

Presumed Stable

Presumed Stable

Presumed Stable

Presumed Stable

AQU

Moderately Vulnerable

Moderately Vulnerable

AQU

Presumed Stable

Presumed Stable

MCS

Presumed Stable

Presumed Stable

FWC

Extremely Vulnerable

Extremely Vulnerable

SUA

Presumed Stable

Presumed Stable

MCF

Increase Likely

Presumed Stable

FWC

Presumed Stable

Presumed Stable

AQU

Presumed Stable

Presumed Stable

Presumed Stable

Presumed Stable

S2, BSSC

S4

AQU

AQU, RMM
FWC

Osprey
(Pandion haliaetus)
Bald Eagle
(Haliaeetus leucocephalus)
Northern Harrier
(Circus cyaneus)
Sharp-shinned Hawk
(Accipiter striatus)
Cooper's Hawk
(Accipiter cooperii)
Northern Goshawk
(Accipiter gentilis)
Red-shouldered Hawk
(Buteo lineatus)
Red-tailed Hawk
(Buteo jamaicensis)
Golden Eagle
(Aquila chrysaetos)
American Kestrel
(Falco sparverius)
Peregrine Falcon
(Falco peregrinus)
Prairie Falcon
(Falco mexicanus)
Virginia Rail
(Rallus limicola)
Sora
(Porzana carolina)
American Coot
(Fulica americana)
Sandhill Crane
(Grus canadensis)

Moderately Vulnerable

Presumed Stable

S3

AQU

Moderately Vulnerable

Moderately Vulnerable

S2, E

AQU

Presumed Stable

Presumed Stable

S3, BSSC

RMM

Presumed Stable

Presumed Stable

S3

MCF

Presumed Stable

Presumed Stable

S3

FWC

Moderately Vulnerable

Moderately Vulnerable

S3, BSSC

MCF

Presumed Stable

Presumed Stable

FWC, RMM

Increase Likely

Increase Likely

FWC, MCS

Presumed Stable

Presumed Stable

FWC, MCS

Presumed Stable

Presumed Stable

FWC

Moderately Vulnerable

Moderately Vulnerable

S2

MCF

Moderately Vulnerable

Presumed Stable

S3

MCS

Presumed Stable

Presumed Stable

RMM

Presumed Stable

Presumed Stable

RMM

Presumed Stable

Presumed Stable

AQU

Presumed Stable

Presumed Stable

S2, T

RMM

Killdeer
(Charadrius vociferus)
Spotted Sandpiper
(Actitis macularius)
Wilson's Snipe
(Gallinago delicata)
Black Tern
(Chlidonias niger)
Band-tailed Pigeon
(Patagioenas fasciata)
Mourning Dove
(Zenaida macroura)
Yellow-billed Cuckoo
(Coccyzus americanus)
Greater Roadrunner
(Geococcyx californianus)
Barn Owl
(Tyto alba)
Flammulated Owl
(Otus flammeolus)
Western Screech-Owl
(Megascops kennicottii)
Great Horned Owl
(Bubo virginianus)
Northern Pygmy-Owl
(Glaucidium gnoma)
Spotted Owl
(Strix occidentalis)
Great Gray Owl
(Strix nebulosa)
Long-eared Owl
(Asio otus)

Presumed Stable

Presumed Stable

RMM

Moderately Vulnerable

Moderately Vulnerable

AQU, RMM

Presumed Stable

Presumed Stable

RMM

Presumed Stable

Presumed Stable

Presumed Stable

Presumed Stable

FWC, MCF

Increase Likely

Increase Likely

FWC, MCS

Presumed Stable

Presumed Stable

Presumed Stable

Presumed Stable

FWC

Presumed Stable

Presumed Stable

FWC, RMM

Presumed Stable

Presumed Stable

Presumed Stable

Presumed Stable

FWC

Presumed Stable

Presumed Stable

FWC, MCF, MCS

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

S3, BSSC

MCF

Moderately Vulnerable

Moderately Vulnerable

S1, E

MCF, RMM

Presumed Stable

Presumed Stable

S3, BSSC

RMM

S2, BSSC

S1, E

S3

AQU, RMM

RMM

MCF

Northern Saw-whet Owl
(Aegolius acadicus)
Common Nighthawk
(Centralhordeiles minor)
Common Poorwill
(Phalaenoptilus nuttallii)
Black Swift
(Cypseloides niger)
Vaux's Swift
(Chaetura vauxi)
White-throated Swift
(Aeronautes saxatalis)
Black-chinned Hummingbird
(Archilochus alexandri)
Anna's Hummingbird
(Calypte anna)
Calliope Hummingbird
(Stellula calliope)
Rufous Hummingbird
(Selasphorus rufus) §
Belted Kingfisher
(Megaceryle alcyon)
Lewis's Woodpecker
(Melanerpes lewis)
Acorn Woodpecker
(Melanerpes formicivorus)
Williamson's Sapsucker
(Sphyrapicus thyroideus)
Red-breasted Sapsucker
(Sphyrapicus ruber)
Nuttall's Woodpecker
(Picoides nuttallii)

Presumed Stable

Presumed Stable

MCF

Increase Likely

Increase Likely

S3

MCF, MCS

Increase Likely

Increase Likely

S2

FWC, MCS

Moderately Vulnerable

Moderately Vulnerable

S2, BSSC

MCF

Presumed Stable

Presumed Stable

S3, BSSC

MCF, RMM

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

FWC

Presumed Stable

Presumed Stable

FWC

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

MCF, RMM

Presumed Stable

Presumed Stable

AQU

Presumed Stable

Presumed Stable

FWC

Increase Likely

Presumed Stable

FWC

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

MCF, RMM

Presumed Stable

Presumed Stable

FWC

Downy Woodpecker
(Picoides pubescens)
Hairy Woodpecker
(Picoides villosus)
White-headed Woodpecker
(Picoides albolarvatus)
Black-backed Woodpecker
(Picoides arcticus)
Northern Flicker
(Colaptes auratus)
Pileated Woodpecker
(Dryocopus pileatus)
Olive-sided Flycatcher
(Contopus cooperi)
Western Wood-Pewee
(Contopus sordidulus)
Willow Flycatcher
(Empidonax traillii)
Hammond's Flycatcher
(Empidonax hammondii)
Gray Flycatcher
(Empidonax wrightii)
Dusky Flycatcher
(Empidonax oberholseri)
Pacific-slope Flycatcher
(Empidonax difficilis)
Black Phoebe
(Sayornis nigricans)
Say's Phoebe
(Sayornis saya)
Ash-throated Flycatcher
(Myiarchus cinerascens)

Presumed Stable

Presumed Stable

RMM

Increase Likely

Increase Likely

MCF

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

MCF

Increase Likely

Increase Likely

FWC, MCF

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

Increase Likely

Increase Likely

Presumed Stable

Presumed Stable

Presumed Stable

Presumed Stable

MCF

Increase Likely

Increase Likely

MCS

Presumed Stable

Presumed Stable

MCF, SUA

Presumed Stable

Presumed Stable

FWC, MCF

Presumed Stable

Presumed Stable

RMM

Presumed Stable

Presumed Stable

MCS

Increase Likely

Increase Likely

FWC

S4, BSSC

MCF
FWC, MCF, RMM

S1, E

RMM

Western Kingbird
(Tyrannus verticalis)
Cassin's Vireo
(Vireo cassinii)
Hutton's Vireo
(Vireo huttoni)
Warbling Vireo
(Vireo gilvus)
Pinyon Jay
(Gymnorhinus cyanocephalus)
Steller's Jay
(Cyanocitta stelleri)
Western Scrub-Jay
(Aphelocoma californica)
Clark's Nutcracker
(Nucifraga columbiana)
Black-billed Magpie
(Pica hudsonia)
Common Raven
(Corvus corax)
Horned Lark
(Eremophila alpestris)
Purple Martin
(Progne subis)
Tree Swallow
(Tachycineta bicolor)
Violet-green Swallow
(Tachycineta thalassina)
Northern Rough-winged Swallow
(Stelgidopteryx serripennis)
Cliff Swallow
(Petrochelidon pyrrhonota)

Increase Likely

Increase Likely

FWC

Presumed Stable

Presumed Stable

FWC, MCF

Increase Likely

Presumed Stable

FWC

Presumed Stable

Presumed Stable

MCF, RMM

Presumed Stable

Presumed Stable

MCS

Increase Likely

Increase Likely

MCF

Increase Likely

Increase Likely

FWC

Presumed Stable

Moderately Vulnerable

MCF, SUA

Increase Likely

Presumed Stable

MCS, RMM

Presumed Stable

Presumed Stable

FWC, MCF, MCS

Presumed Stable

Presumed Stable

SUA

Presumed Stable

Presumed Stable

Presumed Stable

Presumed Stable

RMM

Presumed Stable

Presumed Stable

MCF, RMM

Presumed Stable

Presumed Stable

AQU, RMM

Presumed Stable

Presumed Stable

FWC, RMM

S3, BSSC

FWC, MCF

Barn Swallow (Hirundo rustica)
Mountain Chickadee
(Poecile gambeli)
Chestnut-backed Chickadee
(Poecile rufescens)
Oak Titmouse
(Baeolophus inornatus)
Bushtit
(Psaltriparus minimus)
Red-breasted Nuthatch
(Sitta canadensis)
White-breasted Nuthatch
(Sitta carolinensis)
Pygmy Nuthatch
(Sitta pygmaea)
Brown Creeper
(Certhia americana)
Rock Wren
(Salpinctes obsoletus)
Canyon Wren
(Catherpes mexicanus)
Bewick's Wren
(Thryomanes bewickii)
House Wren
(Troglodytes aedon)
Pacific Wren
(Troglodytes pacificus)
Marsh Wren
(Cistothorus palustris)
Blue-gray Gnatcatcher
(Polioptila caerulea)
American Dipper
(Cinclus mexicanus)

Presumed Stable

Presumed Stable

FWC, RMM

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

FWC

Presumed Stable

Presumed Stable

Increase Likely

Presumed Stable

FWC, MCS

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

FWC, MCF, SUA

Presumed Stable

Presumed Stable

MCF

Increase Likely

Increase Likely

MCF

Presumed Stable

Presumed Stable

FWC, MCF, SUA

Presumed Stable

Presumed Stable

FWC, MCS

Increase Likely

Presumed Stable

FWC, MCS

Increase Likely

Increase Likely

FWC, MCS, RMM

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

RMM

Increase Likely

Presumed Stable

FWC

Moderately Vulnerable

Presumed Stable

AQU

S3

FWC

Golden-crowned Kinglet
(Regulus satrapa)
Ruby-crowned Kinglet
(Regulus calendula)
Wrentit
(Chamaea fasciata)
Western Bluebird
(Sialia mexicana)
Mountain Bluebird
(Sialia currucoides)
Townsend's Solitaire
(Myadestes townsendi)
Swainson's Thrush
(Catharus ustulatus)
Hermit Thrush
(Catharus guttatus)
American Robin
(Turdus migratorius)
California Thrasher
(Toxostoma redivivum)
European Starling
(Sturnus vulgaris)
American Pipit
(Anthus rubescens)
Phainopepla
(Phainopepla nitens)
Orange-crowned Warbler
(Oreothlypis celata)
Nashville Warbler
(Oreothlypis ruficapilla)
MacGillivray's Warbler
(Geothlypis tolmiei)

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

FWC

Increase Likely

Increase Likely

FWC

Presumed Stable

Presumed Stable

MCS, SUA

Presumed Stable

Presumed Stable

MCF

Moderately Vulnerable

Moderately Vulnerable

Presumed Stable

Presumed Stable

MCF

Increase Likely

Increase Likely

FWC, MCF, RMM

Increase Likely

Increase Likely

FWC

Increase Likely

Increase Likely

FWC, RMM

Moderately Vulnerable

Moderately Vulnerable

S2

SUA

Presumed Stable

Presumed Stable

S4

FWC

Increase Likely

Increase Likely

FWC, RMM

Presumed Stable

Presumed Stable

FWC, MCF

Presumed Stable

Presumed Stable

RMM

S4

RMM

Common Yellowthroat
(Geothlypis trichas)
Yellow Warbler
(Setophaga petechia)
Yellow-rumped Warbler
(Setophaga coronata)
Black-throated Gray Warbler
(Setophaga nigrescens)
Hermit Warbler
(Setophaga occidentalis)
Wilson's Warbler
(Cardellina pusilla)
Green-tailed Towhee
(Pipilo chlorurus)
Spotted Towhee
(Pipilo maculatus)
Rufous-crowned Sparrow
(Aimophila ruficeps)
California Towhee
(Melozone crissalis)
Chipping Sparrow
(Spizella passerina)
Brewer's Sparrow
(Spizella breweri)
Black-chinned Sparrow
(Spizella atrogularis)
Vesper Sparrow
(Pooecetes gramineus)
Lark Sparrow
(Chondestes grammacus)
Sage Sparrow
(Amphispiza belli)

Presumed Stable

Presumed Stable

RMM

Presumed Stable

Presumed Stable

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

FWC, MCF, MCS

Presumed Stable

Presumed Stable

Presumed Stable

Presumed Stable

RMM

Presumed Stable

Presumed Stable

MCS

Increase Likely

Increase Likely

FWC, MCS

Increase Likely

Presumed Stable

FWC

Increase Likely

Increase Likely

FWC

Increase Likely

Increase Likely

S3

FWC, MCF, RMM

Presumed Stable

Presumed Stable

S3

MCS

Increase Likely

Increase Likely

S3

FWC

Presumed Stable

Presumed Stable

MCS

Presumed Stable

Presumed Stable

FWC

Presumed Stable

Presumed Stable

S3, BSSC

S3

S2

MCS, RMM

MCF

FWC, MCS

Savannah Sparrow
(Passerculus sandwichensis)
Fox Sparrow
(Passerella iliaca)
Song Sparrow
(Melospiza melodia)
Lincoln's Sparrow
(Melospiza lincolnii)
White-crowned Sparrow
(Zonotrichia leucophrys)
Dark-eyed Junco
(Junco hyemalis)
Western Tanager
(Piranga ludoviciana)
Black-headed Grosbeak
(Pheucticus melanocephalus)
Lazuli Bunting
(Passerina amoena)
Red-winged Blackbird
(Agelaius phoeniceus)
Western Meadowlark
(Sturnella neglecta)
Yellow-headed Blackbird
(Xanthocep. xanthocephalus)
Brewer's Blackbird
(Euphagus cyanocephalus)
Brown-headed Cowbird
(Molothrus ater)
Bullock's Oriole
(Icterus bullockii)
Gray-crowned Rosy-Finch
(Leucosticte tephrocotis)

Increase Likely

Increase Likely

MCS

Increase Likely

Increase Likely

MCF, MCS

Increase Likely

Increase Likely

RMM

Presumed Stable

Presumed Stable

RMM

Presumed Stable

Presumed Stable

RMM, SUA

Presumed Stable

Presumed Stable

MCF, SUA

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

FWC, RMM

Increase Likely

Increase Likely

FWC, RMM

Presumed Stable

Presumed Stable

RMM

Presumed Stable

Presumed Stable

FWC, MCS, RMM

Presumed Stable

Presumed Stable

Increase Likely

Increase Likely

RMM

Increase Likely

Increase Likely

FWC, RMM

Increase Likely

Presumed Stable

FWC, RMM

Moderately Vulnerable

Moderately Vulnerable

SUA

S3, BSSC

RMM

Pine Grosbeak
(Pinicola enucleator)
Purple Finch
(Carpodacus purpureus)
Cassin's Finch
(Carpodacus cassinii)
House Finch
(Carpodacus mexicanus)
Red Crossbill
(Loxia curvirostra)
Pine Siskin
(Spinus pinus)
Lesser Goldfinch
(Spinus psaltria)
Lawrence's Goldfinch
(Spinus lawrencei)
Evening Grosbeak
(Coccothraustes vespertinus)
House Sparrow
(Passer domesticus)
†

Moderately Vulnerable

Moderately Vulnerable

MCF

Presumed Stable

Presumed Stable

FWC, MCF

Presumed Stable

Presumed Stable

MCF, SUA

Increase Likely

Increase Likely

FWC

Presumed Stable

Presumed Stable

MCF

Presumed Stable

Presumed Stable

MCF, SUA

Increase Likely

Presumed Stable

FWC, RMM

Increase Likely

Presumed Stable

Moderately Vulnerable

Moderately Vulnerable

MCF

Increase Likely

Presumed Stable

FWC

S3

FWC

S1-S4 indicate California State Rarity and Endangerment rankings other than ‘secure’ (S1 = critically imperiled, S2 = imperiled, S3 = vulnerable,
S4 = apparently secure (CDFG 2011a); T and E indicate species listed as Threatened (T) or Endangered (E) in California (CDFG 2011b); BSSC
indicates California Bird Species of Special Concern (Shuford and Gardali 2008).
‡
Species’ primary breeding habitats classified as foothill woodlands and foothill chaparral (FWC; 67 species); montane conifer forests (MCF; 62
species); montane chaparral and sagebrush (MCS; 28 species); aquatic habitats including rivers, ponds, and lakes (AQU; 15 species); riparian
vegetation, meadows, and marshes (RMM; 52 species); and/or subalpine and alpine habitats (SUA; 13 species).
§
Rufous Hummingbird is the only species we assessed that does not actually breed in the Sierra Nevada, though it becomes the most common
hummingbird species in the region when it migrates through during the summer when most Sierra Nevada bird species are still breeding.

Summary Rationale for Scoring Climate Change Vulnerability of Sierra Nevada Bird
Species with NatureServe’s Climate Change Vulnerability Index (CCVI).

Appendix 3. Summary rationale for scoring climate change vulnerability of Sierra Nevada bird species with NatureServe’s Climate
Change Vulnerability Index (CCVI)
Please click here to download file ‘appendix3.xls’.

