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Abstract

Ranges of species around the world are expected to contract in response to

climate change. Species distribution models (SDMs) are a powerful tool for

predicting changes in habitat availability, but the variables selected to create

SDMs influence their performance. In addition to climate, habitat characteristics

and species traits can play a role in predicting species distribution. In this paper,

we consider how variable selection influences the accuracy of SDMs when

applied to isolated subpopulations of two widely distributed bird species: great

gray owl (Strix nebulosa) and willow flycatcher (Empidonax traillii). In the Sierra

Nevada of California, these species are restricted largely to discrete patches of

meadow habitat within a forest matrix, providing the potential to identify specific

locations to target conservation efforts. We contrast predictions made by SDMs

that consider climatic variables alone with those that incorporate both climate

and geophysical variables. Adding geophysical variables resulted in differing

model predictions. For willow flycatchers, adding geophysical variables improved

predictive performance. In the case of great gray owls, models with and without

geophysical variables had nearly identical performance under historical condi-

tions but differed starkly in their predictions. The full model (climatic and geo-

physical variables) predicted habitat availability to decrease moderately, whereas

the climate-only model predicted nearly complete loss of favorable habitat by

2099. The climate-only model is consistent with expectations based on previous

SDMs of birds across North America, but previous studies also assumed homoge-

neity in species traits and range-wide habitat requirements. The full model

appears more consistent with recent trends in great gray owl numbers in the

Sierra Nevada specifically, where the population has remained relatively stable

over recent decades. Given contradictions in our model predictions, care should

be taken when trying to apply similar SDMs to other systems.
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INTRODUCTION

The range and distribution of species worldwide are
shifting in response to climate change (Chen et al., 2011;
Freeman et al., 2018; Hitch & Leberg, 2007; Kelly &
Goulden, 2008; Thomas, 2010; Virkkala et al., 2010), which
can affect species occupancy either directly by exceeding
physiological constraints (e.g., heat tolerance) or indirectly
by altering resource availability or other ecological condi-
tions. Species distribution models (SDMs) that identify
environmental predictors of species occurrence and predict
changes in species ranges based on future climate scenarios
have become a common conservation planning tool
(Lawler et al., 2006; Morley et al., 2018; Schuetz et al.,
2015; Siegel et al., 2014). Most species studied to date are
predicted to shift ranges toward higher elevations or pole-
ward under projected future climate scenarios to remain
within the climatic conditions under which they evolved
and are adapted to, and populations on the lowest latitude
peripheries of species’ ranges are generally predicted to dis-
appear most rapidly (Hitch & Leberg, 2007; Langham
et al., 2015; Morley et al., 2018; Rödder et al., 2021; Sagarin
et al., 2006; Virkkala et al., 2010). Such range shifts have
been observed in diverse taxa, including plants, inverte-
brates, and vertebrates (Bateman et al., 2020; Hitch &
Leberg, 2007; Langham et al., 2015; McCain &
Garfinkel, 2021; Reif & Flousek, 2012; Wilson et al., 2005).

However, many species have not demonstrated range
shifts consistent with expectations based on observed
changes in climate (McCain & Garfinkel, 2021; Rödder
et al., 2021; Sofaer et al., 2018). Species that defy
climate-based expectations may be limited by the availabil-
ity of landscape characteristics that are independent of
climate (Bradie & Leung, 2017; McHenry et al., 2019;
Petitpierre et al., 2017; Platts et al., 2019; Virkkala
et al., 2010). This is especially true for habitat specialists
(Rödder et al., 2021). In such cases, the presence of rela-
tively static geophysical features may be a greater predictor
of a species’ range, with climate playing a secondary role
(Champion & Coleman, 2021; McHenry et al., 2019). For
these species, modeling present or future distribution
based on broad climate factors, without examining the
contributions or constraints posed by geophysical charac-
teristics of habitat or landscape configuration, can result in
less robust predictions (Fourcade et al., 2017; McHenry
et al., 2019; Pecchi et al., 2019; Petitpierre et al., 2017;
Santini et al., 2021; Sofaer et al., 2018). Additionally,
behavioral plasticity and physiological traits may mitigate
or amplify the influence of climate change in some species
(Beever et al., 2017; Donelson et al., 2019; MacLean &
Beissinger, 2017; Santini et al., 2021).

Montane meadows within the greater Sierra Nevada
region of California provide an example of a habitat type

where a suite of geophysical characteristics may greatly
constrain the range shifts of dependent species under
future climate scenarios. These meadows are characterized
by open areas of herbaceous vegetation interspersed with
riparian shrubs where the soil remains saturated through-
out the growing season (Drew et al., 2016; Kattelmann &
Embury, 1996). Although montane meadows are pro-
foundly influenced by climate-dependent variables such as
water availability, the Sierra Nevada’s meadows are a geo-
logically stable habitat type that can only exist under a
limited range of geophysical conditions (Benedict, 2014;
Drew et al., 2016; Loheide et al., 2009) that include flat
areas of fine soil located above impermeable (typically gra-
nitic) bedrock and bounded by steeper terrain where sub-
stantial runoff allows for saturated soils for most or all of
the growing season (Benedict, 2014, Drew et al., 2016).

In this study, we investigate how incorporating fixed
geophysical features alongside climate conditions influences
model-based predictions of where favorable habitat will be
available in the future within the Sierra Nevada region. We
modeled future habitat availability for isolated populations
of two bird species that are closely linked to riparian wet
meadows in the region but differ in their natural history
and predicted future climate vulnerability across their
ranges: willow flycatcher (Empidonax traillii) and great gray
owl (Strix nebulosa). Both of these species are distributed
broadly across North America, but each has a geographi-
cally isolated population restricted to the greater Sierra
Nevada that is ecologically distinct from other populations
of these species in habitat type and behavior, with the
Sierra Nevada populations of both species being largely
restricted to montane meadows (Mathewson et al., 2012;
Mendelsohn et al., 2020; Wu et al., 2016). Both species are
designated as endangered by the state of California
(California Department of Fish and Wildlife, 2022), are
intermittently the subject of extensive monitoring efforts
that have provided relatively complete documentation of all
occupied habitat across the region, and breed in low densi-
ties within the region; each species has an estimated cur-
rent population in the region of fewer than 200 breeding
pairs (Loffland et al., 2022; Schofield et al., 2018; Wu
et al., 2016). The Sierra Nevada lies within the southern
portions of the overall breeding ranges of both species, with
the Sierra Nevada population of great gray owls being the
most southerly population of this primarily boreal species
by a significant margin (Mendelsohn et al., 2020).

The willow flycatcher has been declining in the
Sierra Nevada since formal surveys began in the 1970s
(Harris et al., 1986; Serena, 1982), with observations of
California-wide range contractions recorded as far back as
the 1940s (Grinnell & Miller, 1944; Small, 1994). Once
abundant throughout the entire state, willow flycatchers
in California are now restricted to widely dispersed
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patches of wetland habitat (Grinnell & Miller, 1944;
Small, 1994). According to Breeding Bird Survey data, the
species declined nearly 4% annually between 1968 and
2015 in the Sierra Nevada (Chen et al., 2011; Freeman
et al., 2018; Hitch & Leberg, 2007; Kelly & Goulden, 2008;
Thomas, 2010; Virkkala et al., 2010). Although the species
remains more abundant elsewhere in its range, especially
where it uses a broader variety of habitat types, the decline
of willow flycatcher populations is not limited to the Sierra
Nevada; range-wide, the species is declining by about 1.5%
annually (Langham et al., 2015).

Great gray owls in California are restricted primarily to
a subregion of the Sierra Nevada that includes Yosemite
National Park (YNP) and portions of two adjacent National
Forests and nearby private lands and is geographically iso-
lated from other populations of great gray owls. Population
numbers in the region appear to be relatively stable, but
historical detections are too sparse to accurately describe
long-term population trends (Sauer et al., 2017; Wu et al.,
2016). Unlike willow flycatchers, great gray owls in
California will sometimes utilize nonmeadow herbaceous
communities for foraging, such as clearcuts, postfire forest
openings, and lava cap vegetation communities (Polasik
et al., 2016). Across North America as a whole, great gray
owls are predicted to lose up to 94% of their existing range
by 2080 under a high emissions scenario (Langham
et al., 2015). In addition to range contractions across the
southern portion of their historical range, these models also
predict that little new habitat becoming favorable for great
gray owls in the future, leading to the species being classi-
fied as climate endangered (Langham et al., 2015).

Because the Sierra populations of these species have a
limited, well-defined range and typically occupy discrete
patches of meadow habitat, SDMs have the potential to
make predictions on a scale that is relevant to making
specific conservation decisions across the region, includ-
ing identifying promising locations for habitat conserva-
tion and restoration so that they may serve as habitat
refugia in the future. Ecological traits have been identi-
fied as predictors of future range shifts for many bird spe-
cies (Reif & Flousek, 2012), so independently considering
ecologically distinct populations of a species on a regional
scale may yield more accurate predictions of range shifts
than could be produced by geographically broader SDMs.
Furthermore, SDMs created for this region—based on a
finite set of locations known to support meadow
habitat—will likely identify places to focus conservation
efforts more effectively than predictions made based on
the landscape as a whole.

Here we use boosted regression tree (BRT) models to
describe recent and current habitat favorability for willow
flycatchers and great gray owls in the Sierra Nevada. We
apply those models to projected climate data under a high

emissions scenario to predict future habitat favorability,
with the goal of identifying sites that may be important for
conservation both in the present and throughout the rest
of the century. Machine learning techniques like BRT
make it possible to create robust predictions about habitat
favorability based on a broad suite of complex variables
(Elith et al., 2008). BRT models are among the most robust
predictive models for use in ecology because they are able
to accommodate nonlinear data with interaction effects
common to the complexities of natural systems, and com-
bine elements from those methods identified as having the
most robust predictive performance in identifying broader
range shifts in other avian species (Elith et al., 2008;
Virkkala et al., 2010). However, SDMs are susceptible to
overfitting when a model indiscriminately includes ecolog-
ically irrelevant parameters, requiring some care to iden-
tify whether factors may be meaningful when creating
models (Bradie & Leung, 2017; Colin et al., 2017;
Petitpierre et al., 2017; Santini et al., 2021; Yackulic
et al., 2013). We used two different approaches to create
two separate BRT models for each species to predict loca-
tions that will support favorable habitat in the future. One
model exclusively considered climate-influenced variables
and was made using points distributed randomly across
the greater Sierra Nevada region as a whole (climate-only
model). The other model included both climatic and static
geophysical variables and was made specifically using
locations within existing meadow habitat (full model).

Given that willow flycatchers and great gray owls in
the Sierra Nevada are primarily dependent on meadow
habitats reliant on precipitation and runoff to persist,
we expected that all models would predict an overall
reduction in favorable habitat in the Sierra Nevada region
in response to projected declines in precipitation
(Diffenbaugh et al., 2015). We anticipated that models
that include geophysical data alongside climate informa-
tion and project specifically onto existing meadow loca-
tions would provide greater predictive power and have
better capacity for identifying specific target locations for
future conservation actions than models that exclusively
consider climate variables across the region as a whole.
We expected that full BRT models would identify habitat
constraints not otherwise accounted for and also take
into account the possible habitat distribution across the
landscape (McHenry et al., 2019). We also expected that
the full models incorporating both types of environmen-
tal variables and restricted to locations known to support
meadow habitat would predict more severe range con-
tractions than models with only climate variables
projecting onto the landscape as a whole.

However, we also hypothesized that the influence of
geophysical variables relative to climatic variables would
differ between the two species we are examining, given

ECOSPHERE 3 of 21

 21508925, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4408, W

iley O
nline L

ibrary on [09/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



their distinct life histories and the differences in the habitat
characteristics they are most dependent on. We anticipated
that geophysical variables would have less of an impact on
model performance when making predictions regarding
great gray owls relative to willow flycatchers. Great gray
owls are a primarily boreal species that have a low heat tol-
erance and are adapted to hunting in deep snow (Bull &
Duncan, 2020), making a warming climate likely to be a
primary limiting factor, whereas willow flycatchers occupy
more climatically diverse locations across their entire range
and are likely to be able to withstand a broader range of cli-
mate conditions (Ruegg et al., 2018). For this reason, we
also predicted that favorable habitat for great gray owls
would primarily shift to higher elevations to track colder
temperatures, while suitable habitat for willow flycatchers
will primarily shift northward but downslope to track
greater precipitation (Tingley et al., 2012).

METHODS

We combined survey data from multiple sources to iden-
tify the locations of willow flycatcher and great gray owl

breeding habitat in the greater Sierra Nevada region. We
defined the greater Sierra Nevada region as the Sierra
Nevada, Sierra Nevada foothills, Modoc Plateau, Mono,
and Southern Cascades ecological unit sections for
California (note that some of the California ecological
sections extend into Oregon and Nevada) as defined by
the USDA Forest Service (Miles & Goudey, 1997). These
ecological sections encompass all meadows described in
the Sierra Nevada Multi-source Meadows Polygon
Compilation, version 2.0 (SNMMPC; UC Davis, 2017).
The SNMMPC is a comprehensive database of Sierra
Nevada meadows that delineates the boundaries of
meadows throughout the Sierra Nevada region and quan-
tifies their geophysical characteristics (Figure 1).

We extracted willow flycatcher occurrence data pri-
marily from standardized broadcast surveys designed to
elicit a response from territorial willow flycatchers
(Bombay, Benson, et al., 2003), conducted sporadically
throughout the region since the late 1970s (Serena, 1982)
by staff at The Institute for Bird Populations (IBP), the US
Forest Service (USFS) or California Department of Fish
and Wildlife (CDFW), Point Blue Conservation Science,
California State University Sacramento, University of

F I GURE 1 Locations of meadows observed to be occupied by territorial willow flycatchers or great gray owls during one or more years

between 1971 and 2019 in relation to the greater Sierra Nevada region.

4 of 21 SCHOFIELD ET AL.
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Nevada Reno, Utah State University, and others. Although
surveys have covered a wide geographic area across a sub-
stantial timespan, few meadows have received consistent
survey efforts sufficient for determining colonization and
extinction probabilities (Loffland et al., 2022). We also
included high-quality observations reported to eBird
(Sullivan et al., 2009) and observations archived in the
California Natural Diversity Database (CNDDB; California
Department of Fish and Wildlife, 2016) at meadows that
were not otherwise known to be occupied. Consistent with
established willow flycatcher survey protocol (Bombay,
Benson, et al., 2003), we filtered the datasets to obtain all
observations within the great Sierra Nevada region during
the peak breeding season (June 15–July 15) of any year
where singing or other behavioral observations indicated
resident breeding status or if an active nest or fledglings
were directly observed at any time during the season
(Bombay, Benson, et al., 2003). Because willow flycatchers
are visually similar to other closely related flycatchers, we
further restricted our analysis to observations in which the
distinctive “fitz-bew” vocalization unique to the species
was heard; visual observations alone were not considered
sufficient to confirm willow flycatcher presence. Notably,
only one eBird record met these criteria outside of
meadows already found to be occupied during standard-
ized surveys. Based on these data and criteria, we desig-
nated meadows with records of territorial or breeding
willow flycatchers as being historically occupied, currently
occupied, or both. We considered any meadow to be his-
torically occupied if a territorial willow flycatcher was
detected at least once prior to 2011 or currently occupied if
a territorial willow flycatcher was detected at least once
after 2010.

Great gray owl occupancy data compiled for the
Sierra Nevada Great Gray Owl Conservation Strategy
(Wu et al., 2016) consist primarily of observations made
by YNP and USFS during occupancy surveys following a
standardized protocol (Beck & Winter, 2000; S. Stock,
unpublished data). Data compiled by Wu et al. also
included other great gray owl detections archived by the
CDFW in the CNDDB (which incorporates observations
included in the USFS internal wildlife observation data-
bases) and those compiled from private land owners and
local researchers where a nest or fledglings were observed
(J. Keane, J. Medley, K. Roberts, M. Reno, C. Stermer,
and J. Wu, unpublished data). All meadows with both
published and unpublished observations are compiled in
Schofield et al. (2022). The majority of observations and
survey efforts occurred between 2001 and 2011, with rela-
tively sparse data available before 2001. We also reviewed
eBird data for great gray owl observations not present in
the data compiled by YNP, although we found none
where evidence of breeding was specifically noted at sites

outside of those already known to be occupied based on
formal survey data or CNDDB records.

We intersected willow flycatcher and great gray owl
detections that met our criteria with the 18,780 meadows
in the SNMMPC, classifying any meadow as being occu-
pied by willow flycatchers if it was contained within or
overlapped polygons designated as being occupied during
formal surveys or, following conventions established for
defining functionally contiguous meadow habitat at
scales used by willow flycatchers in previous research
(Schofield et al., 2018), was within 300 m of the point
locations of individual observations. We considered
meadows to be occupied by breeding great gray owls if
they were contained within or overlapped polygons desig-
nated as occupied activity centers within the YNP data-
base, or if a nest, fledgling, or adult great gray owl
identified as a breeding individual outside YNP was oth-
erwise detected within 750 m (Wu et al., 2016) between
2000 and 2020 (Figure 1). For both willow flycatchers
and great gray owls, we considered multiple adjacent
meadows in the SNMMPC to be occupied if a single terri-
tory was observed to overlap multiple meadows. For the
purposes of this paper, we considered all other locations
as unoccupied. Although SNMMPC is relatively compre-
hensive, some degraded, tree-encroached meadows and
other types of wetlands are not included within the data
layer. In addition, meadows below the mixed conifer
zone in elevation, especially those on large private land
inholdings, were not always included (UC Davis, 2017).
A small number of locations where territorial willow fly-
catchers (n = 22) or great gray owls (n = 14) were found
were not associated with a meadow in the SNMMPC and
were not included in this analysis.

To examine predictions that account for all available
habitat and climate conditions, rather than those limited
to known meadows, we created a dataset that consisted
of the occupied willow flycatcher and great gray owl
meadow locations and random unoccupied locations
independent of mapped meadow boundaries. To do this,
we combined locations of the geometric mean of occu-
pied meadows as described above with randomly distrib-
uted points across the full extent of the greater Sierra
Nevada region (total = 18,780 points). We chose these
two different methods to represent unoccupied habitat to
allow us to compare two distinct strategies for modeling
future species distribution: one strategy (“full model”)
considers future distribution specifically within discrete
habitat patches based on geological features associated
with montane meadows, combined with projected cli-
mate conditions, and another strategy (climate-only
model) considers climate conditions across the landscape
as a whole and is not restricted to specific habitat patches
(meadows).
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We associated historical and projected climatic vari-
ables and static geophysical characteristics (in the case of
the full models) with occupied and unoccupied meadows
in the SNMMPC based on the pixel value at the geometric
center of the meadows, and historical and projected cli-
matic variables with the randomly distributed points across
the greater Sierra Nevada region (in the case of the climate
models) based on the pixel value at that immediate loca-
tion. The climate data used, both the historical summary
data (1981–2010) and model projections (2010–2099), were
taken from the California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology 30-year
Summaries 270-m pixel resolution rasters (Flint &
Flint, 2017; accessed from http://climate.calcommons.org).
We used the projected climate data that were derived by
the BCM using four climate models (the geophysical fluid
dynamics laboratory [GFDL], parallel climate model
[PCM], community climate system model [CCSM], and
French National Center for Meteorological Research
[CNRM]) projected over three separate time intervals
(2010–2039, 2040–2069, and 2070–2099) under the higher
emissions scenario (A2). Although some BCM variables
were initially derived with the use of geological data (soil
water runoff and recharge), we consider these climatic vari-
ables because they are nonstatic and vary based on climate.
We retrieved geophysical data from the SNMMPC and the
STATSGO2 datasets (Soil Survey Staff, 2020; UC Davis,
2017), although some of the values that we accessed from
the SNMMPC were derived from data originally compiled
by the US Geological Survey (USGS). Geophysical data
were recorded at a resolution of 100 m (Soil Survey
Staff, 2020; UC Davis, 2017). We did not include elevation
as a predictor variable in SDMs for either species because
we use elevation as a way to quantify the location of favor-
able habitat rather than as a trait of favorable habitat.

We assume that existing meadows will maintain the
overall geophysical characteristics that are needed to sup-
port a meadow and that a negligible number of new
meadows, if any, will form through 2099. By extension,
we assume that the meadows in the SNMMPC will con-
tinue to represent a comprehensive sample of available
habitat patches with the potential to support a meadow
and associated meadow species. We also assume that the
specific geophysical variables (e.g., catchment area or
dominant rock type) included in our analyses will remain
functionally constant during the interval being consid-
ered. We excluded variables that are likely to change dur-
ing that period, such as total meadow size, dominant
vegetation type (Lubetkin et al., 2017), or soil organic
matter (Ankenbauer & Loheide, 2017). Overall, our pre-
dictive models included 15 covariates for each time inter-
val: 6 static geophysical variables and 9 historic/projected
climatic variables (Table 1).

With these data, we created BRT models for each spe-
cies, following the methods described by Elith et al.
(2008), using the “gbm*” functions in the “dismo” R
package (Hijmans et al., 2017), to describe the relative
probability of occupancy (which acts as a proxy for habi-
tat favorability at each location) for each species at each
location under historical conditions. We then used these
BRT models to predict relative probability of occurrence
under projected future climate conditions. BRT iteratively
creates a series of random decision tree models and then
merges the results of these models in a forward stepwise
progression such that the first tree is the one with the
greatest predictive power and all subsequent trees fit
residuals not yet explained within the model. This pro-
cess yielded a value for each species at each location that
is a continuous variable from 0 to 1, quantifying the
likeliness the species will be present in a location.

For each species, we assessed outputs from two
models: a “full model” that includes all 15 variables
described above (6 geophysical and 9 climatic) within all
meadows defined by the SNMMPC, and a “climate-only”
model using the same nine climatic variables from the
same source but no geophysical variables at unoccupied
locations distributed randomly across the greater Sierra
Nevada region and the locations of occupied meadows.
We chose to use unoccupied meadow locations to repre-
sent absences in the full model to examine how predic-
tions of habitat favorability within discrete locations of
possible habitat contrasted with predictions made by
models built using points dispersed across the landscape
and independent of both the locations of discrete habitat
patches or the locations’ geophysical attributes as a whole.

For willow flycatchers, we trained a model using ran-
domly selected data from 50% of all historically occupied
locations and 50% of all historically unoccupied locations
(pre-2011) and data from historical climatic conditions
(1981–2010). For great gray owls, we trained the model
using the same methodology but did not divide the train-
ing and test data by period due to the comparatively
sparse survey data prior to 2000. We optimized
hyperparameter values by using 10-fold cross-validation
to minimize residual deviance. We trained the model
using a learning rate of 0.005, a tree complexity of 4, and
a bag fraction of 0.5. We then tested the performance
of each model under historical conditions using the
remaining 50% of the data and used the area under
the curve (AUC) to assure that it was not overfitted to the
original training data, which would result in poor predic-
tive performance when applied to the full dataset. The
BRT models generated values representing the relative
probability of occupation of each location by each species
under historic climate conditions and under conditions
projected by each of the four climate models at all three
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time intervals (2010–2039, 2040–2069, and 2070–2099)
for both the full model and the climate-only model. We
also calculated the mean of the relative probability of
occupation with the four climate models combined at
each time interval.

In addition to AUC, we assessed overall model perfor-
mance using Mathew’s correlation coefficient (MCC;
Brown, 2018), which is a more robust metric of model fit

than AUC and other common metrics where there are a
large proportion of absences in a dataset (Chicco &
Jurman, 2020; Chicco et al., 2021). MCC requires that rel-
ative probability of occupancy be converted to a binary of
occupied/unoccupied and uses the contingency table of
true/false positives and negatives to calculate a Pearson
correlation coefficient, so its interpretation is similar to
that of r2 values (Paszko & Padzik, 1975). We defined the

TAB L E 1 Covariates included in boosted regression tree models to identify meadows in the greater Sierra Nevada region that are likely

to support favorable or highly favorable habitat for willow flycatchers or great gray owls under projected climate scenarios.

Variable Description
Variable
type Data source

Catchment area Area of the upstream catchment exiting through
the meadow

Geophysical Sierra Nevada Multi-source Meadow Polygon
Compilation (SNMMPC v2)

Rock type Most abundant lithology (rock type) Geophysical Sierra Nevada Multi-source Meadow Polygon
Compilation (SNMMPC v2)

Kf K factor/soil erodibility Geophysical Sierra Nevada Multi-source Meadow Polygon
Compilation (SNMMPC v2)

Meadow slope Median meadow slope based on USGS digital
elevation model (DEM)

Geophysical Sierra Nevada Multi-source Meadow Polygon
Compilation (SNMMPC v2)

Clay total Percent clay composition in soil Geophysical Sierra Nevada Multi-source Meadow Polygon
Compilation (SNMMPC v2)

Soil type Dominant first order soil type Geophysical US General Soils Map (STATSGO2)

Aet Actual evapotranspiration Climatic 2014 California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology
30-year Summaries

Aprpck April snowpack Climatic 2014 California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology
30-year Summaries

Cwd Climate water deficit Climatic 2014 California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology
30-year Summaries

Pet Potential evapotranspiration Climatic 2014 California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology
30-year Summaries

Ppt Total precipitation Climatic 2014 California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology
30-year Summaries

Rch Recharge Climatic 2014 California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology
30-year Summaries

Run Runoff Climatic 2014 California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology
30-year Summaries

Tmax Mean annual maximum monthly temperature Climatic 2014 California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology
30-year Summaries

Tmin Mean annual minimum monthly temperature Climatic 2014 California Basin Characterization Model
(BCM) Downscaled Climate and Hydrology
30-year Summaries

Note: Geophysical variables were assumed to be constant over the temporal domain of the study; climatic variables were assessed over historic as well as
projected time periods.
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threshold at which a location was predicted to be occu-
pied based on the classifier value that maximized the
MCC of the model (Virkkala et al., 2010). Hereafter, we
refer to the values above that threshold as “favorable”
habitat rather than occupied because these models are
identifying and predicting locations with characteristics
consistent with historically occupied habitat and not the
true occupancy. For willow flycatchers, we assessed the
predictive power of the mean occupancy probability for
all four climate-only 2010–2039 SDMs using the observed
locations of willow flycatchers found after 2010.

For each climate projection, we assessed how the mean
elevation and latitude of favorable locations for each spe-
cies differed between historic conditions and projected
conditions based on the mean of the relative occupancy
probability of the four climate models during each time
interval (2010–2039, 2040–2069, and 2070–2099). We
performed a post hoc Tukey’s honest significant difference
(HSD) test to assess changes in the elevation and latitude
of favorable locations through time using the TukeyHSD
function in R (R Core Team, 2017). To visualize the spatial
change in habitat for each species, we mapped the favor-
able locations predicted under historical conditions and
for the 2070–2099 projection made by the climate model
that was most statistically similar in predicted changes in
elevation and latitude to the four climate models as a
whole (based on Tukey post hoc tests).

RESULTS

Willow flycatcher

We identified 406 of the 18,780 meadows classified by the
SNMMPC as occupied by territorial willow flycatchers

during one or more years between 1971 and 2019
(Figure 1). Of these, 280 were known to be occupied only in
2010 or earlier, 31 were known to be occupied only after
2010, and 95 were known to be occupied in both eras
(Figure 1). The BRT model that incorporated both geophysi-
cal and climatic variables for predicting willow flycatcher
presence within meadows in the greater Sierra Nevada
region (full model) had an AUC of 0.927 when applied to
the test data and an overall MCC of 0.646 (Table 2). The
BRT model that used only climatic variables to predict wil-
low flycatcher presence at randomly distributed points
across the greater Sierra Nevada region (climate only) had
an AUC of 0.899 and an overall MCC of 0.525 (Table 2).
When predicting locations occupied by willow flycatchers
after 2010, the full model had an AUC of 0.890 when
applied to the full dataset and an MCC of 0.229, and the
climate-only model had an AUC of 0.886 and an MCC
of 0.184.

In the full model, meadow catchment area, soil water
runoff, and meadow slope were the three variables with
the highest relative influence in explaining a location’s
favorability for willow flycatchers, and, combined, these
variables had a relative influence of 31.2% on the model’s
predictive power (Table 3). In total, geophysical variables
had a relative influence of 36.6% with climate variables
accounting for the remaining 63.4%. For the climate-only
model, April snowpack, maximum temperature, and mini-
mum temperature had the greatest relative influence on
the model at 40.1% (Table 3). Both the full and
climate-only BRT models predicted that under conditions
projected by all four climate models (GFDL, PCM, CCSM,
and CNRM), the number of locations that reach the
threshold values considered favorable for willow flycatcher
will progressively decrease between the historic period and
the three time intervals examined (Figure 2).

TAB L E 2 Model performance for predicting historical occupancy (1981–2010) for willow flycatchers and great gray owls based on

historical climate and occupancy data, and for predicting recent willow flycatcher occupancy (since 2010) using projected climate data for

the 2010–2039 interval alongside the threshold value for a location to be considered favorable habitat that maximizes Mathew’s correlation
coefficient (MCC).

Interval Species Model MCC AUC
MCC favorable

location threshold

1981–2010 Willow flycatcher Full 0.646 0.927 0.243

1981–2010 Willow flycatcher Climate only 0.525 0.899 0.213

1981–2010 Great gray owl Full 0.796 0.978 0.321

1981–2010 Great gray owl Climate only 0.832 0.984 0.315

2010–2039a Willow flycatcher Full 0.229 0.890 0.243

2010–2039a Willow flycatcher Climate only 0.184 0.886 0.213

Note: Full models include climate as well as geophysical variables; climate-only models include the same climate variables but no geophysical variables.

Abbreviation: AUC, area under the curve.
aProjected.
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In addition to a decrease in total favorable locations
over time predicted by both BRT models, the mean eleva-
tion and mean latitude of locations identified to be favor-
able for willow flycatchers differed significantly between
time intervals and climate models according to Tukey
post hoc pairwise interaction tests (Table 4). The mean
elevation of all sites projected to be favorable to willow
flycatchers progressively increased between historical
and projected climate conditions under all models, while
the mean latitude decreased between historical and
projected climate conditions (Figures 3 and 4). However,
the increase in mean elevation and decline in latitude dif-
fered between the full SDM and climate-only SDM across
all climate projections. The climate-only SDM model

showed a more dramatic increase in elevation and a more
gradual decrease in latitude (Figures 3 and 4). For both
the full and climate-only SDM, Tukey post hoc pairwise
interaction tests reveal a significant difference between
predicted elevation and latitude of favorable meadows
under historical conditions and meadows predicted to be
favorable under climate conditions projected by the four
combined climate models at each time interval (Table 4).

Meadows observed to be occupied by willow fly-
catchers after 2010 had a mean elevation of 1818 m
(±27 m) and a mean latitude of 4,372,240 m (±7945 m;
UTM Zone 10). In contrast, the mean elevation of

TAB L E 3 Covariates included in boosted regression tree

models created using a combination of geophysical and climatic

variables and climatic variables only for predicting relative

probability of willow flycatcher presence at 18,780 locations across

the greater Sierra Nevada region under historic climate conditions

(1981–2010), and their relative influence on model performance.

Variable Relative influence (%)

Full model

Catchment area 11.83

Runoff 11.56

Meadow slope 7.85

Recharge 7.36

Climate water deficit 7.29

Minimum temperature 6.60

April snowpack 6.56

Clay total 6.54

Potential evapotranspiration 6.52

Maximum temperature 6.24

Actual evapotranspiration 6.23

Precipitation 4.98

Soil erodibility 4.16

Dominant rock type 3.23

Dominant soil type 3.00

Climate-only model

April snowpack 14.75

Maximum temperature 13.24

Minimum temperature 12.14

Soil water recharge 11.79

Precipitation 11.10

Runoff 10.52

Actual evapotranspiration 10.29

Climate water deficit 9.05

Potential evapotranspiration 7.15

F I GURE 2 Number of locations in the greater Sierra Nevada

region predicted by boosted regression tree models combining both

geophysical and climatic variables (full model) and climatic

variables only (climate-only model) to be favorable for willow

flycatchers during four time intervals (1981–2010 [i.e., historical],

2010–2039, 2040–2069, and 2070–2099) under four different climate

model projections (community climate system model [CCSM],

French National Center for Meteorological Research [CNRM],

geophysical fluid dynamics laboratory [GFDL], and parallel climate

model [PCM]), and mean of the predicted values of these climate

projections. Colors distinguish distinct climate models, as indicated.
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locations predicted to be favorable for willow flycatchers
by the full SDM during the 2010–2039 interval was
1884 m (±22 m), and mean latitude was 4,365,863 m
(±8055 m; Figure 3). The mean elevation of locations
predicted to be favorable by the climate-only SDM during
the 2010–2039 interval was 2057 m (±18 m), and mean
latitude of meadows predicted to be favorable by the
climate-only model during the 2010–2039 interval was
4,328,591 m (±5979 m; Figure 3). We found that the
mean elevation and latitude during this interval were
both significantly different between the predicted and

observed locations in both SDMs, although the overall
difference between predictions and observations in the
full model was substantially smaller than that of the
climate-only model (Table 4; Figure 3). The full and
climate-only models differ only slightly in their predic-
tions of favorable locations at the northern and southern
peripheries of the overall range in the Sierra Nevada dur-
ing the historical time interval (Figure 4). Future predic-
tions made by the climate-only model show favorable
locations to be more restricted to higher elevations com-
pared with the full model.

Great gray owl

We identified 417 of the 18,780 meadows classified by the
SNMMPC as occupied by territorial great gray owls dur-
ing one or more years between 1971 and 2019 (Figure 1).
The BRT model that incorporated both geophysical and
climatic variables (Table 5) for predicting great gray owl
presence within meadows in the greater Sierra Nevada
region had an AUC of 0.978 when applied to the test data
and an overall MCC of 0.796 (Table 2). The BRT model
that used only climatic variables (Table 5) to predict great
gray owl presence at randomly distributed points across
the greater Sierra Nevada region had an AUC of 0.984
and an overall MCC of 0.832. In the full model, the per-
cent of clay in the soil, annual precipitation, and poten-
tial evapotranspiration had the highest relative influence
in explaining a location’s favorability for great gray owls,
and combined these variables have a relative influence of
39.2% (Table 5). In total, geophysical variables had a rela-
tive influence of 27.6% on the full model predictions of
the favorability of locations for great gray owls with cli-
mate variables having a relative influence of 72.4%
(Table 5). For the climate-only model, annual precipita-
tion, soil water recharge, and April snowpack had the
greatest relative influence on the model, and combined,
these variables accounted for 56.0% of the relative model
influence.

The full BRT model that included both geophysical
and climatic data predicted that, under conditions
projected by three of the climate models (CNRM, GFDL,
and PCM), the number of locations that reached the
threshold values considered favorable (Table 2) for great
gray owl will decline between the historic period and the
three time intervals examined (Figure 5). The
climate-only SDM predicted that, under conditions
projected by all four climate models (CCSM, CNRM,
GFDL, and PCM), the number of locations considered to
be favorable will decline sharply by the 2070–2099 inter-
val. Based on the mean of the relative probability of
occurrence of the four climate model projections

TAB L E 4 Tukey pairwise interactions testing for differences in

elevation and latitude of predicted willow flycatcher locations

between historical observations and predicted climate scenarios

across three time periods: 2010–2039 (“10”), 2040–2069 (“40”), and
2070–2099 (“70”).

Interval Difference Lower Upper p Adj

Willow flycatcher full model: Elevation

Historical–10 27 −117 171 0.964

40–Historical −111 −46 267 0.266

70–Historical* 648 551 745 <0.00001

40–10 −84 −80 247 0.552

70–10* 621 513 729 <0.00001

70–40* 538 414 662 <0.00001

Willow flycatcher full model: Latitude

Historical–10 20,222 −9334 49,779 0.294

40–Historical 3409 −28,698 35,516 0.993

70–Historical* −148,730 −168,642 −128,818 <0.00001

40–10 −16,813 −50,330 16,703 0.57

70–10* −168,953 −191,066 −146,839 <0.00001

70–40* −152,139 −177,561 −126,717 <0.00001

Willow flycatcher climate-only model: Elevation

Historical–10 −2802 −13,941 8337 0.917

40–Historical −6191 −18,314 5931 0.555

70–Historical −17,386 −31,509 −3262 0.009

40–10 −3389 −15,330 8551 0.885

70–10 −14,584 −28,551 −616 0.037

70–40 −11,194 −25,958 3569 0.208

Willow flycatcher climate-only model: Latitude

Historical–10 −2802 −13,941 8337 0.917

40–Historical −6191 −18,314 5931 0.555

70–Historical −17,386 −31,509 −3262 0.009

40–10 −3389 −15,330 8551 0.885

70–10 −14,584 −28,551 −616 0.037

70–40 −11,194 −25,958 3569 0.208

Note: Results from two different models (climate only and full) are
presented. Significant differences are indicated with an asterisk (*).
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combined, only two favorable meadows are predicted to
remain, perhaps making extirpation likely. For both the
full and climate-only BRT models, Tukey post hoc
pairwise interaction tests reveal a significant difference
between predicted elevation and latitude of favorable
meadows under historical conditions and meadows
predicted to be favorable under climate conditions
projected from each of the four climate models and at
each time interval (Table 6). Mean predicted elevation
and latitude differed significantly between most climate
models. In the case of the full model, mean predicted ele-
vation, latitude, or both differed among all models.

The mean elevation of all locations predicted to be
favorable to great gray owls by the full BRT model
increased modestly between historical and projected cli-
mate conditions under all models with the exception of a

sharp increase predicted by the CCSM 2070–2099 climate
projection (Figures 6 and 7). The mean predicted latitude
under the full model remained steady across all climate
projections. (Figures 6 and 7). Under the climate-only
model, the mean elevation of favorable meadows was
predicted by all models to sharply increase, with the
exception of the CCSM model which predicts elevation to
remain steady, although this is likely due to the very
small number of favorable meadows. The climate-only
SDM also predicted a substantial progressive increase in
the mean latitude of favorable meadows relative to his-
torical conditions for all four climate models. The full
and climate-only models differ only slightly in their pre-
dictions of favorable locations at the northern and south-
ern peripheries of the overall range in the Sierra Nevada
during the historical time interval (Figure 7). The full

F I GURE 3 Mean elevation inmeters (left) andmean latitude inmeters (UTMZone 10; right) of locations predicted to be favorable or highly

favorable for willow flycatcher during four time intervals (1981–2010 [i.e., historical], 2010–2039, 2040–2069, and 2070–2099) under four different
climatemodel projections (community climate systemmodel [CCSM], FrenchNational Center forMeteorological Research [CNRM], geophysical

fluid dynamics laboratory [GFDL], and parallel climatemodel [PCM]) andmean of the predicted values of these climate projections, based on

boosted regression tree (BRT)models using both geophysical and climatic variables in Sierra Nevadameadows (top) and BRTmodels using only

climatic variables at points randomly distributed across the greater Sierra Nevada region (bottom). Error bars show standard error.
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F I GURE 4 Locations predicted by boosted regression tree models that include either geophysical and climatic variables combined (top)

or climatic variables alone (bottom) to be favorable for willow flycatchers under historical climate conditions and the mean of the predicted

values of four climate models (community climate system model, French National Center for Meteorological Research, geophysical fluid

dynamics laboratory, and parallel climate model) during the 2070–2099 interval.
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SDM projects that during the 2070–2099 interval, favor-
able locations for great gray owls will remain roughly
within their historical core area. The prediction for the
2070–2099 time interval made by the climate-only model,
however, shows almost total loss of favorable locations,
with the remaining two favorable locations centered
much further north than the historical core area.

DISCUSSION

Both climate-only and full SDMs had strong predictive
performance when identifying favorable habitat under
historical conditions for both willow flycatchers and great

gray owls. However, predictions of the amount, elevation,
and latitude of future favorable habitat diverged among
models, especially in the case of great gray owls. These
differences raise questions as to when and how to use
SDMs for making conservation decisions and what infor-
mation is needed to create a reliable model.

For willow flycatchers, the full model performed
slightly better than the climate-only model (AUC differ-
ence 0.02; MCC difference 0.121), as we expected, but
both still showed what would typically be considered rel-
atively good predictive performance. The MCC was able
to reveal the differences in these models more effectively
than the AUC. The predicted decline in favorable habitat
and the predicted shift toward higher elevation are

TAB L E 5 Covariates included in boosted regression tree

models created using a combination of geophysical and climatic

variables, and climatic variables only for predicting relative

probability of great gray owl presence at 18,780 locations across the

greater Sierra Nevada region under historic climate conditions

(1981–2010), and their relative influence on model performance.

Variable Relative influence (%)

Full model

Clay total 16.93

Precipitation 11.97

Potential evapotranspiration 10.34

Minimum temperature 9.88

Actual evapotranspiration 7.72

Maximum temperature 7.64

Soil water recharge 7.46

April snowpack 5.97

Runoff 4.41

Dominant soil type 3.91

Climate water deficit 3.59

Soil erodibility 3.45

Catchment area 3.22

Slope 2.46

Dominant rock type 1.05

Climate-only model

Precipitation 23.51

Soil water recharge 19.64

April snowpack 12.82

Minimum temperature 11.81

Actual evapotranspiration 8.93

Runoff 6.95

Potential evapotranspiration 6.38

Maximum temperature 6.21

Climate water deficit 3.73

F I GURE 5 Number of locations in the greater Sierra Nevada

region predicted by boosted regression tree models combining both

geophysical and climatic variables and climatic variables only to be

favorable or highly favorable for great gray owls during four time

intervals (1981–2010 [i.e., historical], 2010–2039, 2040–2069, and
2070–2099) under four different climate model projections

(community climate system model [CCSM], French National

Center for Meteorological Research [CNRM], geophysical fluid

dynamics laboratory [GFDL], and parallel climate model [PCM])

and mean of the predicted values of these climate projections.
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consistent in direction between the full and climate-only
models, although not in degree. This was consistent
across all climate projections made by each of the four
climate models examined. Overall, these predictions are
also consistent with SDMs created at a continent-wide
scale for willow flycatchers as a whole and align with
recently documented range contractions (Langham
et al., 2015; Mathewson et al., 2012).

However, when tested against recent observations
within the projected 2010–2039 climate conditions,
model performance dropped substantially. These SDMs

are unlikely to capture the full extent of range contrac-
tions for willow flycatchers, which are facing threats both
on and off their breeding grounds (Paxton et al., 2017).
Furthermore, willow flycatchers have relatively short dis-
persal distances in the Sierra Nevada (mean = 5.5 km;
Mathewson et al., 2012) and rarely colonize new
meadows (Schofield et al., 2018), likely posing challenges
for tracking climate change (Huang et al., 2020; Santini
et al., 2016; Zhang et al., 2020). Additionally, monitoring
since the 1970s has shown a consistent range contraction
northward in the Sierra Nevada rather than to higher ele-
vations, with total loss of birds at most historic breeding
sites in the Southern Sierra, Nevada. Even if the southern
Sierra Nevada provides the most favorable habitat in the
future, a source population from which to colonize new
sites is thus lacking in that portion of the range
(Mathewson et al., 2012; Siegel et al., 2008).

The best predictor of meadow favorability for willow
flycatchers within the full model was overall catchment
area, consistent with studies showing willow flycatchers
are most successful in large meadow systems that can
support multiple territorial pairs and hold water
throughout the full growth season (Bombay,
Morrison, et al., 2003; Mathewson et al., 2012; Schofield
et al., 2018). The climate-only model predicts favorable
willow flycatcher habitat to shift to significantly higher
elevations, but it is unable to account for the fact that
meadows in the region tend to be larger and more
abundant at middle elevations. While willow flycatcher
distribution can be limited by heat tolerance (Ruegg
et al., 2018), the breeding range of the species overall
extends well into the deserts of the American Southwest
(Sedgwick, 2000), where temperatures already exceed
those projected to occur in the current range of the Sierra
Nevada willow flycatcher by the end of the century. For
these reasons, we believe that predictions from the full
model are likely more reliable than predictions from the
climate-only model.

In contrast, for great gray owls, the climate-only
model performed nearly identically to the full model
when applied to historical conditions (AUC difference of
<0.01; MCC difference of 0.04). Despite the full and
climate-only models for great gray owl having similar
predictive performance under historical conditions,
when applied to future climate conditions, predictions
of the range and extent of favorable habitat differed sub-
stantially. The full model predicts the availability of
favorable habitat to decline, but for favorable meadows to
remain within the species’ current core area in the Sierra
Nevada, which roughly coincides with the western half of
YNP and adjacent areas outside the park (Bull &
Duncan, 2020; Mendelsohn et al., 2020), while the
climate-only model predicts a nearly complete loss of

TAB L E 6 Tukey pairwise interactions testing for differences in

elevation and latitude of predicted great gray owl locations between

historical observations and predicted climate scenarios across three

time periods: 2010–2039 (“10”), 2040–2069 (“40”), and
2070–2099 (“70”).

Interval Difference Lower Upper p Adj

Great gray owl full model: Elevation

Historical–10 80 11 148 0.015

40–Historical* 129 57 200 <0.00001

70–Historical* 206 118 294 <0.00001

40–10 49 −29 127 0.372

70–10* 127 33 221 0.003

70–40 78 −18 174 0.16

Great gray owl full model: Latitude

Historical–10 1842 −7082 10,766 0.951

40–Historical 14,793 −381 29,967 0.059

70–Historical* 80,778 16,639 144,918 0.007

40–10 12,951 −3458 29,360 0.177

70–10* 78,937 14,494 143,379 0.009

70–40 65,985 385 131,586 0.048

Great gray owl climate-only model: Elevation

Historical–10* 169 93 245 <0.00001

40–Historical* 358 228 488 <0.00001

70–Historical 348 −201 897 0.36

40–10* 189 48 329 0.003

70–10 179 −373 730 0.838

70–40 −10 −571 551 1

Great gray owl climate-only model: Latitude

Historical–10 3174 −5716 12,064 0.794

40–Historical 13,898 −1252 29,048 0.085

70–Historical* 80,789 15,987 145,592 0.008

40–10 10,724 −5628 27,076 0.33

70–10* 77,616 12,522 142,710 0.012

70–40 66,892 652 133,132 0.047

Note: Results from two different models (climate only and full) are
presented. Significant differences are indicated with an asterisk (*).
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favorable habitat. The full model also predicts that the
overall elevation and latitude of favorable locations will
remain relatively steady, with favorable habitat
remaining centered on the historic core of the species’
range in the region, whereas the climate-only model
predicted significant changes in favorable locations.
Determining if either BRT model can be considered reli-
able and deciding which model is more likely to provide
useful predictions of future habitat favorability is chal-
lenging and requires considering the natural history of
this population of great gray owls.

Predictions from other SDMs that suggest the great
gray owl’s range will contract substantially at a
continent-wide scale, with habitat disappearing entirely

from the southern portions of its range (Langham
et al., 2015), may indicate the reliability of our BRT
model showing similar trends, especially because our
climate-only model has a nominally higher AUC.
However, other studies have observed that range shifts
predicted by models including geophysical variables are
generally less dramatic than those predicted by models
only considering climate (Champion & Coleman, 2021).

Additionally, generalizations made from a range-wide
model implicitly assume that Sierra Nevada great gray
owls face the same physiological and ecological con-
straints as all other populations, which is untrue (Hull
et al., 2014; Mendelsohn et al., 2020). Species traits have
been postulated to play a substantial role in range shifts

F I GURE 6 Mean elevation in meters (left) and mean latitude in meters (UTM Zone 10; right) of locations predicted to be favorable or

highly favorable for great gray owl during four time intervals (1981–2010 [i.e., historical], 2010–2039, 2040–2069, and 2070–2099) under four
different climate model projections (community climate system model [CCSM], French National Center for Meteorological Research

[CNRM], geophysical fluid dynamics laboratory [GFDL], and parallel climate model [PCM]) and mean of the predicted values of these

climate projections using boosted regression tree (BRT) models created using both geophysical and climatic variables in Sierra Nevada

meadows (top) and using BRT models created using only climatic variables at points randomly distributed across the greater Sierra Nevada

region (bottom). Error bars show standard error.
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F I GURE 7 Locations predicted by boosted regression tree models that include either geophysical and climatic variables combined (top)

or climatic variables alone (bottom) to be favorable for great gray owls under historical climate conditions and the mean of relative predicted

values of four climate models (community climate system model, French National Center for Meteorological Research, geophysical fluid

dynamics laboratory, and parallel climate model) during the 2070–2099 interval.
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(MacLean & Beissinger, 2017). Although this is not uni-
versally observed, some studies found that species traits
account for up to 60% of predicted range shifts with the
inclusion of physiological traits in SDMs, moderating the
predicted effects of climate change (Alofs et al., 2014;
Brommer, 2008; Gamliel et al., 2020; MacLean &
Beissinger, 2017). The traits unique to specific subspecies
or subpopulations, if sufficiently distinct, could also influ-
ence range shifts in some cases. For example, while great
gray owls elsewhere in the species’ range have been
shown to be prone to heat stress at temperatures over
20�C, in the Sierra Nevada great gray owls are known to
breed in areas that regularly exceed those temperatures
(Wu et al., 2016). Furthermore, although great gray owls
are adapted to hunting in deep snow across most of their
range (Bull & Duncan, 2020), the snowpack in the more
Mediterranean climate of the Sierra Nevada tends to be
denser due to repeated warming and cooling events and
can preclude hunting in some locations during part of
the year, which the owls respond to by migrating down-
slope to snow-free areas during the winter months when
necessary (Jepsen et al., 2011). Just as behavioral plastic-
ity can mitigate the effects of climate change for some
species (Beever et al., 2017), differing adaptations among
ecologically distinct subpopulations of a single species
may also help some species cope with the effects of cli-
mate change.

Great gray owls have historically occupied only a small
portion of the Sierra Nevada. It seems unlikely that this
restricted range represents the full spectrum of climatic
conditions tolerable to the Sierra Nevada population, espe-
cially considering that this area is not contiguous with the
rest of the species’ range, and that more northerly and
higher elevation portions of the Sierra Nevada itself have
historically been unoccupied. The narrow range of climate
conditions associated with great gray owl occupancy in the
Sierra Nevada may therefore be incidental to its restricted
range in the region, with meadow characteristics or other
habitat factors playing the constraining role.

We might have expected that because great gray owls
occur throughout the Boreal region and are typically asso-
ciated with cold temperatures and deep snowpack, those
two variables would be most important when predicting
the range of Sierra Nevada great gray owls. However, the
variables most important in the full model were clay com-
position and precipitation. These variables combined are
likely to alter the composition and structure of meadow
vegetation more than the climate conditions directly expe-
rienced by the owls themselves. Perhaps this indicates that
the limiting factors for great gray owls in the Sierra Nevada
are not physiological constraints on the owls themselves,
but the needs of their preferred prey. Indeed, trophic inter-
actions have been shown to impact range shifts and can

affect the utility SDMs (Moullec et al., 2022). Previous stud-
ies have suggested that prey availability is more important
to great gray owls than specific structural characteristics
within their habitat (Bull et al., 1989; Kalinowski et al.,
2014). Rodent species favored by great gray owls in the
Sierra Nevada include pocket gophers (Thomomys sp.) and
voles (Microtus sp.), both of which can occur across a broad
gradient of climate conditions (Wu et al., 2016). The full
BRT model’s prediction that favorable great gray owl habi-
tat will persist through 2099 within the population’s core
area in the Sierra Nevada, assuming it is not lost or
degraded through other means, therefore makes sense even
given increasing temperatures throughout the region. This
is consistent with the apparent stability of great gray owl
numbers in the Sierra Nevada throughout the past several
decades (Wu et al., 2016).

Although the full model’s predictions for future great
gray owl habitat availability in the Sierra Nevada are rela-
tively optimistic, both our full model and climate-only
models nevertheless predict declines in the number of
highly favorable meadows for great gray owls, which may
indicate a decline in the quality of available great gray owl
habitat that could result in population decreases even if
owls remain distributed across their historical breeding
range. The results of the full BRT model also suggest that
great gray owls are likely to remain confined to their his-
torical core area in the region, where their limited distribu-
tion may make them especially vulnerable to wildfire,
exurban development, or other disturbance. Land use
changes are known to amplify the effects of climate
change on species distribution (Guo et al., 2018; Zhang
et al., 2020). It is also possible that neither model is a reli-
able forecast of available habitat for this species in the
future, so land managers should not take it for granted
that Sierra Nevada great gray owls will maintain stable
populations in the face of climate change.

The difference in predicted outcomes for willow fly-
catcher versus great gray owl habitat distribution high-
lights the importance of identifying a broad range of
environmental factors that mediate the presence of indi-
vidual species. Although SDMs can be a powerful tool for
predicting shifts in habitat availability for species in a
changing climate, different models that are equally effec-
tive at predicting currently favorable habitat may not be
equally effective, or effective at all, at predicting future
outcomes. Other studies have also found that SDMs can
be misleading when predicting distributional changes in
response to climate change (Sofaer et al., 2018), and the
inclusion of additional biological variables in SDMs typi-
cally results in more robust models that yield different
predictions from simpler models (Morley et al., 2018;
Petitpierre et al., 2017; Santini et al., 2021). Our study
reinforces these ideas but highlights that the reliability of
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SDMs likely differs depending on the species under con-
sideration. Just as creating conservation priorities for any
given species based on broad generalizations across
numerous taxa is likely to be ineffective, our results sug-
gest that making range-wide generalizations that assume
the ecological needs of a species are homogenous across
the extent of its range may be a source of inaccurate pre-
dictions of future species distribution. Although the pre-
dictions made by the full model for willow flycatchers
potentially represent a valid projection of where favor-
able habitat will be distributed in the future, diverging
projections among competing models and lingering con-
cerns about unmodeled drivers of distribution that may
be important make our great gray owl models appear less
informative. Although SDMs may be useful in under-
standing possible changes in habitat favorability at a
broad scale and for predicting overall trends, they appear
to be limited in their utility for making highly specific
predictions. Care should be taken when trying to apply
similar models to other systems.

ACKNOWLEDGMENTS
We thank H. Mathewson, M. Morrison, L. Hall, S. Stock,
T. Mark, J. Steele, and C. Stermer for contributing willow
flycatcher data; S. Eyes, J. Keane, J. Medley, K. Roberts,
S. Stock, M. Tingley, and J. Wu for contributing and com-
piling great gray owl data; and S. Peterson and two anon-
ymous reviewers for constructive comments that helped
to strengthen this manuscript. This is Contribution
Number 744 of the Institute for Bird Populations.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Datasets utilized for this research are as follows: Publicly
available species observation data were accessed from
eBird (2021; https://ebird.org/home) and the California
Natural Diversity Database (CNDDB; California
Department of Fish and Wildlife, 2016; https://wildlife.ca.
gov/Data/CNDDB/Maps-and-Data). We queried both data-
bases for all observations that occurred between 15 June
and 15 July, and we used only those records that contained
specific evidence of breeding activity. We also used
unpublished observations from S. Stock and unpublished
observations compiled by Wu et al. (2016). All meadow
occupancy data from all data sources can be found com-
piled in Schofield et al. (2022; https://doi.org/10.5061/dryad.
1zcrjdfvw). Data regarding specific meadow locations and
characteristics were accessed from the Sierra Nevada
Multi-source Meadow Polygon Compilation v2 (UC Davis,
2017; https://meadows.sf.ucdavis.edu/resources/326). Soils
data used were from the State Soil Geographic (STATSGO2)

database for California (Soil Survey Staff, 2020; http://
websoilsurvey.nrcs.usda.gov) and accessed from Data Basin
(https://databasin.org/datasets/1ff4328039f948529c33e7e71b
b9b5fc/). Historical and projected climate data used were
30-year summaries derived from the California Basin
Characterization Model 2014 (Flint & Flint, 2017; https://
ca.water.usgs.gov/projects/reg_hydro/basin-characterization-
model.html) and accessed from the California Climate
Commons.

ORCID
Lynn N. Schofield https://orcid.org/0000-0001-5712-
511X

REFERENCES
Alofs, K.M., D. A. Jackson, andN. P. Lester. 2014. “Ontario Freshwater

Fishes Demonstrate Differing Range-Boundary Shifts in a
WarmingClimate.”Diversity and Distributions 20: 123–36.

Ankenbauer, K. J., and S. P. Loheide. 2017. “The Effects of Soil
Organic Matter on Soil Water Retention and Plant Water Use
in a Meadow of the Sierra Nevada, CA.” Hydrological Processes
31: 891–901.

Bateman, B. L., C. Wilsey, L. Taylor, J. Wu, G. S. LeBaron, and
G. Langham. 2020. “North American Birds Require Mitigation
and Adaptation to Reduce Vulnerability to Climate Change.”
Conservation Science and Practice 2: 1–18.

Beck, T. W., and J. Winter. 2000. “Survey Protocol for the Great
Gray Owl in the Sierra Nevada of California.” Prepared for
USDA Forest Service, Pacific Southwest Region, Vallejo,
California.

Beever, E. A., L. E. Hall, J. Varner, A. E. Loosen, J. B. Dunham,
M. K. Gahl, F. A. Smith, and J. J. Lawler. 2017. “Behavioral
Flexibility as a Mechanism for Coping with Climate Change.”
Frontiers in Ecology and the Environment 15: 299–308.

Benedict, N. B. 2014. “Mountain Meadows: Stability and Change.”
Madroño 29: 148–53.

Bombay, H. L., T. M. Benson, B. E. Valentine, and R. A. Stefani.
2003. A Willow Flycatcher Survey Protocol for California.
Vallejo, CA: US Department of Agriculture, Forest Service,
Pacific Southwest Region.

Bombay, H. L., M. L. Morrison, and L. S. Hall. 2003. “Scale
Perspectives in Habitat Selection and Animal Performance for
Willow Flycatchers (Empidonax traillii) in the Central Sierra
Nevada, California.” Studies in Avian Biology 26: 60–72.

Bradie, J., and B. Leung. 2017. “A Quantitative Synthesis of the
Importance of Variables Used in MaxEnt Species Distribution
Models.” Journal of Biogeography 44: 1344–61.

Brommer, J. E. 2008. “Extent of Recent Polewards Range Margin
Shifts in Finnish Birds Depends on Their Body Mass and
Feeding Ecology.” Ornis Fennica 85: 109–17.

Brown, J. B. 2018. “Classifiers and Their Metrics Quantified.”
Molecular Informatics 37: 1700127.

Bull, E. L., and J. R. Duncan. 2020. “Great Gray Owl (Strix nebulosa).” In
Birds of theWorld, Version 1.0, edited by S.M. Billerman. Ithaca, NY:
Cornell Lab ofOrnithology. https://doi.org/10.2173/bow.grgowl.01.

Bull, E. L., M. G. Henjum, and R. S. Rohweder. 1989. “Diet and
Optimal Foraging of Great Gray Owls.” The Journal of Wildlife
Management 53: 47–50.

18 of 21 SCHOFIELD ET AL.

 21508925, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4408, W

iley O
nline L

ibrary on [09/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://ebird.org/home
https://wildlife.ca.gov/Data/CNDDB/Maps-and-Data
https://wildlife.ca.gov/Data/CNDDB/Maps-and-Data
http://0.0.7.230
https://doi.org/10.5061/dryad.1zcrjdfvw
https://doi.org/10.5061/dryad.1zcrjdfvw
https://meadows.sf.ucdavis.edu/resources/326
http://websoilsurvey.nrcs.usda.gov
http://websoilsurvey.nrcs.usda.gov
https://databasin.org/datasets/1ff4328039f948529c33e7e71bb9b5fc/
https://databasin.org/datasets/1ff4328039f948529c33e7e71bb9b5fc/
https://ca.water.usgs.gov/projects/reg_hydro/basin-characterization-model.html
https://ca.water.usgs.gov/projects/reg_hydro/basin-characterization-model.html
https://ca.water.usgs.gov/projects/reg_hydro/basin-characterization-model.html
https://orcid.org/0000-0001-5712-511X
https://orcid.org/0000-0001-5712-511X
https://orcid.org/0000-0001-5712-511X
https://doi.org/10.2173/bow.grgowl.01


California Department of Fish and Wildlife. 2016. “California
Natural Diversity Database.” Sacramento, CA. http://dfg.ca.
gov/biogeodata/cnddb/mapsanddata.asp.

California Department of Fish and Wildlife. 2022. “State and
Federally Listed Endangered and Threatened Animals of
California.” https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=
109405&inline.

Champion, C., and M. A. Coleman. 2021. “Seascape Topography
Slows Predicted Range Shifts in Fish under Climate Change.”
Limnology and Oceanography Letters 6: 143–53.

Chen, I. C., J. K. Hill, R. Ohlemüller, D. B. Roy, and C. D. Thomas.
2011. “Rapid Range Shifts of Species Associated with High
Levels of Climate Warming.” Science 333: 1024–6.

Chicco, D., and G. Jurman. 2020. “The Advantages of the Matthews
Correlation Coefficient (MCC) over F1 Score and Accuracy in
Binary Classification Evaluation.” BMC Genomics 21: 1–13.

Chicco, D., N. Tötsch, andG. Jurman. 2021. “TheMatthews Correlation
Coefficient (MCC) Is More Reliable than Balanced Accuracy,
Bookmaker Informedness, and Markedness in Two-Class
ConfusionMatrix Evaluation.” BioDataMining 14: 1–22.

Colin, B., S. Clifford, P. Wu, S. Rathmanner, and K. Mengersen.
2017. “Using Boosted Regression Trees and Remotely Sensed
Data to Drive Decision-Making.” Open Journal of Statistics 7:
859–75.

Diffenbaugh, N. S., D. L. Swain, and D. Touma. 2015.
“Anthropogenic Warming Has Increased Drought Risk in
California.” Proceedings of the National Academy of Sciences of
the United States of America 112: 3931–6.

Donelson, J. M., J. M. Sunday, W. F. Figueira, J. D. Gait�an-Espitia,
A. J. Hobday, C. R. Johnson, J. M. Leis, et al. 2019.
“Understanding Interactions between Plasticity, Adaptation
and Range Shifts in Response to Marine Environmental
Change.” Philosophical Transactions of the Royal Society B 374:
20180186.

Drew, W. M., N. Hemphill, L. Keszey, A. Merrill, L. Hunt, J. Fair,
S. Yarnell, et al. 2016. “Sierra Meadows Strategy.” Sierra
Partnership. https://www.sierrameadows.org/.

eBird. 2021. “eBird: An Online Database of Bird Distribution and
Abundance [Web Application].” Ithaca, NY. http://www.
ebird.org.

Elith, J., J. R. Leathwick, and T. Hastie. 2008. “A Working Guide to
Boosted Regression Trees.” Journal of Animal Ecology 77:
802–13.

Flint, L. E., and A. L. Flint. 2017. “California Basin
Characterization Model: A Dataset of Historical and Future
Hydrologic Response to Climate Change. v 1.1.” U.S.
Geological Survey Data Release. https://climate.calcommons.
org/dataset/2014-CA-BCM.

Fourcade, Y., T. Ranius, and E. Öckinger. 2017. “Temperature
Drives Abundance Fluctuations, but Spatial Dynamics Is
Constrained by Landscape Configuration: Implications for
Climate-Driven Range Shift in a Butterfly.” Journal of Animal
Ecology 86: 1339–51.

Freeman, B. G., M. N. Scholer, V. Ruiz-Gutierrez, and J. W.
Fitzpatrick. 2018. “Climate Change Causes Upslope Shifts and
Mountaintop Extirpations in a Tropical Bird Community.”
Proceedings of the National Academy of Sciences of the
United States of America 115: 11982–7.

Gamliel, I., Y. Buba, T. Guy-Haim, T. Garval, D. Willette, G. Rilov,
and J. Belmaker. 2020. “Incorporating Physiology into Species
Distribution Models Moderates the Projected Impact of
Warming on Selected Mediterranean Marine Species.”
Ecography 43: 1090–106.

Grinnell, J., and A. H. Miller. 1944. “The Distribution of the Birds
of California.” Pacific Coast Avifauna 27: 1–608.

Guo, F., J. Lenoir, and T. C. Bonebrake. 2018. “Land-Use Change
Interacts with Climate to Determine Elevational Species
Redistribution.” Nature Communications 9: 1–7.

Harris, J. H., S. D. Sanders, and M. A. Flett. 1986. “The Status and
Distribution of Willow Flycatchers in California.” Department
of Fish and Game, Wildlife Management Division,
Administrative Report 88-1.

Hijmans, A. R. J., S. Phillips, J. Leathwick, J. Elith, and M. R. J.
Hijmans. 2017. “Package ‘dismo’.” https://CRAN.R-project.
org/package=dismo.

Hitch, A. T., and P. L. Leberg. 2007. “Breeding Distributions of
North American Bird Species Moving North as a Result of
Climate Change.” Conservation Biology 21: 534–9.

Huang, J. L., M. Andrello, A. C. Martensen, S. Saura, D. F. Liu,
J. H. He, and M. J. Fortin. 2020. “Importance of
Spatio-Temporal Connectivity to Maintain Species
Experiencing Range Shifts.” Ecography 43: 591–603.

Hull, J. M., A. Englis, J. R. Medley, E. P. Jepsen, J. R. Duncan, H. B.
Ernest, and J. J. Keane. 2014. “A New Subspecies of Great
Gray Owl (Strix nebulosa) in the Sierra Nevada of California,
U.S.A.” Journal of Raptor Research 48: 68–77.

Jepsen, E. P. B., J. J. Keane, and H. B. Ernest. 2011. “Winter
Distribution and Conservation Status of the Sierra Nevada
Great Gray Owl.” The Journal of Wildlife Management 75:
1678–87.

Kalinowski, R. S., M. D. Johnson, and A. C. Rich. 2014. “Habitat
Relationships of Great Gray Owl Prey in Meadows of the
Sierra Nevada Mountains.” Wildlife Society Bulletin 38: 547–56.

Kattelmann, R., and M. Embury. 1996. “Status of Riparian
Habitat.” Sierra Nevada Ecosystems Project, Final Report to
Congress, Volume II. Assessment and Scientific Basis for
Management Options. Davis, CA.

Kelly, A. E., and M. L. Goulden. 2008. “Rapid Shifts in Plant
Distribution with Recent Climate Change.” Proceedings of the
National Academy of Sciences of the United States of America
105: 11823–6.

Langham, G. M., J. G. Schuetz, T. Distler, C. U. Soykan, and C.
Wilsey. 2015. “Conservation Status of North American Birds
in the Face of Future Climate Change.” PLoS One 10: 1–16.

Lawler, J. J., D. White, R. P. Neilson, and A. R. Blaustein. 2006.
“Predicting Climate-Induced Range Shifts: Model Differences
and Model Reliability.” Global Change Biology 12: 1568–84.

Loffland, H. L., L. N. Schofield, R. B. Siegel, and B. Christman.
2022. “Sierra Nevada Willow Flycatcher Decline Continues
but Losses Abate at Two Restored Meadows.” Western Birds
53: 52–69.

Loheide, S. P., R. S. Deitchman, D. J. Cooper, E. C. Wolf, C. T.
Hammersmark, and J. D. Lundquist. 2009. “A Framework for
Understanding the Hydroecology of Impacted Wet Meadows
in the Sierra Nevada and Cascade Ranges, California, USA.”
Hydrogeology Journal 17: 229–46.

ECOSPHERE 19 of 21

 21508925, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4408, W

iley O
nline L

ibrary on [09/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://dfg.ca.gov/biogeodata/cnddb/mapsanddata.asp
http://dfg.ca.gov/biogeodata/cnddb/mapsanddata.asp
https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=109405&inline
https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=109405&inline
https://www.sierrameadows.org/
http://www.ebird.org
http://www.ebird.org
https://climate.calcommons.org/dataset/2014-CA-BCM
https://climate.calcommons.org/dataset/2014-CA-BCM
https://CRAN.R-project.org/package=dismo
https://CRAN.R-project.org/package=dismo


Lubetkin, K. C., A. L. Westerling, and L. M. Kueppers. 2017.
“Climate and landscape drive the pace and pattern of conifer
encroachment into subalpine meadows.” Ecological
Applications 27: 1876–87.

MacLean, S. A., and S. R. Beissinger. 2017. “Species’ Traits as
Predictors of Range Shifts under Contemporary Climate
Change: A Review and Meta-Analysis.” Global Change Biology
23: 4094–105.

Mathewson, H. A., M. L. Morrison, H. L. Loffland, and P. F.
Brussard. 2012. “Ecology of Willow Flycatchers (Empidonax
traillii) in the Sierra Nevada, California: Effects of Meadow
Characteristics and Weather on Demographics.”
Ornithological Monographs 75.

McCain, C. M., and C. F. Garfinkel. 2021. “Climate Change and
Elevational Range Shifts in Insects.” Current Opinion in Insect
Science 47: 111–8.

McHenry, J., H. Welch, S. E. Lester, and V. Saba. 2019. “Projecting
Marine Species Range Shifts from Only Temperature Can
Mask Climate Vulnerability.” Global Change Biology 25:
4208–21.

Mendelsohn, B., B. Bedrosian, S. M. Love Stowell, R. B. Gagne,
M. E. F. LaCava, B. L. Godwin, J. M. Hull, and H. B. Ernest.
2020. “Population Genomic Diversity and Structure at the
Discontinuous Southern Range of the Great Gray Owl in
North America.” Conservation Genetics 21: 693–706.

Miles, S. R., and C. B. Goudey. 1997. Ecological Subregions of
California: Section and Subsection Descriptions. San Francisco,
CA: USDA Forest Service, Pacific Southwest Region. Natural
Resources Conservation Service.

Morley, J. W., R. L. Selden, R. J. Latour, T. L. Frölicher, R. J.
Seagraves, and M. L. Pinsky. 2018. “Projecting Shifts in
Thermal Habitat for 686 Species on the North American
Continental Shelf.” PLoS One 13: 1–28.

Moullec, F., N. Barrier, S. Drira, F. Guilhaumon, T. Hattab, M. A.
Peck, and Y. J. Shin. 2022. “Using Species Distribution Models
Only May Underestimate Climate Change Impacts on Future
Marine Biodiversity.” Ecological Modelling 464: 109826.

Paszko, Z., and H. Padzik. 1975. “Estimation of High Affinity
Estradiol Binding Sites in Human Breast Cancer.” Archiv fur
Geschwulstforschung 45: 430–43.

Paxton, E. H., S. L. Durst, M. K. Sogge, T. J. Koronkiewicz, and
K. L. Paxton. 2017. “Survivorship across the Annual Cycle of a
Migratory Passerine, the Willow Flycatcher.” Journal of Avian
Biology 48: 1126–31.

Pecchi, M., M. Marchi, V. Burton, F. Giannetti, M. Moriondo,
I. Bernetti, M. Bindi, and G. Chirici. 2019. “Species
Distribution Modelling to Support Forest Management. A liter-
ature review.” Ecological Modelling 411: 108817.

Petitpierre, B., O. Broennimann, C. Kueffer, C. Daehler, and
A. Guisan. 2017. “Selecting Predictors to Maximize the
Transferability of Species Distribution Models: Lessons from
Cross-Continental Plant Invasions.” Global Ecology and
Biogeography 26: 275–87.

Platts, P. J., S. C. Mason, G. Palmer, J. K. Hill, T. H. Oliver, G. D.
Powney, R. Fox, and C. D. Thomas. 2019. “Habitat Availability
Explains Variation in Climate-Driven Range Shifts across
Multiple Taxonomic Groups.” Scientific Reports 9: 1–10.

Polasik, J. S., J. X. Wu, K. N. Roberts, and R. B. Siegel. 2016. “Great
Gray Owls Nesting in Atypical, Low-Elevation Habitat in the

Sierra Nevada, California.” Journal of Raptor Research 50:
194–206.

R Core Team. 2017. R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.

Reif, J., and J. Flousek. 2012. “The Role of Species’ Ecological Traits
in Climatically Driven Altitudinal Range Shifts of Central
European Birds.” Oikos 121: 1053–60.

Rödder, D., T. Schmitt, P. Gros, W. Ulrich, and J. C. Habel. 2021.
“Climate Change Drives Mountain Butterflies towards the
Summits.” Scientific Reports 11: 1–12.

Ruegg, K., R. A. Bay, E. C. Anderson, J. F. Saracco, R. J. Harrigan,
M. Whitfield, E. H. Paxton, and T. B. Smith. 2018. “Ecological
Genomics Predicts Climate Vulnerability in an Endangered
Southwestern Songbird.” Ecology Letters 21: 1085–96.

Sagarin, R. D., S. D. Gaines, and B. Gaylord. 2006. “Moving beyond
Assumptions to Understand Abundance Distributions across
the Ranges of Species.” Trends in Ecology and Evolution 21:
524–30.

Santini, L., A. Benítez-L�opez, L. Maiorano, M. Čengi�c, and M. A. J.
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