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Abstract 

Conservation Biogeography, Mechanisms of Decline, and Climate 
Relationships of California Wildlife 

Joseph A. E. Stewart 
 

 Life on earth is in the midst of an extinction crisis. Modern rates of extinction 

are comparable to rates of extinction during the five mass extinction events of the 

Phanerozoic. While habitat loss and invasive species have been dominant historical 

drivers of extinction, climate change is projected to emerge as a codominant driver of 

extinction during the 21st century. This dissertation explores the impacts of climate 

change, habitat loss, and invasive species on California wildlife with the goal of 

providing information that will assist in conserving biodiversity. Two themes that 

unite this dissertation are conservation biogeography and climate change. The first 

two chapters focus on historical and projected climate-mediated range contraction in 

a species that appears to be threatened almost entirely by climate change, as opposed 

to other sources of decline. Chapter three assesses the vulnerability of twenty 

California mammal species to climate change and includes consideration of land use, 

hydroclimatic niche, dispersal ability, sea level rise, and species traits. Chapter four 

explores strategies for recovering one of the first species to be protected under 

endangered species law in the context of habitat loss, invasive species, climate 

change, habitat protection, and potential for habitat restoration on retired farmland. 
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Introduction 
 

Life on earth is in the midst of an extinction crisis (Ceballos et al., 2015). The 

rate of extinction over the past 500 years is comparable to the rates of extinction 

during the five mass extinction events of the Phanerozoic (Barnosky et al., 2011). The 

modern extinction crisis is of grave concern because extinctions are irreversible, 

because species have intrinsic value, and because biodiversity provides essential 

benefits to society (Nunes & Van den Bergh, 2001). Despite the enormity of the 

crisis, there is a dearth of information on the status of biodiversity and consequently, 

there is a dearth of information on strategies for conserving biodiversity. It appears 

that many species are being driven to extinction before they become known to science 

(Lees & Pimm, 2015). While many actions needed to save biodiversity are clear (e.g. 

halt and reverse habitat destruction, rein in and reverse climate change) better 

information is needed to understand how to best target conservation interventions. 

Habitat conversion and invasive species have been dominant historical drivers 

of extinction (Baillie et al., 2004), but climate change is projected to emerge as a 

codominant driver of extinction during the 21st century (Thomas et al., 2004). Much 

uncertainty remains in how climate change will affect species (Urban, 2015). 

Reducing uncertainty in how species and ecosystems will respond will require 

understanding the mechanisms that drive species response to climate change (Urban 

et al., 2016). This dissertation explores multiple such mechanisms. Chapters one, two, 

and four deal with the interaction between environmental temperature and 

temperature thresholds for animal activity. These chapters also incorporate the impact 
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of habitat abundance on species persistence. Chapter three evaluates the ability of 

species to disperse to keep pace with changes in the distribution of climatically 

suitable habitat and evaluates the impact of sea level rise on species persistence. 

Chapter four also explores the interaction of precipitation and vegetation productivity 

on species persistence.  

In this dissertation, I explore conservation biogeography in California 

wildlife. Conservation biogeography is the application of principles of biogeography 

to inform conservation efforts (Whittaker et al., 2005). All four chapters address the 

critical question of how climate change is affecting the distribution of species. The 

first two chapters focus on climate-mediated range contraction in a cold-adapted 

species that has remained largely unaffected by other anthropogenic impacts. 

Chapters one and two inform the potential to avoid biodiversity loss by reining in 

climate change. Chapter three integrates land use, species dispersal ability, and sea 

level rise into an assessment of how twenty different species are responding to 

climate change. Finally, chapter four integrates land use, habitat loss, climate change, 

invasive-species-mediate climatic niche contraction, and potential for habitat 

restoration on retired farmland into an exploration of conservation strategy for an 

endangered species. Chapters three and four are intended to be useful in informing 

habitat conservation priorities. 

In chapter one, I document the apparent climate-mediated loss of the 

American pika from 15% of historical occurrence locations in California. 

Coordinating and analyzing the efforts and responses of collaborators, I resurveyed or 
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aggregated data for 67 precise historical pika occurrence locations across California, 

spanning four degrees of latitude and longitude. All habitat within 1 km of apparently 

extirpated sites was surveyed exhaustively, over multiple years, to confirm 

extirpation. I used an information theoretic approach and logistic regression to model 

current pika occupancy as a function of 16 environmental variables. The best 

predictors of occupancy were summer temperature and talus habitat area within a 1‐
km radius. A logistic model fit to these two variables correctly predicted current 

occupancy at 94% of sites and correctly hindcasted past occupancy at 93% of sites, 

suggesting that the model has strong temporal transferability. Previous studies 

provided support to the mechanisms underlying the predictive ability of these two 

variables. Depending on the future climate scenario, the model projected that by 2070 

pikas will be extirpated from 39% to 88% of historical sites in California. In addition 

to providing information on the status and future of pikas in California, the study 

serves as in important case study in how relatively simple models, based on known 

mechanisms that govern species persistence, can perform well in predicting species 

response to climate change (Fordham et al., 2017). Another important result of this 

study is that beneficial habitat attributes (i.e. habitat area) can, at least partially, 

mitigate the effect of temperature on pika persistence.  

In chapter two, I used persistent fecal pellets and radiocarbon dating to 

document the apparent climate-mediated loss and fragmentation of core habitat of the 

American pika in the North Lake Tahoe region. Radiocarbon dating of old pika fecal 

pellets revealed that former pika occupancy in the region ranged from before 1955, 
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the beginning of the atmospheric spike in radiocarbon associated with above-ground 

atomic bomb testing, to c. 1991. The most recent sign of pikas was found near the 

highest elevations of the extirpated region, consistent with the hypothesis of climate-

mediated upslope range contraction. The study is significant because it is among the 

first empirical examples of climate-mediated habitat fragmentation—a widely 

predicted but seldom documented phenomenon. In contrast to chapter one, analyses 

in pika occupancy in the Tahoe region did not support large habitat area as a factor 

that ameliorates the effects of climate change on pika persistence. Rather, the best-

performing model identified refugial temperature within pika dispersal distance (i.e. 4 

km) as the best predictor of pika persistence. The model successfully hindcast 100% 

of previously occupied sites in the study as having climatically suitable conditions 

during the historical era. The model forecasts a 97% decline in climatically suitable 

area for pikas within the greater Tahoe study area by 2050 (ensemble average). 

In chapter three, I assess the climate change vulnerability of 20 California 

mammal species. I integrated multiple approaches into this assessment. I used species 

distribution models, hydroclimatic variables, and land use data to project geographic 

changes in habitat suitability under different climate change scenarios. I used 

phylogenetic imputation and a global database of mammalian traits to estimate 

dispersal ability for each species and to assess whether species might be able to 

successfully disperse to newly suitable habitat in the absence of human intervention. 

Vulnerability of species to sea level rise was assessed using occurrence data and high-

resolution coastal LiDAR surfaces. Finally, I adapted a commonly used tool for 
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climate change vulnerability assessment (Young et al., 2011) to integrate information 

on the natural history and habitat requirements of each species. Of the 20 species 

evaluated, one had insufficient information on occurrence locations to be assessed. 

By 2080, species were projected to experience an average 45% decline in climatically 

suitable habitat area due to changes to upland climate. Six of the 20 taxa assessed 

were projected to suffer some loss of habitat due to sea level rise. Amongst the six 

taxa projected to suffer loss of habitat to sea level rise, the average loss of habitat was 

estimated to be 13%. Six species were projected to suffer complete loss of 

climatically suitable habitat within their plausible area of dispersal under at least one 

climate scenario considered. Assisted migration to areas of the state where the species 

cannot disperse on their own could be necessary if we wish to conserve wild 

populations of these species. 

In chapter four, I explore the conservation biogeography of one of the first 

species to be protected under endangered species law, the blunt-nosed leopard lizard 

(Gambelia sila). I use occurrence data, environmental surfaces, and species 

distribution models to assess the historical distribution of habitat. I use historical land 

use data to estimate the rate at which habitat has been converted to other human uses 

over time and to show that more habitat has been lost since the species was listed as 

endangered than is currently protected. I use resurvey data, patterns in occurrence 

data, and hydroclimatic surfaces to reveal apparent contraction in the climatic niche 

of the species. Climatic niche contraction, away from the more mesic margin of the 

historical range of the species, appears to be driven by the spread of exotic annual 
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grasses and forbs. Finally, I explore conservation strategies for the species, including 

the potential for habitat restoration on retired farmland.   
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Chapter 1 

Revisiting the past to foretell the future: summer temperature and habitat 

area predict pika extirpations in California 

 

ABSTRACT  

Aim The American pika (Ochotona princeps) appears to have experienced climate-

mediated up-slope range contraction in the Great Basin, but this result has not yet 

been extended to other portions of the pika’s range. Our goals were, first, to 

determine the environmental parameters that most influence current pika distribution 

within California, second, to infer if these constraints explain extirpations that have 

occurred in California, third, to predict future extirpations, and fourth, to advance 

methods for assessing the degree to which pikas and other climate-sensitive mammals 

are threatened by climate change. 

Location  Historical pika record locations in California, USA, spanning four degrees 

of latitude and longitude, from Mount Shasta to the southern Sierra Nevada.  

Method  We identified 67 precise historical pika record locations and surveyed them 

exhaustively, over multiple years, to determine whether pika populations persist at 

those sites. We used an information theoretic approach and logistic regression to 

model current pika occupancy as a function of 16 environmental variables, tested our 
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best-performing model as a predictor of historical occupancy, and then used our 

model to predict future pika occupancy given anticipated climate change.  

Results  Pikas no longer occurred at 10 of 67 (15%)  historical sites in California. 

The best predictors of occupancy were average summer temperature and talus habitat 

area within a 1-km radius. A logistic model fit to this relationship correctly predicted 

current occupancy at 94% of sites and correctly hindcast past occupancy at 93% of 

sites, suggesting the model has strong temporal transferability. Depending on the 

future climate scenario, our model projects that by 2070, pikas will be extirpated from 

39% to 88% of these historical sites in California. 

Main conclusions  Our simple species distribution model for pikas performs 

remarkably well for both current and historical periods. Pika distribution appears to 

be governed primarily by behavioural restrictions mediated by summer temperature 

and by the configuration of talus habitat available to pikas locally. Pikas, and other 

montane species, may be subject to increased seasonal exposure to climate change 

because summer temperature is projected to rise more than annual temperature. 

 

INTRODUCTION 

Rapid anthropogenic climate change is projected to emerge as a leading threat 

to global biodiversity conservation in the 21st century (Thomas et al., 2004; Loarie et 

al., 2008). The fingerprint of climate change is already apparent in natural 

communities in the form of range shifts, advanced phenology, and genetic changes 

(Parmesan, 2006).  Predicting the fate of particular species in the face of climate 
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change is complex because the processes that limit species distributions and control 

abundances can shift over time or from one geographic region to another (Hijmans & 

Graham, 2006; Dobrowski et al., 2011). To make accurate predictions, it is necessary 

to show that species distribution models (SDMs) are transferable both temporally and 

geographically (Tuanmu et al., 2011; Blois et al., 2013). 

Mountain systems have inherent physical properties that both increase and 

decrease vulnerability of species to climate change. On one hand, because climate 

gradients are relatively steep in complex topographic environments, montane species 

may be able to track their climate envelope by dispersing relatively short distances 

upslope (Loarie et al., 2009), or by exploiting topographic heterogeneity such as by 

shifting slope aspects. On the other hand, geographic isolation and unique 

environmental adaptations may make montane species especially vulnerable to 

warming (La Sorte & Jetz, 2010). As climate change forces range contractions, 

species may effectively be “pushed off” the tops of mountains by warming climate 

(Thuiller et al., 2005).  

The American pika, Ochotona princeps (Richardson, 1828), a small (120-180 

g), saxicolous lagomorph, has emerged as a model organism for examining the effects 

of climate change on montane species (Smith & Weston, 1990; Krijack, 2004; Beever 

et al., 2011). American pikas (henceforth referred to as pikas) may be especially 

vulnerable to climate warming because their lower elevational limit, at least in the 

southern part of their range, is relatively high with respect to other mammal species 

(McDonald & Brown, 1992; Moritz et al., 2008). In the Great Basin, pikas appear to 



 

 

 

11 

be experiencing accelerating upslope range contraction in concert with regional 

warming (Beever et al., 2011). Further, SDM studies predict that pikas could suffer 

drastic range collapse and regional extinction across their range in western North 

America during the 21st century (Galbreath et al., 2009; Calkins et al., 2012). Because 

of this vulnerability, the species was petitioned for protection under the United States 

and California Endangered Species Acts (Wolf et al., 2007a, 2007b). Despite 

acknowledging that climate change is expected to cause continued range loss, both 

petitions were denied on the basis that presently available scientific evidence does not 

indicate pikas are currently experiencing or will experience range-wide extinction 

within the foreseeable future. In their responses, both management agencies 

highlighted the need for more information on the degree to which pikas are threatened 

by climate change (United States Fish and Wildlife Service 2010, California 

Department of Fish and Wildlife 2013). 

Adaptations that allow pikas to survive in cold alpine climates make them 

poorly suited to warming temperatures. Low thermal conductance and high resting 

metabolic rate aid pikas in avoiding hypothermia during cold winters under the snow 

but make them vulnerable to hyperthermia in the summer (MacArthur & Wang, 1973; 

Smith, 1974). A key vulnerability is that their upper lethal body temperature is 3 °C 

above their resting body temperature (MacArthur & Wang, 1973; Smith & Weston, 

1990). Thus, summer temperature may restrict pika distribution. To avoid acute heat 

stress during high temperatures, pikas thermoregulate behaviourally by reducing their 

foraging activity and spending more time in the cool interstices of talus fields where 
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they reside (Smith, 1974). In contrast to many non-lagomorph small montane species, 

pikas do not hibernate or accumulate fat stores. Instead, during the summer they 

cache vegetation in haypiles on which they subsist during the winter (Smith & 

Weston, 1990). Reduced foraging and caching may result in reduced energy intake, 

reproduction, and survival (Smith, 1974). This same mechanism of range limitation—

reduced foraging as a result of behavioural thermoregulation to avoid unsuitable 

temperatures—has been proposed as a common limitation for other montane 

mammals (Morelli et al., 2012) and animal species as a whole (Pörtner, 2002). 

Resurvey results in the Great Basin support summer temperature as a top predictor of 

pika extirpations, but this result has not previously been generalized to other portions 

of the pika’s range (Moritz et al., 2008; Beever et al., 2011; Erb et al., 2011; Stewart 

& Wright, 2012).  

We used historical resurvey data from across the pika’s range in California to 

assess causes of pika extirpation, to infer whether climate change has led to upslope 

range contraction in California, and to build a SDM for projecting future occupancy. 

Two previous studies collected resurvey data on pikas within sub-regions of 

California, but both datasets suffered from small sample size and limited statistical 

power (Moritz et al., 2008; Stewart & Wright 2012). We fit a logistic model to 

current occupancy patterns, tested the model’s ability to hindcast known past 

occupancy based on past climate, and used the model to forecast future pika 

distribution. This study advances previous projections of future pika distribution 

(Galbreath et al., 2009; Calkins et al., 2012) in four respects. First, in contrast to 
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previous approaches, which used “pseudo-absences” from random locations across 

the landscape, our model is parameterized with verified, high-quality absence data. 

Second, we test our model for temporal transferability using historical occurrence 

data. Third, our model tests and incorporates a non-climate environmental variable 

(habitat area) into projections of future pika distribution. Finally, we use the most 

recent future climate projections from the Intergovernmental Panel on Climate 

Change (IPCC 5; Taylor et al., 2012). While our study focuses on the American pika, 

our methods and conclusions should be generalizable to other montane species, as we 

discuss below. 

 
METHODS 

Field Methods and Historical Data 

We identified 67 historically recorded pika locations across the pika’s range in 

California from the 19th and 20th centuries, and resurveyed them to determine whether 

pikas have persisted at those sites. Our field methods were comparable to those of 

Stewart & Wright (2012) in the northern Sierra Nevada, with minor modifications. 

We surveyed each site until we had either detected pikas, or until we had completed 

an exhaustive search of all pika habitat within a 1-km radius of the historical location. 

If pikas or current-year pika sign were detected at a site, the site was scored as 

occupied. In addition to pika sightings or calls, haypiles or pika scat were considered 

recent evidence if they contained green hues from un-decomposed chlorophyll. As a 

final measure, we listened for pika calls during morning and evening hours, when 

pikas are most active at hotter sites (Smith, 1974). We also searched for and collected 
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older “relict” pika fecal pellets to confirm past occupancy. Pika fecal pellets often 

persist for a decades after extirpation with gradual decline in size and change in 

colour (Appendix 1.S1; Nichols, 2010). We used a 1-km survey radius because it is 

large enough to detect large-scale metapopulation extirpations. Given the density of 

pika habitat in our region, exhaustive resurveys of a 1-km radius required up to 5 days 

of search effort. 

We aggregated data from six resurvey teams working in different regions of 

California (led by coauthors of this study). We endeavoured to include all reliable and 

spatially precise historical record locations that had been resurveyed prior to 2012. To 

obtain historical records, we queried biodiversity databases (e.g. GBIF, Arctos, 

MaNIS), read field notes, visited offline museums, contacted professional networks, 

and searched the literature. Records accompanied by a voucher specimen or observed 

by an experienced researcher (e.g. Joseph Grinnell, Annie Alexander) were 

considered reliable. Records were considered sufficiently precise only if all plausible 

interpretations of the historical description fit within a 1-km search radius (Appendix 

1.S1).  

The 67 records we resurveyed spanned the majority of the pika’s geographic 

and elevational range in the state. Records extended over more than four degrees of 

latitude and longitude, from the slopes of Mount Shasta in the north to the John Muir 

Wilderness in the south, and to the White Mountains in the east (Fig. 1.1; Appendix 

1.S1). The records covered an elevational range from the lowest known pika 

population in California (1,380 m) to the high slopes of the southern Sierra (3,940 m). 
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Spatial uncertainty associated with historical records ranged from nil (detailed field 

notes accompanied by historical photographs; Appendix 1.S1) to 1 km (e.g. museum 

skin with specimen tag specifying “east side of Pyramid Peak”) with a median 

precision of 0.4 km. The original observation year for records ranged from 1897-2000 

(median = 1927), resurveys were conducted during 2004-2012 (median = 2010), and 

the interval between the historical observation and resurvey ranged from 12 to 109 

years (median = 83). While 12 years may seem a relatively short interval for 

historical resurvey, our results indicate it has been sufficiently long for populations to 

become extirpated.  
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Figure 1.1 Location and current occupancy status of 67 historical American pika 
(Ochotona princeps) sites in California. Background is colored by average summer 
temperature. 
  



 

 

 

17 

Pikas are highly detectable, based largely up on their frequent calls and 

copious and persistent fecal pellets. Previous studies indicate consistently high 

detection probability within discrete talus patches (> 90%) after 15-30 person-minutes 

(person-min) of search effort (Beever et al., 2010; Rodhouse et al., 2010; Erb et al., 

2011; Jeffress et al., 2013).  Extended to multiple talus patches within the 1-km 

radius, detection probability would approach certainty if 3 or more patches were 

occupied. We took several measures to maximize our confidence in observed 

extirpations. Depending on the amount of habitat, our search effort at extirpated sites 

ranged from 5 to 56 person-hours searching all talus (median = 11 person-hours) and 

7 to 90 hours on site and within hearing distance of pika habitat (median = 24 person-

hours). All sites where pikas were not initially detected during the first year were 

surveyed exhaustively in a subsequent year.  

 

Analytical methods and predictor variables 

We modelled pika persistence as a function of 16 environmental variables—2 habitat, 

2 elevation, and 12 climate variables—that capture the most biologically significant 

processes for pikas, as supported by a mechanistic hypothesis and/or by previously 

published literature (Appendix 1.S2). These predictor variables were combined into 

58 biologically informed a priori combinations and tested for predictive power. The 

twelve climate predictor variables were extracted from 270-m resolution grids, 

representing 10-year (2001–2010) average climate surfaces from the California Basin 

Characterization Model (Daly et al., 1994; Flint & Flint, 2012; Thorne et al., 2012). 
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Given that pikas can escape acute heat stress through behavioral thermoregulation 

and that they attain a maximum age of seven years (Smith & Weston, 1990), we 

expected that full demographic collapse and extinction of a local metapopulation 

would typically be the result of multiple-year chronic climate effects as opposed to 

single-year acute effects. Climate variables included seasonal and annual temperature, 

precipitation, snowfall, snowpack depth, snowpack duration, climate water deficit (a 

drought index), and actual evapotranspiration (a vegetation productivity index). 

Elevation was included as a high spatial-resolution proxy for coarser resolution 

climate variables. Absolute elevation was extracted from 10-m resolution digital 

elevation models. Pika-equivalent elevation was calculated as the difference between 

absolute elevation and latitude-longitude calculated minimum elevation for pikas 

(Hafner, 1993). Values for each climate and elevation variable were extracted for the 

most suitable location within each site boundary (e.g. minimum average temperature 

within 1-km radius site, maximum elevation, maximum average precipitation, etc.). 

For each site, talus habitat was hand-delineated into a GIS layer using the best 

available aerial imagery (c. 3 person-hours spent on talus delineation per site) and 

total talus area and perimeter within the 1-km radius site boundary was calculated. 

Talus perimeter was included in addition to talus area because pikas may 

preferentially use edge habitat for access to forage (Moilanen et al., 1998; Millar, 

2011; Jeffress et al., 2013). Two sites with anthropogenic pika habitat (ore dumps), 

where aerial talus mapping was not possible, were delineated on the ground. 
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We evaluated the performance the a priori models (Appendix 1.S2) using 

logistic regression and multi-model inference techniques (Burnham & Anderson, 

2002). Highly correlated variables (|r| > 0.7) and variables that attempted to measure 

similar causal mechanisms were not included in the same model (e.g. temperature and 

elevation were not included in the same model). To avoid over-fitting we restricted all 

models to a maximum of five events per variable (Vittinghoff & McCulloch, 2007). 

With a total of 10 extirpations (“events”) in our data, this translated to no more than 

two predictor variables per model. To test whether our results were robust to 

imperfect detection, we performed simulations in which we iteratively reclassified 

one of 10 extirpated sites as occupied and evaluated the performance of our 58 a 

priori models. In addition to internal model evaluation we evaluated model 

performance using spatial and temporal cross-validation (Fielding & Bell, 1997; 

Wenger & Olden, 2012). First, we evaluated model performance in the current period 

using 10,000 iterations of randomly partitioned training (80%) and evaluation (20%) 

data (i.e. spatially distinct, temporally equivalent data; Kohavi, 1995). Next, we tested 

temporal transferability by training the model with the full set of current data and 

evaluating model performance using the full set of historical data (i.e. spatially 

equivalent, temporally distinct data; e.g. Boyce et al., 2002; Araújo et al., 2005; 

Moritz et al., 2008; Smith et al., 2013). Finally, we tested model transferability using 

data partitions that were both temporally and spatially distinct (Kharouba et al., 
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2009)—iteratively training the model with current data from 80% of sites and 

evaluating the model with historical data from the remaining 20% of sites . 

We projected pika occupancy for both historical and future climate conditions 

using the best-performing logistic model trained on current occupancy patterns. Sites 

with ≥ 50% predicted probability of occupancy were classified as occupied, and sites 

below this threshold were classified as unoccupied. We assumed no change in the 

amount of talus habitat at sites from the historical to future periods (1897-2070). 

Historical climate for a given time period was calculated using the delta method and a 

10-yr running average of statewide deviations from current (2001-2010) climate 

(Abatzoglou et al., 2009; CCT 1895-2012). Downscaled Coupled Model 

Intercomparison Project Phase 5 (CMIP5) future climate change scenario surfaces, 

i.e. prepared for the IPCC’s 5th assessment report (Taylor et al., 2012), were obtained 

from the WorldClim database (30 arc-second resolution, ~800 m grid cells; Hijmans 

et al., 2005), and further downscaled to 270-m to match current climate data 

resolution (delta method). We projected pika distribution during 2070 using one low 

emission and one high emission Representative Concentration Pathway (RCP 4.5, 

“low,” and RCP 8.5, “high”) combined with a low sensitivity (GISS-E2-R), high 
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sensitivity (MIROC-ESM) and ensemble mean General Circulation Model (mean of 

17 GCMs), for a total of 6 future climate scenarios. 

 

RESULTS 

Overall, 57 historically occupied sites were currently occupied by pikas (85%) 

and 10 sites were extirpated (15%). The average elevation of currently occupied sites 

(2,800 m) was 500 m higher than the average elevation of extirpated sites (2,300 m) 

(one-sided t-test, P = 0.009). We found old pika feces, but no fresh sign, at all 10 

extirpated sites, confirming previous site occupancy. Detection of old feces was 

relatively easy at extirpated sites (median = 13, range = 5-59 person-min). Of the 10 

extirpated sites, five occurred in the Lassen Transect, two occurred in the northern 

Sierra, and three occurred in the Bodie Hills (Fig. 1.1). For most occupied sites (81%) 

pika detection was easy, with pikas detected within 30 person-min (median = 5 

person-min) and in the first talus patch surveyed. Pika detection was more difficult at 

nine of the occupied sites (median = 65 person-min, range 34-582 person-min). Five 

occupied sites where pikas were not detected during partial resurvey of the 1-km 

radius in the first year were discovered to be occupied during complete survey of the 

1-km radius in a subsequent year. Occupied and extirpated sites did not differ 

statistically in year of their historical observation (median 1926 vs. 1931, 

respectively). 
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Table 1.1 Information on top models (∆AICc ≤ 10) and variables included in top models. 
Model ∆AICc AUC R2 wi Predictor wj wj/model Sign CV  

TalArea + SumT 0 0.98 0.79 0.69 SumT 0.7 0.078 - 0.432  
TalArea + ElevEq 2.39 0.97 0.76 0.21 ElevEq 0.213 0.071 + 0.416  

TalArea + Elev 4.57 0.97 0.72 0.07 TalArea 0.983 0.066 + 0.365  
TalArea + AnnT 7.41 0.94 0.68 0.02 Elev 0.07 0.012 + 0.413  

TalPerim + SumT 8.02 0.95 0.67 0.01 AnnT 0.017 0.006 - 0.439  
TalPerim + ElevEq 9.92 0.94 0.64 0 TalPerim 0.017 0.001 + 0.343  

Null Model 35.81 0.5 0 0       
Left hand columns: models are listed in order of their difference from the best-performing 
model in Akaike’s corrected information criterion (∆AICc). Climate predictors appear in 
bold. Columns headings denote area under the receiver operating characteristic curve (AUC), 
Nagelkerke's max-scaled coefficient of determination (R2), and Akaike weights among all a 
priori models (wi). Right hand columns: column heading denote Akaike weights among all 
58 a prior models (wj), Akaike weights per model (wj/model), the sign of fitted variable 
coefficients (Sign), and the coefficient of variation across all fitted coefficient values (CV). 
Variables are listed in order of decreasing weight per model. Coefficient signs (indicating a 
positive or negative relationship with occupancy) were consistent in all models and for all 
variables. Variable abbreviations are as follows: SumT = summer temperature, TalArea = 
talus area, ElevEq = pika-equivalent elevation, AnnT = annual temperature, Elev = elevation, 
TalPerim = talus perimeter; more information on variable definitions can be found in the 
text and in Appendix 1.S2. 
 
 
 

The best-performing model, Talus Area + Mean Summer Temperature, 

received considerably greater support than the next best-performing model (∆AICc = 

2.39), 69% of the Akaike weight (wi) for all a priori models (AUC = 0.98, Table 1.1), 

and correctly classified current occupancy at 94% of sites (63/67, Fig. 1.2). The 

model performed nearly as well when cross-validated using partitioned, spatially 

distinct training and evaluation data (AUC = 0.95, 95% CI [0.67, 1.00]; percent 

correctly predicted = 93%, 95% CI [77%, 100%]). Relative support for the best model 

was more pronounced when models with climate-proxy variables (e.g., elevation) 

were excluded in order to extrapolate pika occupancy under past and future climate 
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conditions (∆AICc = 7.41, wi = 0.96). In simulations designed to test model 

robustness to imperfect detection probability, where one extirpated site was 

iteratively reclassified as occupied, the best performing model (Talus Area + Mean 

Summer Temperature) received the highest support in 9 of 10 simulations. In the 

remaining simulation, Talus Area + Mean Summer Temperature had the second 

highest support, and Talus Perimeter + Mean Summer Temperature received the 

highest support.  
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Figure 1.2 Current status of American pika (Ochotona princeps) occupancy at 67 
historical pika record locations in California plotted against the best predictor 
variables, talus area and mean summer temperature. The central dashed grey line 
represents a 50% probability of occupancy as modelled by logistic regression, while 
the outer dashed lines represent 95% and 5% probability of occupancy. 
 
 

As a test for temporal transferability, we applied the best model to historical 

site temperature data to hindcast past occupancy at historical record locations. When 

evaluated against temporally distinct and spatially equivalent data, the model 

correctly hindcast past occupancy during the year of the original observation at 93% 
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of sites (62/67). When evaluated against temporally and spatially distinct data, the 

model correctly hindcast 92% of sites, 95% CI [77%, 100%]. 

Projecting to the future, our best-performing model projected progressive site 

extirpations as summer temperatures warm. By 2070, overall extirpation at the 67 

historical sites is projected to range from 39% to 88%, depending on the emissions 

pathway and the GCM used (Fig. 1.3, Appendix 1.S3). Under ensemble mean GCM 

climate scenarios the model projects 51% to 75% of sites will no longer be occupied 

by pikas for the low and high emissions scenarios respectively (RCP 4.5 and RCP 

8.5). Extirpations at the historical localities are projected to be most pronounced in 

the northern Sierra (north of 38.5° latitude), the Lassen Transect, and the ranges east 

of the southern Sierra, where pikas were projected to disappear from 44% to 100% of 

historical sites in these regions by 2070, over all future climate scenarios. However, 

even for the worst-case future climate scenario considered (MIROC-ESM, RCP 8.5), 

pikas are projected to persist through 2070 at some historical sites (at least 12% 

overall). Taking into account range-wide (i.e. beyond historical site) temperature 

projections (Rogelj et al., 2012), persistence past 2070 appears most likely in the high 

peaks of the Southern Sierra, the White Mountains, and Mt Shasta. 
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Figure 1.3 Predicted pika occupancy status mapped at historical sites for 2070 under 
six future climate scenarios. Blue circles denote occupied sites while red crosses 
denote extirpated sites. Climate change scenarios (six panels) combine two 
representative concentration pathways (low emission: RCP 4.5, high emission: RCP 
8.5) with a low sensitivity GCM (GISS-E2-R), a high sensitivity GCM (MIROC-
ESM), and the ensemble mean of 17 GCMs. See also Appendix 1.S3. 



 

 

 

27 

 
 
DISCUSSION 

Two variables, talus area and mean summer temperature, did a very good job 

separating sites where pikas are extant from sites where pikas have become extirpated 

since documented historical presence. Our best model, which incorporates these 

variables, strongly outperformed all other candidate models (Table 1.1), and correctly 

predicted current occupancy at 94% of sites (Fig. 1.2). The model performed nearly 

as well in a test of transferability through time—correctly predicting past occupancy 

at 93% of sites. This level of performance through historical time is high relative to 

models applied to other species, including other montane small mammals (Smith et 

al., 2013), butterflies (Kharouba et al., 2009), and plant species (Dobrowski et al., 

2011).  

These same two variables, summer temperature and talus area, have strong 

mechanistic support, and have been repeatedly identified as best predictors of pika 

occupancy elsewhere in the pikas range, suggesting that our best-performing model 

may also be geographically transferable. Calkins et al. (2012) used MAXENT (Phillips 

& Dudik, 2008) and stepwise variable selection to identify mean summer temperature 

from a candidate set of 19 bioclimatic variables as the best predictor of pika 

distribution across the contiguous western United States. Two historical resurvey 

studies in the Great Basin indicated that mean summer temperature was the strongest 

limiting factor for pikas (Beever et al., 2010, 2011). As a mechanistic hypothesis, 

mean summer temperature is supported as a factor limiting foraging as a result of 
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behavioural thermoregulation. This mechanism is reinforced by knowledge of the 

pika’s natural history (Smith & Weston, 1990), behavioural observations of reduced 

activity during high ambient temperatures (MacArthur & Wang, 1974; Smith, 1974), 

and physiological studies indicating very limited ability to dissipate heat and avoid 

hyperthermia (MacArthur & Wang, 1973). Mean summer temperature appears to 

regulate viability of low-elevation populations because it closely reflects conditions 

during crepuscular hours. The importance of crepuscular temperature to low-elevation 

sites is evidenced by the observed transition from diurnal activity at cold sites, to 

more-restricted crepuscular activity at warm sites, and ultimately to extirpation at the 

warmest sites (Smith, 1974; JAES pers. obs.). Finally, temperature is supported as a 

limiting constraint by the palaeontological record of upslope range retreat by pikas 

since the last glacial maximum (Grayson, 2005). 

Talus area—the amount of habitat available to pikas locally—has also been 

previously identified as a factor affecting population and metapopulation dynamics 

(MacArthur & Wilson, 1967; Moilanen et al., 1998) and has been documented in 

other pika extirpation studies in the Great Basin (Beever et al., 2003, 2011) and in a 

subset of the California records (Stewart & Wright, 2012). Given that pikas 

preferentially use talus-edge habitat, with access to vegetation on which they feed 

(Moilanen et al., 1998; Millar, 2011; Jeffress et al., 2013), it is interesting that, in this 

study, talus area emerged as better predictor of pika occupancy than talus perimeter. 

Talus area may be a more relevant measure of habitat availability because vegetation 

is often present in small patches within talus fields that are not reflected in talus 
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perimeter measurements. Low talus area within a 1-km radius is generally indicative 

both of small habitat islands and poor connectivity between talus patches. Increasing 

temperatures may compound poor habitat connectivity by further impeding pikas’ 

ability to disperse (Smith 1974). The precise mechanism behind the apparent 

relationship between talus area and site persistence is not known, but reasonable 

hypotheses include: (a) larger populations are less vulnerable to stochastic extinction 

(MacArthur & Wilson, 1967), (b) sites with more talus have better connectivity with 

higher elevation talus patches, and (c) sites with more habitat available are more 

likely to contain refugial areas with more suitable meso-climate (Millar & Westfall, 

2010).  

In this analysis, we used a conservative criterion—complete absence of any 

current-year pika sign within a 1-km radius—to score sites as occupied or extirpated. 

We adopted this definition to differentiate landscape-level extirpations (on which this 

study focuses) from patch-scale metapopulation fluctuations, and to accommodate 

inclusion of records with moderately precise record descriptions. It is important to 

note that this definition glosses over interesting dynamics within sites. Four of our 

occupied sites appeared, anecdotally, to be sink habitats, i.e., sites that receive 

dispersers from nearby source patches and do not currently sustain reproducing 

populations (Holt, 1985). At these sites, old pika feces were widespread, but evidence 

of current occupancy was scant (≤ 2 individuals observed in any year), and search 

effort necessary for first detection of current occupancy was high (median = 356 

person-min. searching talus). Two of these sites may have been very recently re-
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extirpated, as fresh pika sign was observed (green pellets and haypiles), but extensive 

late-summer surveys during morning and evening hours did not result in direct 

detection (sightings or hearing calls). At another site, a total of three pikas were 

observed during three years of extensive search effort, but no individual talus patch 

was ever occupied for two consecutive years. At the fourth site, we observed 

evidence of only two pikas (one direct sighting) and evidence of current occupancy 

had retreated upslope by c. 300 m elevation from the historical record. We suggest 

juvenile pikas are able to disperse to these sites from nearby higher elevation habitat, 

but are not able to re-establish self-sustaining populations. Though we treated these 

sites as occupied in our analysis, our qualitative conclusions (i.e. talus area and 

summer temperature was the most informative model) are robust to treating these 

sites as either occupied or extirpated. Using our best-performing model, the 

probability of occupancy at our sink habitat sites was significantly lower than at 

occupied sites (one-sided Wilcoxon test, P = 0.020) and significantly higher than at 

extirpated sites (one sided Wilcoxon test, P = 0.012). 

Our results, coupled with the documented c. 1 °C increases in California-wide 

summer temperature over the past century (Abatzoglou et al., 2009; CCT, 1895-

2012), strongly suggest that pikas have experienced climate-mediated range 

contraction in California over the past century. Because historical absence data for 

pikas is limited, definitive conclusions are not possible at this point. An alternative 

hypothesis is that all extirpations are the temporary result of normal metapopulation 

dynamics, and that the statistical relationship between temperature and pika 
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extirpation (which has now been documented in both California and the Great Basin) 

exists due to more tenuous demographic conditions and higher turnover in patch 

occupancy near the lower boundary of the pika’s elevation range, though not caused 

by temperature. Under the “no climate effect hypothesis” we would expect that, in the 

intervening years since the historical era, an equivalent number of historical sites 

would have been colonized as were extirpated. As we were only able to identify one 

site where pikas were observed to be historically absent (recorded by Joseph Grinnell; 

still not occupied by pikas) we are not able to draw conclusions about recolonization.  

However, we observed apparently unsuccessful recolonization (e.g. dispersal 

followed by mortality) at four “sink-habitat” sites that are marginal in temperature 

and talus conditions. 

Using future temperature projections for 2070, and our statistical model of 

extirpation in relation to summer temperature and habitat area, we projected extensive 

(39%) to dramatic (88%) extirpation among our sites (Fig. 1.3). We offer three 

important caveats to these projections. First, historical sites are not a random sample 

of the pika’s entire distribution throughout California, and thus our projections are not 

interpretable as a range-wide estimate of range contraction but apply only to these 

historical sites. A critical step in applying our model to broader scales will be 

mapping talus distribution for entire regions. GIS algorithms that accurately automate 

talus mapping would represent an invaluable contribution toward this effort. Second, 

the performance and transferability of SDMs is dependent on the models taking into 

account the full range of important climate and non-climate environmental variables 
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(Duncan et al., 2009). Our small number of events (10 extirpations) limits our 

statistical ability to estimate parameters for more than two predictor variables in a 

model. While it appears that summer temperature and talus area are two of the most 

important limiting factors to pika distribution, other variables and variable 

interactions (e.g. hydrology) undoubtedly also play a role (Beever et al., 2010; Erb et 

al., 2011; Jeffress et al., 2013). Third, for sites with high talus area (i.e. upper 

quartile), our dataset lacks extirpations, and thus model projection must extrapolate 

the temperature threshold for presence-absence at these sites (Fig. 1.2). For the 

highest talus area sites, the resulting projection predicts pikas will persist through 

summer temperatures above the range of temperatures that pikas currently inhabit 

throughout their range (VertNet pika records 1970-present, N = 1,852). We therefore 

suspect our model, uncritically applied, may underestimate extirpation at sites with 

high talus area.  

That the American pika’s distribution is tied to mean summer temperature 

does not bode well for the future of the species, especially because there is a near-

consensus among climate models (16 of 17 GCMs) that summer temperature will 

warm by more than mean annual temperatures in the western USA (IPCC 5; Taylor et 

al., 2012). This trend is also apparent in the historical instrumental record for 

California (Abatzoglou et al., 2009; CCT, 1895-2012). For sites in this study, summer 

temperature is projected to rise by 0.9 °C more on average than annual temperature 

(RCP 8.5, 2070). This may indicate that in the western USA, pikas and other species 

that are primarily active during the summer (e.g., most high-elevation species) may 
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have higher seasonal exposure to climate change. Our results should therefore be a 

call for greater monitoring of high-elevation species throughout the western USA. 

Our projection of particularly drastic, and imminent, extirpation in northern 

California and east of the southern Sierra are concordant with two previous SDM 

projections (Galbreath et al., 2008; Calkins et al., 2012) which used presence-only 

data. Because pikas are already restricted to the highest elevations throughout much 

of these regions, climate change is poised to push the their lower elevational limit 

higher than the range of available habitat in many areas. In contrast, most GCMs 

predict that temperatures in the highest peaks of the southern Sierra (Rogelj et al., 

2012) will remain suitable for pikas through the end of the 21st century. Two other 

notable “sky islands” in California, where pikas could become restricted to the 

highest elevations by the end of the century, are Mt Shasta and the White Mountains.  
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Supplementary Material for Chapter 1 
 
Appendix 1.S1 Field methods and site locations. 
 

 
 
Figure 1.S1 An illustration of the method used set the centroid location. Talus that plausibly met the 
historical record description is outlined in red. The centroid was set at the centre of the minimum 
encompassing circle for the plausible talus. The 1-km radius around the centroid is also shown in red. 
Talus at least partially included in the 1-km radius that does not meet the historical record description 
is shown in yellow. If pikas were detected in any talus habitat within the 1-km radius, the site was 
scored as occupied. American pika (Ochotona princeps) detections outside the 1-km radius were not 
scored as occupancy of the historical site. 
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Table 1.S1 Location of 67 historical American pika (Ochotona princeps) records included in this study. 
Location description Lat Lon Region Location description Lat Lon Region 
Devil's Garden 41.415 -122.322 Mt Shasta E Pyramid Pk  38.846 -120.150 N Sierra 
W Branches Squaw Crk 41.365 -122.176 Mt Shasta S Echo Lk 38.835 -120.060 N Sierra 
Head Panther Crk 41.360 -122.195 Mt Shasta Crater Lk 38.723 -119.976 N Sierra 
E of Grey Butte 41.350 -122.188 Mt Shasta 1.5 mi SSW Round Top 38.643 -119.993 N Sierra 
4 mi SW McDonald Pk 40.911 -120.464 Lassen Transect Pacific Grade Summit 38.516 -119.912 N Sierra 
3 mi NE Horse Lk 40.709 -120.434 Lassen Transect Mouth of Sweetwater Cyn 38.481 -119.255 E of S Sierra 
Bly Canal, Eagle Lk 40.613 -120.726 Lassen Transect Sweetwater Cyn 38.460 -119.282 E of S Sierra 
N Butte Lk  40.570 -121.292 Lassen Transect Masonic 38.358 -119.126 E of S Sierra 
SE Prospect Pk 40.566 -121.329 Lassen Transect Bodie Mtn 38.234 -119.087 E of S Sierra 
W Butte Lk 40.560 -121.306 Lassen Transect Potato Pk 38.227 -119.070 E of S Sierra 
E of Papoose Mdw 40.528 -120.749 Lassen Transect N Bodie  38.216 -119.001 E of S Sierra 
Lassen Pk Trail 40.480 -121.503 Lassen Transect S Bodie 38.198 -119.009 E of S Sierra 
N Reading Pk  40.473 -121.464 Lassen Transect Young Lks 37.936 -119.338 S Sierra 
Emerald Lk 40.469 -121.518 Lassen Transect Glen Aulin 37.919 -119.441 S Sierra 
Head Kings Crk Cyn 40.467 -121.491 Lassen Transect Ten Lks 37.903 -119.529 S Sierra 
Kings Creek Falls 40.460 -121.447 Lassen Transect McGee Lk 37.901 -119.431 S Sierra 
Flatiron Ridge 40.444 -121.365 Lassen Transect NE Soda Springs 37.884 -119.361 S Sierra 
1 mi N Glassburner Mdws  40.414 -121.570 Lassen Transect Above Walker Lk 37.865 -119.180 S Sierra 
Bluff Falls 40.414 -121.533 Lassen Transect Lower Sardine Lk 37.862 -119.196 S Sierra 
Christie Hill 40.384 -121.545 Lassen Transect Pumice Mine 37.843 -119.005 E of S Sierra 
W Battle Creek Mdws 40.340 -121.618 Lassen Transect Head of Tenaya Lk 37.831 -119.450 S Sierra 
Deadman Lk 39.621 -120.552 N Sierra Helen Lk 37.830 -119.229 S Sierra 
Carpenter Ridge 39.417 -120.318 N Sierra S Grant Lk 37.803 -119.111 S Sierra 
4 mi W Donner Pass  39.322 -120.410 N Sierra Vogelsang Lk 37.787 -119.343 S Sierra 
E Donner Pass 39.317 -120.318 N Sierra Silver Lk 37.778 -119.130 S Sierra 
E side Ward Pk 39.147 -120.239 N Sierra Upper Lyell Cyn 37.772 -119.258 S Sierra 

E side Rubicon Pk 38.989 -120.127 N Sierra Agnew Lk 37.757 -119.136 S Sierra 
Eagle Falls 38.954 -120.114 N Sierra Washburn Lk 37.717 -119.369 S Sierra 
Lower Velma Lk 38.941 -120.146 N Sierra Lost Lk 37.679 -119.130 S Sierra 
Gilmore Lk 38.897 -120.118 N Sierra Pine City 37.615 -118.997 S Sierra 
Heather Lk 38.877 -120.138 N Sierra NE Big Prospector Mdw 37.499 -118.180 E of S Sierra 
Below Heather Lk 38.869 -120.121 N Sierra Big Pine 37.123 -118.437 S Sierra 
Lucille Lk  38.861 -120.112 N Sierra Sam Mack Mdw 37.119 -118.505 S Sierra 
Angora Saddle 38.858 -120.075 N Sierra     
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Joseph S. Dixon, Oct. 10, 1924 

 
Joseph A.E. Stewart, Oct. 12, 2012 

 
Figure 1.S2, (A) Historical photo retake from ‘4 miles southwest of 
McDonald Peak’, Lassen Co., CA. Note several distinct rocks are 
identifiable in both historical and modern photographs. Field notes from 
Joseph S. Dixon read: ‘going on up the first foothill I came to a rock slide 
on a barren, warm, dry, south facing hillside at 5600 ft … I had only been 
watching a few minutes when a cony poked his head out from behind the 
rocks and was auxed.’ ‘Cony’ was a commonly used epithet for pikas in the 
early 20th century. 
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Richard M. Hunt, Jul. 13, 1924 

 

 John D. Perrine, Sep. 9, 2006 

 
Figure 1.S2, (B) Historical photo retake from Emerald Lake, Lassen Co., 
CA. Caption from Richard M. Hunt reads: ‘Lassen Peak in the background… 
Conies lived in the slide.’ 
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Figure 1.S3 Left: Relict pika faeces can persist for decades, 
showing gradual changes in size and color. Right: fresh pika 
faeces tend to adhere to rocks, frequently resting above the 
angle of repose. Photos by J.A.E.S. 
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Appendix 1.S2 Predictor variables, candidate models, and model results. 

 

Table 1.S2 Variable abbreviations, definitions, and units, with reference 
and/or hypothesis for 16 environmental variables included in this analysis.  
Variable 
abbreviation 

 
Definition 

Habitat-area variables; derived from talus maps, hand-delineated using the best available year of local Google 
Earth aerial imagery and knowledge from on the ground surveys: 

TalArea Total talus area within the site boundary. Log transformed to reduce skew [km2] (e.g. Beever et 
al., 2003). 

TalPerim Total talus perimeter within the site boundary. Log transformed to reduce skew [km] (e.g. 
Moilenan et al., 1998). 

Elevation variables; derived from 10 m grain digital elevation models. We presume elevation to be a ‘proxy’ 
variable that serves as a more finely scaled index to more biologically relevant factors such as temperature, 
precipitation, etc. Because elevation does not directly explain pika occupancy patterns, but instead serves as a 
proxy for climate, these elevation variables can be considered ‘phenomenological’. 
Elev Maximum elevation within the 1-km radius site boundary, derived from 10 m grain digital 

elevation models [m] (e.g. Moritz et al., 2008). 

ElevEq Pika equivalent elevation; calculated as the difference between Elev and the predicted lower 
elevation limit for pikas for given latitude and longitude [m] (Hafner, 1993). 

Climate variables; mean value for 2001-2010, calculated and downscaled to 270 m resolution from PRISM (Daly 
et al., 1994; Flint & Flint, 2012). All climate variables represent the theoretically most suitable climate for pikas 
within the 1-km radius site boundary (e.g., minimum temperature within the site boundary, minimum climate water 
deficit, maximum snow, maximum precipitation, maximum actual evapotranspiration, and maximum snowpack 
duration). Summer values are the average of June, July, and August. Winter values are the average of December, 
January, and February: 

AnnT Average annual temperature [°C] (e.g. Beever et al., 2011). 
SumT Average summer temperature [°C] (e.g. Calkins et al., 2012) 
AnnPpt Average annual precipitation [mm] (e.g. Erb et al., 2011). 
SumPpt Average summer precipitation [mm] (e.g. Erb et al., 2011). 
WinPpt Average winter precipitation [mm] (e.g. Erb et al., 2011). 
AnnSnow Average annual snowfall [mm] (e.g. Beever et al., 2010). 
AnnPck Average annual depth of snowpack, averaged over 12 months [mm] (e.g. Beever et al., 2010). 
MnthsPck Average number of months with at least 50 cm of insulating snowpack [months] (hypothesis: 

sites that emerge too early from snowpack or experience too short a snow-free period may be at 
higher risk of extirpation). 

AnnCWD Average annual climate water deficit; difference between potential evapotranspiration and 
actual evapotranspiration [mm] (hypothesis: drought-induced vegetation dieback contributes to 
extirpations). 

SumCWD Average summer climate water deficit; the difference between potential evapotranspiration and 
actual evapotranspiration [mm] (hypothesis: drought-induced vegetation dieback contributes to 
extirpations). 

AnnAET Average annual actual evapotranspiration [mm] (hypothesis: low vegetation primary 
productivity contributes to pika extirpations). 

SumAET Average summer actual evapotranspiration [mm] (hypothesis: low vegetation primary 
productivity contributes to pika extirpations). 
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Table 1.S3 Combinations of predictor variables included in 58 a priori candidate 
models fitted to present-day pika occupancy at 67 historic sites in California, USA. 

 

TalArea + AnnCWD TalPerim + AnnCWD AnnSnow + SumT AnnCWD 
TalArea + SumCWD TalPerim + SumCWD SumCWD + SumT SumCWD 
TalArea + AnnT TalPerim + AnnT SumT + AnnPpt AnnT 
TalArea + SumT TalPerim + SumT AnnPck + SumT SumT 
TalArea + AnnPck TalPerim + AnnPck SumCWD + AnnAET AnnPck 
TalArea + AnnPpt TalPerim + AnnPpt SumCWD + AnnPck AnnPpt 
TalArea + WinPpt TalPerim + WinPpt SumT + MnthsPck WinPpt 
TalArea + SumPPt TalPerim + SumPpt AnnPck + AnnPpt SumPpt 
TalArea + AnnSnow TalPerim + AnnSnow SumT + AnnAET AnnSnow 
TalArea + AnnAet TalPerim + AnnAET AnnPck + AnnAET AnnAET 
TalArea + SumAET TalPerim + SumAET AnnPck + AnnSnow SumAET 
TalArea + MnthsPck TalPerim + MnthsPck AnnSnow + AnnAET MnthsPck 
TalArea + Elev TalPerim + Elev MnthsPck + AnnAET Elev 
TalArea + ElevEq TalPerim + ElevEq AnnPpt + AnnAET ElevEq 
TalArea TalPerim   
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Figure 1.S4 Projected decline in occupancy at historical sites under various degrees of summer 
warming as predicted by our best-performing model. Summer temperature increase for 2070 under 
six climate change scenarios (averaged across our 67 historical pika sites) is depicted with vertical 
lines. Horizontal lines depict the predicted number of historical sites occupied, assuming uniform 
warming across all sites. See Figure 1.3 or Appendix 1.S2: Table 1.S4 for site-specific projections 
without the simplifying assumption of uniform warming across all sites. 
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Table 1.S4 Percentage of 67 historical sites regionally predicted to be extirpated by 2070 
under six future climate scenarios. Regions as in Figure 1.1; climate scenarios in order of 
increasing severity, left to right.  
 
California, Statewide 39% 51% 51% 75% 79% 88% 
     Northern California 54% 62% 62% 79% 85% 92% 
          Northern Sierra 50% 61% 61% 89% 94% 100% 
          Lassen Transect 65% 71% 71% 82% 88% 94% 
          Mount Shasta 25% 25% 25% 25% 25% 50% 
     Southern California 18% 36% 36% 68% 71% 82% 
          Southern Sierra 5% 21% 21% 53% 58% 74% 
          East of S. Sierra 44% 67% 67% 100% 100% 100% 
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Figure 1.S5 Locations of sites incorrectly classified by the best-performing 
model. Locations of two sites falsely classified by the model as currently 
occupied are denoted with filled triangles. Locations of two sites incorrectly 
classified as currently extirpated are denoted with filled squares. Sixty-three sites 
correctly classified by the model are given with small open circles. There does 
not appear to be a strong geographic or environmental pattern in which sites the 
model does not predict well. Interestingly, both sites that were falsely classified 
as extirpated have experienced extirpation of the precise historical record 
location, though peripheral habitat within 1 km was still occupied. 
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Chapter 2 

Apparent Climate-Mediated Loss and Fragmentation of Core Habitat of 

the American Pika in the Northern Sierra Nevada, California, USA 

 

Abstract  

Contemporary climate change has been widely documented as the apparent cause 

of range contraction at the edge of many species distributions but documentation of 

climate change as a cause of extirpation and fragmentation of the interior of a species’ 

core habitat has been lacking. Here, we report the extirpation of the American pika 

(Ochotona princeps), a temperature-sensitive small mammal, from a 165-km2 area 

located within its core habitat in California’s Sierra Nevada mountains. While sites 

surrounding the area still maintain pikas, radiocarbon analysis of pika fecal pellets 

recovered within this area indicate that former patch occupancy ranges from before 

1955, the beginning of the atmospheric spike in radiocarbon associated with above 

ground atomic bomb testing, to ca. 1991. Despite an abundance of suitable rocky 

habitat climate warming appears to have precipitated their regional demise. Weather 

station data reveal a 1.9°C rise in local temperature and a significant decline in 

snowpack over the period of record, 1910–2015, pushing pika habitat into 

increasingly tenuous climate conditions during the period of extirpation. This is 

among the first accounts of an apparently climate-mediated, modern, regional 

extirpation of a species from an interior portion of its geographic distribution, 

resulting in habitat fragmentation, and is the largest area yet reported for a modern-
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era pika extirpation. Our finding provides empirical support to model projections, 

indicating that even core areas of species habitat are vulnerable to climate change 

within a timeframe of decades. 

 

Introduction 

A dominant conceptual framework for understanding the impacts of climate 

change on species focuses on the predominant, and widely documented, pattern of 

poleward and upslope range shifts, exemplified by peripheral range contraction and 

expansion [1–3]. Some studies provide counter-examples wherein a minority of 

species—perhaps sensitive to different seasonal or hydrological aspects of climate—

have experienced distributional shifts counter to the predominant direction [4–6]. 

Theoretical work has highlighted how metapopulation structure, local adaptation, and 

variable habitat quality may interact with climate change to cause fragmentation and 

extirpation of internal, non-peripheral habitat [7–10]. Similarly, empirical work has 

documented internal extirpations and fragmentation associated with species declines, 

but not related to climate change [11,12]. Documentation of climate-mediated 

fragmentation of habitat internal to an area of a species’ contiguous distribution has 

been lacking (but see [13]). 

The American pika (Ochotona princeps, hereafter “pika”) is a temperature-

sensitive lagomorph species and habitat specialist, which lives primarily in talus 

habitat (broken rock debris fields) throughout western North America. The species is 

adapted to cold climates, and possesses a thick coat of fur and limited tolerance for 
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elevated body temperatures, which it regulates behaviorally [14–16]. Paleontological 

records of distribution show pikas shifting up or down in elevation during periods of 

climate warming or cooling, respectively [17–20]. The influence of climate-driven 

range fluctuation has also been observed in pika population genetics [21]. Recently, 

authors working in the Great Basin, southern Utah, and California, USA, have 

identified distributional shifts consistent with a response to changes in temperature 

induced by anthropogenic global warming [22–27], though examples of pikas living 

in relatively warm, low-elevation sites have also been presented [28–31].  

In contrast to the sky islands of the Great Basin, pikas have until recently seemed 

relatively secure in their core areas: areas that might be considered “mainlands” of 

pika habitat and distribution, such as the Sierra Nevada range of California. Climate 

change could be seen as  eroding the edges of the pika’s Sierra Nevada distribution, 

but persistence within higher, cooler elevations has appeared strong [26,27,32,33].  

We present new information that provides a less sanguine assessment of the 

pika’s security within core areas of its range in the Sierra Nevada. While previous 

studies have documented the extirpation of pikas from 3-km-radius (28 km2) or 

smaller areas in the Great Basin or Sierra Nevada [22–27], here we report the 

extirpation of the pika from an unprecedentedly large (165 km2) region within a broad 

contiguous area of its distribution in the Sierra Nevada. Pika fecal pellets, readily 

recovered from nearly every talus patch searched within the area, provide evidence of 

widespread former occupancy. Given documented temperature changes in our study 

area and the physiology, behavior, and prehistoric and historical shifts in distribution 
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of pikas in response to climate, we conclude that climate warming is well-supported 

as a driver of this extirpation.  

 

Methods 

Study area  

 Pika surveys were conducted throughout the north Lake Tahoe area with a 

particular focus on the roughly triangular area surrounding Mt. Pluto, which we refer 

to as the Pluto triangle (Fig 2.1, Table 2.S1). The Pluto triangle is bounded by Lake 

Tahoe, the Truckee River, and Highway 267, with vertices approximately at the 

towns of Truckee, Kings Beach, and Tahoe City, California. Pika dispersal to the 

region from surrounding pika-habitable areas may be constrained by Lake Tahoe to 

the southeast, the Truckee River (elevation 1900 to 1760 m) to the west, and lower-

elevation habitats to the northeast, based on known factors affecting pika dispersal 

[34,35]. According to Hafner’s equation [17] adjusting pika-suitable elevations by 

latitude and longitude, 77% of the Pluto triangle’s extent is within pika-suitable 

elevations (above 1896 to 1916 m). Habitable talus areas are naturally more restricted 

than this, but occur in considerable expanses on and around Mount Pluto (2625 m) 

and Mount Watson (2568 m) and along the east slope of the Truckee River canyon. 

Major areas of suitable habitat adjacent to the triangle include the Carson Range less 

than 10 km east and the Sierra Nevada crest as little as 4 km west of the Truckee 

River. Brockway Summit (2194 m) is the highest pass connecting the Pluto triangle to 
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other habitable areas, in this case, the Carson Range. Highways 89 and 267 are two-

lane, paved, high-speed roads with moderate daytime traffic. 

Within the Pluto triangle, during 2011–2016 we surveyed talus habitats of good 

apparent suitability for American pika, based on our experience of pika habitat 

quality and published assessments of habitat factors (e.g., rock size) [36]. Additional 

surveys also were carried out by authors and colleagues at talus patches outside the 

triangle (Fig 2.1, Table 2.S1). Talus patches were located using the most recently 

available snow-free aerial imagery (Google Earth; typical resolution in our study area 

of 0.15 m). We hand-delineated all talus within the Pluto triangle and all talus within 

1 km of survey sites outside the Pluto triangle into a GIS layer using the best 

available aerial imagery. Pika surveys within the Pluto triangle sampled within all 

areas of pika habitat in the triangle, with emphasis on the most suitable regions 

(higher elevations, larger talus patches) [24,27]. Within each area of pika habitat we 

selected sites for survey with the highest apparent habitat suitability based on our 

experience of pika occurrence in the northern Sierra Nevada. Some areas delineated 

as talus with aerial imagery proved to be marginal in terms of suitable rock sizes (i.e., 

< 20 cm in maximum dimension) when approached on the ground, and were not 

surveyed. Overall effort to detect pikas within suitable habitat in the Pluto triangle 

consisted of 127 person-hours of search effort.  
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Fig 2.1 Sites surveyed for American pikas in the north Lake Tahoe area, 
California, USA. The Pluto triangle is bounded by Lake Tahoe, highway 267, and by 
the Truckee River, adjacent to highway 89. Current sign of American pika was found 
both east and west of Pluto triangle; nearly all sites within the Pluto triangle yielded 
old fecal pellets (see also Table S1). Map boundaries represent our boundaries for the 
north Lake Tahoe area. 

 
 

Surveys  

We surveyed for signs of past and present pika occupancy at all study sites using 

methods modified from previously published research [26,27]. Briefly, transects 

across talus patches were walked in a zig-zag pattern by one or more observers, 

looking for fecal pellets, haypiles, or pikas, and listening for pika calls. Fecal pellets 

were considered recent if they contained green hues from undecomposed chlorophyll. 
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A mirror or bright flashlight was used to brighten dark crevices among the rocks in 

order to locate pika evidences. Each site was surveyed, on one or more occasion, for a 

minimum of 1 hour or until all talus habitat was searched. Pikas are highly detectable, 

based largely upon their frequent calls and copious and persistent fecal pellets. 

Previous studies and our unpublished data indicate consistently high detection 

probability (> 90%) after 15–30 min of search effort [23,29,32,37]. As additional 

measures to confirm extirpation, at sites of high apparent suitability and at the highest 

elevation sites within the Pluto triangle, we conducted listening surveys during 

crepuscular hours, when pikas are most vocal, and camped adjacent to talus fields to 

listen for their calls.  

This paper uses surveys for buried relict fecal pellets of American pikas. As has 

previously been reported [38,39], pika fecal pellets may persist for years or decades, 

perhaps especially when protected from moisture by dry climate and by shelter under 

rocks. We have discovered in numerous locations that pika fecal pellets persist below 

the talus surface in accumulations of duff, even when no other pika sign can be found 

above ground. We refer to these subsurface fecal pellets as buried. In this study, we 

conducted a timed search at all sites with no current evidence of pika occupancy, 

sifting scoops of debris and duff for buried pika fecal pellets. We searched each site 

for buried pellets for at least 30 person-minutes or until they were found. Site 

characteristics and search effort were recorded and fecal pellet samples were 

collected. All fecal pellet samples were collected in the service of the California 

Department of Fish and Wildlife, the public trust agency for state wildlife, and 
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necessary permissions for surveys were obtained from landowners, including the US 

Forest Service. 

 

Radiocarbon-dating  

Pika fecal pellets were collected in all surveys where adequate samples (≥ 10 

pellets) were encountered, and were sent to the Carbon, Water & Soils Research Lab 

in Houghton, Michigan for pretreatment and graphitization. Samples were pretreated 

according to methods described in [39] in order to isolate plant fragments contained 

in the pellets. Samples were graphitized according to [40], and measured for 

radiocarbon abundance at the Center for Accelerator Mass Spectrometry, Lawrence 

Livermore National Lab [41].   

Radiocarbon data is reported as Fraction Modern (Fm) and calibrated calendar 

ages. Fm as a unit of measurement expresses the abundance of radiocarbon in a 

sample, with larger Fm values reflecting a more recent calendar age and smaller 

values reflecting an older calendar age. Radiocarbon activities were calculated using a 

standard δ13C ratio of -25‰ with respect to Pee Dee Belemnite [42]. At wildland sites 

similar to ours, [39] reported minimal effect on calculated radiocarbon dates due to 

variation in the δ13C ratio of pika fecal pellets, or due to dilution of atmospheric 14C 

due to air pollution from combustion of fossil fuels. Fm values reported here include 

a background subtraction determined from 14C-free coal and the aforementioned δ13C 

correction to account for isotopic fractionation [42]. Calibrated dates and/or date 

ranges for each sample were determined using the IntCal NH_zone2 calibration curve 
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[43] appended to the IntCal 13 calibration curve [44] and the software program 

OxCal 4.2 [45]. Reported date ranges are 95% confidence intervals, and take into 

account the analytical error associated with each measurement. Pellets from a single 

sampling location were composited, and results thus represent an average 14C value 

and corresponding age, since we could not identify pellets deposited at a single 

moment. 

 

Historical climate change  

We used data from the Tahoe City weather station, located at the southwestern 

vertex of the Pluto triangle, which has the most complete record of historical 

temperatures and snowpack in the northern Lake Tahoe region (1910–2015; accessed 

from http://climate.usurf.usu.edu). Detailed station history documentation (accessed 

from http://www.ncdc.noaa.gov/) indicated the station had high location and 

instrumentation fidelity. We restricted analyses to include only years with minimal 

missing daily data (< 15 days of missing data for annual temperature, n = 99, years 

excluded = [1964, 1977, 1978, 1989, 2009, 2010, 2011]; < 10 days for summer 

temperature [June, July, August], n = 105, year excluded = 1978) and linearly 

imputed missing daily values between days with recorded temperatures. Removing 

these same years from linear regressions of Sierra Nevada region-wide temperature 

over time (1910–2015, available from http:/wrcc.dri.edu/monitor/cal-mon/; [46]) did 

not significantly alter the slopes of these regressions (t-test, p = 0.69 for annual 

temperature, p = 0.98 for summer temperature). Data from other nearby weather 

http://climate.usurf.usu.edu)/
http://www.ncdc.noaa.gov/)
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stations were excluded due to incompleteness of their records (i.e. > 40% missing 

data). We evaluated historical change in temperature and snow depth with linear 

regression and pairwise tests.  

 

Modeled habitat suitability 

We examined current (2001–2010) and historical (1911–1955) estimates of 

habitat suitability at survey locations in the north Lake Tahoe area (Fig 2.1, Table 

2.S1, N = 38) using our previously published model [27] of pika site suitability, 

parameterized with historical revisit data for pika sites across California. The model 

estimates pika site suitability as a function of talus area (positive effect) and the 

lowest mean summer temperature (MST; negative effect) found within a 1-km radius 

of site centroids. We measure habitat abundance using talus area instead of talus 

perimeter because there is less uncertainty in this measurement (i.e. associated with 

how talus boundaries are delineated) and because talus area outperformed talus 

perimeter in [27]. Observed occupancy was compared against predicted occupancy 

using an exact binomial test and a 50% probability threshold for predicted occupancy. 

To test the importance of thermal refugia within long-distance dispersal thresholds for 

pikas, we also compared logistic models of minimum (refugial) MST within 1, 2, 3, 

4, and 5 km of north Lake Tahoe area survey locations (Fig 2.1, Table 2.S1) as 

predictors of occupancy status [47]. Plausible dispersal thresholds were estimated 

from the literature [34,48,49]. The 5 refugial MST variables were evaluated in simple 

logistic regression and in combination with talus area for a total of 10 candidate 
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models. Current and future temperatures were extracted from monthly, 270-m 

resolution, interpolated surfaces [50,51]. To reduce spatial bias, occurrence locations 

within 250-m of each other were reduced to one unique record location through a 

process of random selection.  Historical temperatures for the period 1911–1955 were 

estimated using the delta method [52] and weather station data from Tahoe City (base 

period: 2001–2010). Talus area within a 1-km radius of site centroids was log-

transformed to reduce skew. We used the resulting best performing model to estimate 

the area of climatically suitable potential habitat for pikas within the surrounding 

greater Lake Tahoe area (latitude extent [38.543, 39.706], longitude extent [-120.786, 

-119.557]) for current (2001-2010) and future (2030 [2020-2040], 2050 [2040-2060]) 

periods.  

 

Results 

Surveys 

We surveyed 14 sites within the Pluto triangle between 2011 and 2016, some 

on multiple occasions; and surveyed or compiled survey information on an 

additional 24 sites in the north Lake Tahoe area, but outside the Pluto triangle 

(Table 2.S1, Fig 2.1). No current occupancy of pika was found at any site within 

the Pluto triangle. Old pika fecal pellets were recovered, with relative ease (mean 

time to first detection 17 person-minutes, range 4-54), at all Pluto triangle sites 

except PT-8 (Table 2.S1). Surface pellets were found at five Pluto triangle sites 

(PT-1, 3, 4, 11 and 12). No haypiles were found at Pluto triangle sites, consistent 
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with an older origin, precluding us from using the novel technique of Millar et al. 

[39] to achieve higher-resolution dates.  

Outside the triangle, we and others readily found evidence of current-year 

occupancy by pikas at taluses both east and west of the Pluto triangle: in the 

Carson range and along the Sierra crest (Table 2.S1; Fig 2.1). Pikas were found 

to be extant (by sighting, calls, green haypile, or fresh pellets) at 21 sites outside 

the triangle (Table 2.S1). Surface or buried pellets were the only sign at three 

lower-elevation sites we surveyed outside the triangle. See [27] for additional 

information about other California localities. 

 

Radiocarbon-dating 

Calibrated ages for pika fecal pellets recovered from Pluto triangle sites ranged 

from pre-atomic bomb testing (prior to 1955) to 1991. Two sites within the triangle 

dated to the post-1955 era. Pellets from the PT-4 site had a unique radiocarbon value 

associated with only one calendar year on the calibration curve, 1955. Pellets from 

the PT-13 site had radiocarbon values that yielded an age range from 1958 to 1991. 

Ages for pellets from 8 Pluto triangle sites and one adjacent site dated before 1955, in 

a region of poor resolution on the radiocarbon calibration curve with estimated ages 

spanning three centuries (late 1600s to 1955) (Fig 2.2, Table 2.S2). Subtle 

fluctuations in radiocarbon production in the atmosphere over time lead to variations 

or “wiggles” in the radiocarbon calibration curve, so that a single radiocarbon value 

can yield multiple calendar ages. The probability distributions of calendar age ranges 
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are represented by the gray calibration profiles in Fig 2.2, with 95% confidence 

intervals depicted in brackets below. For these 9 sites, radiocarbon dating cannot 

resolve an exact time of extirpation, it can only indicate that the pellets were from 

before ~1955. Two of the sites examined outside the Pluto triangle, Schallenberger 

Ridge and Brockway Summit, yielded scat dates post-1955, suggesting that these 

sites were occupied more recently. We document that pika feces – with their high 

lignin content – can persist for more than 60 years, without preservation in caves or 

Neotoma middens [17,19,39].  
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Fig 2.2 Calibrated age ranges for each of the remnant pika scat samples. The 
gray curves show dates on the horizontal axis corresponding to each sample’s Fm 
estimate and probability distribution. Samples are stacked for comparison. In blue: 
Radiocarbon signature of the atmosphere over time. This is the calibration curve used 
to estimate the ages of the relict pika scat. See text for definition of Fm units. 

 
 

Historical Climate Change  

Mean annual temperatures (MAT) at Tahoe City have increased markedly, by 

1.9°C, during the period of instrumental record, 1910-2015 (Fig 2.3, linear regression, 

p < 10-12, N= 99). Mean summer temperatures (MST) at Tahoe City have also 

increased substantially (+1.6°C, p < 10-5, n = 105). MAT and MST for the 

instrumental period following 1955 are significantly higher than for the period 
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including and preceding 1955 (Welch’s t-test, p < 10-8 and p < 0.0005). Weather 

station data also show a marked decrease in accumulated April snow depth over the 

period of record, 1911–2015 (Fig 2.S1; Spearman’s test, p < 0.0005, n = 91), with 

significantly lower snow depth in the years following 1955 than the preceding years 

(Mann-Whitney, p < 0.0005). The frequency of years with negligible (< 2 cm) of 

snowpack increased from 0% of years before 1955 to 34% of years after (two-tailed 

z-test, p < 0.0005).  

 

 
Fig 2.3 Mean annual temperature data from weather station at Tahoe City, 
California, USA. Tahoe City forms the southwestern vertex of the Pluto 
triangle (Fig 2.1). Temperatures have increased by 1.9°C during the period of 
record, 1910-2015 (linear regression, p < 10-12). 
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Modeled habitat suitability 

Assessing the effects of the historical increases in MST using our previously 

published model [27], which modelled pika occupancy at historical sites in California 

as a function of MST and talus area, resulted in declining estimates of pika site 

suitability over time. Whereas 93% (13/14) of sites within the Pluto triangle were 

modeled to have suitable conditions for pikas prior to 1956 (> 50% probability of 

occupancy), that number declined to 50% (7/14) of sites under current (2001–2010) 

conditions (Fig 2.S2). Given the 100% rate of observed extirpation within the 

triangle, the per-site rate of pika extirpation substantially exceeded previous-model 

[27] estimates for these sites (exact binomial test, p < 0.001). The previous model 

correctly predicted current occupancy at 86% (18/21) of currently occupied sites in 

the northern Lake Tahoe region (Fig 2.1), but correctly predicted extirpation at only 

50% (8/16) of currently extirpated sites (< 50% probability of occupancy). The 

relatively large amount of talus area near some sites within the Pluto triangle yielded 

relatively high model estimates of site suitability despite relatively warm 

temperatures. However, the amount of talus area within 1 km of sites in the Pluto 

Triangle was not statistically distinguishable from historical sites in California 

(Wilcox rank sum test, p = 0.24) and 16% of historical sites in California had higher 

talus area than the maximum talus area for sites within the Pluto triangle. 
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Fig 2.4 Inundation of sky islands surrounding Lake Tahoe by rising tides of warm air. Panels depict mean 
summer temperature (MST) for historical conditions, 1910–1955 (current MST -1.45°C), current conditions, 2010 
(2005-2015), and future conditions (2030, RCP 8.5, current MST + 1.33°C; 2050, RCP 8.5, current MST + 
2.74°C). Fourteen degrees Celsius MST, the boundary between white and tan, represents an approximate threshold 
above which pika occupancy becomes tenuous [27]. Projections are the ensemble mean of 17 general circulation 
models [53]. Temperatures from the mid-20th century and before (upper left panel) appear to have supported 
contiguous pika-habitable temperatures throughout much of the Tahoe region. Current temperatures (upper right) 
have seen the collapse of the Pluto triangle metapopulation, which occupied the isthmus of habitat connecting the 
crest of the Sierra with the Carson Range to the east. If pika response is governed by the temperature and dispersal 
thresholds observed in our study area, climate warming appears poised to cause extensive retraction and 
fragmentation of pika populations in the greater Lake Tahoe area (bottom panels). 
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Availability of thermal refugia (minimum MST) within a 4-km long-distance 

dispersal threshold was the best predictor of site occupancy in our north Lake Tahoe 

study region (Table 2.S3). A simple logistic regression with this predictor strongly 

outperformed the next best model (ΔAICc = 2.4). Occupied and extirpated sites 

separate perfectly along this variable, such that sites lacking refugia with MST cooler 

than 14.2°C within 4 km were all extirpated, and all sites with cooler refugia were 

extant (Fig 2.S3). From the historical (1911–1955) to current (2001–2010) period, 

warming temperatures resulted in 100% of sites in the Pluto triangle crossing from 

below to above this 14.2°C refuge threshold (Fig 2.S2). Using this model to project 

climatically suitable potential habitat area in the greater Lake Tahoe area, resulted in 

substantial contraction in climatically suitable area over time (Fig 2.4). Whereas 

current climate conditions result in 3,701 km2 of climatically suitable area within 4 

km of refugial MST (< 14.2°C), the figure is projected to decline by 52% by 2030 

(1,779 km2) and by 83% by 2050 (636 km2). The percent decline in the area of 

refugial conditions (MST < 14.2°C) from the current period baseline (1,214 km2) is 

projected to be 77% by 2030 (284 km2) and 97% by 2050 (33 km2). 

 

Discussion 

We readily found remnant pika fecal pellets at the all but 1 of 14 survey sites 

within the Pluto triangle – often in some abundance. Taluses in the Pluto triangle 

were 5-12 km away from the nearest known extant pika localities outside the triangle. 
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The large volume and broad occurrence of evidence we found of former habitation, in 

combination with the considerable distances from occupied talus and intervening 

barriers, such as rivers, highways, and relatively low elevation, rule out the possibility 

that the pellets were deposited by isolated dispersers that lived out solitary lives in the 

Pluto triangle. We therefore conclude that the Pluto triangle was formerly inhabited 

by pikas.  The 165-km2 area of the extirpated region is large relative to previously 

published accounts of modern and historical-era pika extirpations, which focused on 

3-km-radius or smaller areas [24,27]. This extirpation echoes the prehistoric shifts of 

pika distribution, documented by Hafner [17,18] and Grayson [19], where substantial 

areas of landscape either were colonized by or became devoid of pikas when climate 

cooled or warmed, respectively. 

From radiocarbon dates, we know that pikas were extirpated from the Pluto 

triangle sometime after 1958, with age ranges within the triangle spanning as late 

1991. This is among the first accounts of a modern, climate-mediated extirpation of a 

species from within an area of contiguous distribution, as discussed below, resulting 

in fragmentation and loss of connectivity.  While it is not possible to conduct an 

experiment on a singular event in the past, we believe the temporal association 

between this metapopulation extirpation and climate change, together with extensive 

literature empirically documenting pika vulnerability to climate change (e.g. 

physiology, behavior, paleontological and historical distributional change) are 

compelling evidence of climate-mediated extirpation. An extensive search for 

empirical documentation of this type of phenomenon yielded only one study 
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(fragmentation of sea ice habitat for polar bears) [13], though datasets used in other 

studies may also be suggestive of this type of event for other taxa [1,54]. We suspect 

that, while this phenomenon has not been frequently documented in the literature, it is 

likely already a commonplace phenomenon experienced by many species responding 

to climate warming [55].  

Climate and weather-station data, in combination with our previously published 

model of pika site suitability, implicate climate change as the cause of the Pluto 

triangle extirpation. Weather station data show a substantial, 1.8°C, increase in 

temperature, with concomitant decline in snowpack (Fig 2.3, Fig 2.S1). The 

proportion of Pluto triangle sites with MST > 14.2°C – which is the mean MST at 

extirpated historical sites in California [27] – has increased from 0% in the pre-1955 

period to 100% of sites today. Higher MSTs appear to be linked to pika extirpations 

because they force pikas to reduce their foraging activity during daylight hours in 

order to avoid hyperthermia [16,56]. Subsurface talus temperatures may provide 

refuge from surface conditions, but unless vegetation is available to pikas below the 

talus surface [31] sub-surface refuge does not solve the problem of warm surface 

conditions reducing the animal’s ability to forage. The post-1955 period also saw the 

emergence of the first recorded negligible-snow-depth winters, including consecutive 

year periods with negligible (< 2 cm) snowpack (e.g. 1959–1960, 1986–1990, 2013–

2015; Fig 2.S1). Loss of snowpack has been hypothesized to be linked to extirpations 

because the loss of an insulating blanket of snow causes pikas to be exposed to 

extreme cold in winter [23,32,57]. Pikas, like other lagomorphs, do not hibernate and 
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periods of extreme cold impose high metabolic costs and may lead to hypothermia 

[14,58]. Other potential drivers of the extirpation could include climate-mediated 

changes in forage quality [59] or land use change, concurrent with climate warming, 

and associated changes in community dynamics (e.g. predators, disease) [60,61], 

though we were unable to test these hypotheses. 

The per-site rate of extirpation of sites in this study exceeded the rate of 

extirpation we would expect based on their climate and local habitat area, relative to 

other pika extirpations across California [27]. We propose that the accelerated 

extirpation could be due, in part, to declining climatic suitability of dispersal corridors 

connecting the triangle to adjacent habitat, and to the relatively low elevation of 

refugial mountain peaks within the Pluto triangle [22,24]. As temperature increased at 

high-elevation refugia, so did the temperature of lower-elevation dispersal corridors, 

further isolating the Pluto triangle metapopulation. While nearby pika population 

centers are supported by more robust high-elevation refugia (e.g. Mount Rose, 

elevation 3280 m, current MST = 11.2°C; Granite Chief Peak, 2745 m, 13.2°C) that 

may act as source populations supporting lower elevation sites, the highest elevation 

refuge for pikas in the Pluto triangle is Mt Pluto (2625 m, MST = 14.5°C). Our 

previously published model [27], premised on MST and talus area, did not effectively 

capture these nuances of metapopulation and habitat structure that may be relevant to 

the vulnerability of the Pluto triangle pika metapopulation to extirpation. In contrast, 

a simple model of thermal refuge of ~14°C MST threshold within a 4-km dispersal 

distance explains the extirpations of these sites well (Figs. 2.S2, 2.S4). Similar, 4.5-
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km, dispersal thresholds for pikas have been found by recent genetic work [10,35]. 

The implication here is that when connectivity with higher elevation or cooler refugia 

is limited, local habitat abundance becomes less important in mediating persistence. 

In the absence of a rescue effect [62] pika persistence above an absolute temperature 

threshold may become precarious. Our previously published model may also 

underestimate temperature thresholds for pika persistence at sites with very high talus 

area, due in part to linear extrapolation of temperature thresholds to sites with high 

talus area. 

A complementary hypothesis is that the regionally accelerated rate of extirpation 

could be partially attributed to local maladaptation favoring survival in cold, as 

opposed to warm, conditions. Moderate isolation, surrounding high-elevation source 

populations, and a locally accelerated rate of climate warming are all factors that 

could have contributed to local adaptation for survival in cold as opposed to warm 

conditions. Weather data from the Pluto triangle indicates that local temperatures 

increased at a rate of 1.7°C per century during the historical record, faster than the 

regional, Sierra Nevada-wide, rate of climate warming [50,46]. Species adapted for 

survival at high-elevations, like pikas, inhabit an environment of extreme weather 

fluctuations and face evolutionary trade-offs between being adapted to tolerate cold 

and hot conditions. The regional relative magnitude of these selective pressures may 

either predispose or disadvantage some populations for survival at warmer sites. A 

greater understanding of the species behavioral, physiological, and evolutionary 

adaptive capacity would help to elucidate its ability to cope with environmental 
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change [63]. Adaptations to relatively cool conditions during much of the Holocene 

and Pleistocene periods may now have become maladaptive. 

Warming during the 20th century (Fig 2.3) was preceded by a long period of 

relative cold sometimes referred to as the Little Ice Age or the Matthes glacial 

advance(s), which lasted approximately from the 1400s to the latter 1800s or early 

1900s [39,64,65], and corresponded to approximately a 0.2-2°C lowering of summer 

temperatures and a 90 m lowering in elevation of isotherms of mean temperature in 

the Sierra Nevada [39,66]. This long period of relative cold would have provided 

pikas with an extensive and contiguous region of pika-habitable temperatures in the 

Tahoe region (Fig 2.4). 

Before their collapse, pika populations in the Pluto triangle region could be 

thought of as an isthmus of modest-elevation habitat connecting the “mainland” 

stronghold of pikas—the crest of the Sierra on the west side of Lake Tahoe—with a 

peninsula of pika habitat (Mount Rose/Carson Range) on the east side of Tahoe. The 

triangle was central to a contiguous area of pika distribution, with all but one habitat 

patch searched yielding evidence of previous occupancy. The regional pika 

population was contiguous in the sense that the maximum distance separating pika 

habitat patches across the triangle, from the Sierra crest to the Carson Range, was < 3 

km, a distance across which pika dispersal has been empirically documented [67], and 

well below maximum estimated dispersal distances for the species [18,49]. It may 

have taken multiple generations of pika dispersal events to cross this corridor, but 

given widespread evidence of past occupancy, it is logical to conclude cooler 
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conditions supported some degree of genetic connectivity between the Carson Range 

and the main crest of the Sierra Nevada. Rising "tides" of warm air have now 

“submerged” the Pluto triangle into more tenuous climate conditions for pikas and the 

isthmus has disappeared, resulting in habitat fragmentation and loss of 

metapopulation connectivity. Pikas in the Carson Range complex are now isolated 

from pikas on the main crest of the Sierra, by a distance of more than 25 km. 

Maximum dispersal distances for pikas over the last 6,000 years in the Rocky 

Mountains are estimated to be between 10 and 20 km [18,49]. Thus, the loss of this 

dispersal corridor suggests the complete loss of metapopulation and genetic 

connectivity through this corridor. 

Our results suggest that, at least in some areas, the timeframe of shrinking of pika 

distribution as a result of warming temperatures is likely to be on the scale of 

decades, not centuries. If pika response to climate change in the greater Lake Tahoe 

area is governed by the dispersal and temperature thresholds observed in our study 

area, climate change could cause widespread mid-21st century loss of pikas 

throughout much of the greater Lake Tahoe area (Fig 2.4). This study is among the 

first empirical examples of a modern, climate-mediated extirpation of a species from 

an area centrally located within contiguous habitat, resulting in habitat fragmentation. 

Habitat destruction and fragmentation has been widely documented as a cause of 

biodiversity loss [68] and both empirical and theoretical studies have demonstrated 

how fragmentation amplifies extinction risk from climate change [7,69]. Here we 

provide an example of the reverse: how climate change can also exacerbate habitat 
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fragmentation. Our finding highlights how climate can interact with landscape and 

organismal factors to determine geographic patterns of range erosion under climate 

change. Collapsing sky-island systems, such as mountain-top metapopulations of 

pikas and other species (e.g., Urocitellus beldingi [70], Tamias alpinus [33]), should 

serve as living laboratories for understanding the mechanisms and dynamics by which 

metapopulation structure, habitat quality, immigration, emigration, genetic 

connectivity, and fragmentation interact with changing climate conditions to 

determine patterns of species distribution, abundance, and persistence. We anticipate 

this study foreshadows an era in which accelerating climate warming will drive the 

extirpations not just of species’ peripheral habitat, but cause fragmentation of core 

habitat for many species. 
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Fig 2.S1 Snow depth measurements for weather station at Tahoe City, CA, USA. 
Tahoe City forms the southwestern vertex of the Pluto triangle (Fig 2.1). Snow depth 
has decreased significantly over the period of record, 1911–2015 (Spearman’s test, p 
< 0.0005, n = 91), with significantly lower snow depth in the years following 1955 
than the preceding years (Mann-Whitney, p < 0.0005). The frequency of years with 
negligible (< 2 cm) of snowpack increased from 0% of years before or during 1955 to 
34% of years after (two-tailed z-test, p < 0.0005). Linear trend and confidence 
intervals are shown in blue and grey (linear regression, p < 0.01). 
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Fig 2.S2 Graphical comparison of pika occupancy models. Formerly occupied 
Pluto triangle sites (n = 13) plotted against the California-wide model of pika 
occupancy (Stewart et al. 2015). Horizontal axis is refugial (minimum) MST within 
1km, following the California-wide model [27]. Vertical axis is area of talus habitat 
within 1km of the site centroid. Central dashed diagonal line represents 50% 
probability of occupancy as predicted by the California-wide model. Outer dashed 
lines represent 95% and 5% probability of occupancy. The per-site rate of pika 
extirpation from sites within the Pluto triangle exceeds previous model [27] estimates 
(exact binomial test, p < 0.001). Solid vertical line, MST = 14.2°C, is the mean 
temperature of extirpated historical sites in [27], and 50% probability of occupancy 
threshold for refugial (minimum) MST within 4 km for sites included in this paper 
(Fig 2.1, Table 2.S1, Table 2.S3). A simple refugial MST model outperforms the 
California-wide model which incorporates talus habitat area within a 1-km radius, 
suggesting that when access to thermal refugia is limited, climate trumps habitat area 
as a driver of population persistence.  
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Fig 2.S3 Pika occupancy status at north Lake Tahoe area pika sites as a function 
of the best performing predictor variable. North Lake Tahoe area pika sites are 
shown in Fig 2.1 and listed in Table 2.S1 (n = 38). Extant and extirpated sites 
differentiate perfectly by this metric (Welch’s t-test, p < 0.005). Four kilometers 
represents a threshold above which pika dispersal becomes increasingly limited 
(Tapper, 1973; Hafner, 1994; Hafner & Sullivan, 1995; Castillo et al. 2016). Fourteen 
degrees Celsius MST represents a threshold above which pika persistence becomes 
more tenuous (Stewart et al., 2015). Dashed grey line (MST = 14.2°C) is the 50% 
probability of occupancy as modeled by logistic regression at these sites (Table 2.S3). 
Boxes are interquartile range. Historical period is 1910-1955, current period is 2001-
2010. 
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Table 2.S1 Locations and results of talus surveys. Pika presence at Mount Rose was 
reported by M. M. Peacock (University of Nevada, Reno); southeast of Tamarack Peak by C. 
I. Millar (US Forest Service, Pacific Southwest Research Station); and east of Rose Knob 
Peak by C.R. Parker. Occurrence coordinates for survey data provided by the Nevada 
Department of Wildlife are obscured to the level of a Public Land Survey System section at 
their request. Pika sign abbreviations: A – audio detection, GH – green haypile, FP – fresh 
pellets, BP – buried pellets (found in accumulations of organic debris), SP – surface pellets, 
not fresh (found on rock surfaces below other rocks), V – visual detection. 

  Site Name Latitude Longitude Recent 
Pika 

Sign Survey Years 

Within Pluto triangle: 
  PT-1 39.2355 -120.1215 No SP 2013 
  PT-2 39.2348 -120.1341 No BP 2013; 2015 
  PT-3 39.2308 -120.1136 No SP 2013; 2015 
  PT-4 39.2285 -120.1678 No SP 2013; 2015 
  PT-5 39.1875 -120.1877 No BP 2011 
  PT-6 39.305 -120.2044 No BP 2011; 2015 
  PT-7 39.2289 -120.202 No BP 2011 
  PT-8 39.1843 -120.185 No None 2011 
  PT-9 39.241 -120.0701 No BP 2013 
  PT-10 39.1881 -120.1681 No BP 2013 
  PT-11 39.1685 -120.1825 No SP 2011; 2015 
 PT-12 39.2394 -120.1421 No BP, SP 2016 
 PT-13 39.2366 -120.1472 No BP 2016 
 PT-14 39.2420 -120.1393 No BP 2016 
Outside Pluto triangle: 
  Mount Rose 1 39.3481 -119.9221 Yes V, A, FP 2005; '11-'12 
  Mount Rose 2 S33 T17N S33 R18E Yes A, FP 2012 
  Mount Rose 3 S33 T17N S33 R18E Yes V, A, GH, FP 2012 
  Mt Houghton 3 S33 T17N S33 R18E Yes V, A 2012 
  Mt Houghton 2 S33 T17N S33 R18E Yes V, A, GH, FP 2012 
  Mt Houghton 1 S33 T17N S33 R18E Yes GH, FP 2012 
  Tamarack Pk 3 39.3248 -119.9223 Yes FP 2012 
  Tamarack Pk 2 39.3237 -119.9303 Yes GH 2012 
  Tamarack Pk 1 39.3162 -119.9142 Yes GH 2014 
  Donner Pass, E 39.3145 -120.3234 Yes V, A, FP 2009-2015 
  Schallenberger 

Ridge 
39.3034 -120.2664 No SP 2013 

 Rose Knob Pk 4 39.2938 -119.9582 Yes A, FP 2012 
  Rose Knob Pk 3 39.2937 -119.9707 Yes V 2013 
  Rose Knob Pk 2 39.2916 -119.9650 Yes FP 2015 
  Rose Knob Pk 1 S33 T17N S33 R18E Yes FP 2015 
 Brockway 39.2646 -120.0618 No SP 2014; ‘15-‘16 
 Pole Creek 39.2395 -120.2598 Yes GH 2015 
 Pole Creek 39.2391 -120.2644 Yes GH, FP 2015 
 KT22 39.1871 -120.2404 Yes A, GH, FP 2015 
 Marlette Pk S6 T15N  S6 R19E Yes GH 2012 
 Five Lakes, E 39.1734 -120.2430 Yes V, A, FP 2012 
 Rampart, NW 39.1691 -120.1869 No BP 2015 
 Ward Peak 2 39.1488 -120.2377 Yes A, FP 2010 
 Ward Peak 1 39.1444 -120.2399 Yes A, GH, FP 2010 
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Table 2.S2 Radiocarbon data for buried pika scat.  
CAMS # Sample d13C Fm ± Calibrated age range (AD) 

167593 PT-1 -25 0.9861 0.0036 1681-1955 

167594 PT-2 -25 0.9863 0.0036 1681-1955 

167595 PT-3 -25 0.9844 0.0035 1677-1954 

167596 PT-4 -26.3 1.0077 0.0029 1955 

155702 PT-5 -25.6 0.9841 0.0029 1679-1954 

155700 PT-6 -27.9 0.9795 0.0031 1664-1954 

155704 PT-7 -26.1 0.9788 0.0030 1663-1954 

177230 PT-12 
 

0.9771 0.0019 1663-1954 

177233 PT-13 
 

1.1542 0.0020 1958-1991 

177232 PT-14 
 

0.9804 0.0018 1668-1954 

168869 Schallenberger Ridge -27.43 1.0578 0.0037 1956-2010* 

172275 E of Brockway ‘15 -25 ± 2 1.4376 0.0051 1962-1974 

172276 E of Brockway ’14 -25 ± 2 1.2777 0.0045 1961-1981 

172277 Rampart -25 ± 2 0.9839 0.0037 1674-1954 

*Calibration curve ends at 2010. Actual date range may extend slightly past 2010. 
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Table 2.S3 AICc model comparison for north Lake Tahoe area sites. AICc model 
comparison of 10 models of pika site occupancy in the north Lake Tahoe area. 
MST_min_1k is minimum mean summer temperature within 1 km of the site 
centroid; log_talus_area is log transformed talus area within 1 km of the site centroid. 
Model ΔAICc AICcWt 
MST_min_4km 0 0.75 
MST_min_4km + log_talus_area 2.37 0.23 
MST_min_3km 9.66 0.01 
MST_min_5km 9.92 0.01 
MST_min_5km + log_talus_area 10.80 0.00 
MST_min_3km + log_talus_area 11.54 0.00 
MST_min_2km 15.22 0.00 
MST_min_2km + log_talus_area 17.59 0.00 
MST_min_1km + log_talus_area 19.00 0.00 
MST_min_1km 19.06 0.00 
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Chapter 3 
 

A Climate Change Vulnerability Assessment for Twenty California 
Mammal Taxa 

 
 
ABASTRACT 
 
This chapter contains results on the assessment of climate change vulnerability for 20 

native California mammal taxa and documents standardized methods that can be used 

in assessing the climate change vulnerability of all 587 native California mammal 

taxa. We combine three distinct approaches for assessing vulnerability to climate 

change: modelled geographic response, consideration of the ratio of climatic exposure 

to climatic niche breadth, and consideration of expert-assessed qualitative 

vulnerability categories. Projected geographic response is composed of the projected 

impact of climate change and sea level rise on species distribution (i.e. range 

contraction and expansion). The species distribution models used to assess 

geographic response benefit from recent advances in explicit consideration of 

individual-species ability to disperse to habitats that are projected to become newly 

suitable in response to climate change and from recent mechanistic advances in 

statewide characterization of the hydroclimate of California. Vulnerability of taxa to 

sea level rise was assessed using high-resolution coastal LiDAR surfaces (5 m 

horizontal resolution, 1 mm vertical resolution). The ratio of climatic exposure to 

climatic niche breadth (“exposure/niche breadth”) is calculated as the ratio of the 

projected amount of climate change the taxa will experience to the breadth of thermal 

and hydroclimatic conditions the species currently experiences throughout its range. 
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The logic of this metric is two simple principles; first, that increased exposure to 

climate change results in increased vulnerability to climate change, and second, that 

species that currently tolerate a greater breadth of climate conditions tend to have 

higher capacity to cope with climatic extremes. Finally, expert-assessed qualitative 

vulnerability categories are composed of average scores from 19 species traits. For 

each category, we combed the literature for information on the species environment 

and natural history to score the effect of each trait on vulnerability into one of seven 

categories ranging from “greatly decreases vulnerability to climate change” to 

“greatly increases vulnerability to climate change”. 

 

These three approaches were combined to calculate an overall climate change 

vulnerability score (CCVS). The CCVS was based on NatureServe’s Climate Change 

Vulnerability Index (CCVI), but uses a slightly modified set of inputs and 

calculations that incorporate the best available climate and species trait data for our 

study area. We explicitly document the formulas used to calculate the CCVS, whereas 

the equations used in the CCVI tool have not been published. We document all 

methods and formulas in this chapter and make the Excel® spreadsheet we developed 

for these calculations publicly available for download with the chapter. Transparency 

in how metrics of climate change vulnerability are calculated is crucial for the 

scientific process to advance. The CCVS can be represented as a continuous 

vulnerability value or as one of five vulnerability categories, ranging from “May 

Benefit” to “Extremely Vulnerable.” 
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The 20 taxa included in this chapter were prioritized for climate change vulnerability 

assessment by the California Department of Fish and Wildlife (CDFW). Two of the 

taxa are listed as Threatened under the federal and/or California Endangered Species 

Act and seven are designated as Species of Special Concern by CDFW. The 

constraint that limited this chapter to include CCVS scores for only 20 taxa, of the 

587 native terrestrial California mammal taxa (species and subspecies), was inclusion 

of expert-assessed qualitative vulnerability categories in calculation of the score. This 

qualitative component of the CCVS score requires time-intensive processing of peer 

reviewed literature. Incorporation of these details of species natural history 

information and measurements of species traits, such as is obtained in this type of 

literature review process, can be important for developing more detailed models that 

explicitly incorporate more of the mechanism that determine how individual taxa, or 

clades of taxa, respond to climate. Projected geographic response scores and 

exposure/niche breadth scores have been calculated for all 587 native California 

mammal taxa, but are not presented in this chapter. 

 

We evaluated the vulnerability of each taxon to four climate change scenarios for the 

period 2070-2099, comprised of low and high greenhouse gas emission trajectories 

and ranging from relatively hot and dry to relatively warm and wet climate scenarios. 

The resulting overall climate change vulnerability scores (CCVS) were strongly 

dependent on the climate change scenario considered. Under the two low-emission 
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scenarios we considered, four of 20 species were ranked as extremely vulnerable. 

Under the two high-emission scenarios, between 8 and 10 of the taxa were ranked as 

extremely vulnerable. One taxon had insufficient data on occurrence locations to be 

assessed. Under the scenarios we considered, taxa experienced an average 45% 

decline in climatically suitable habitat area due to changes to upland climate. Six of 

the 20 taxa assessed were projected to suffer some loss of habitat due to sea level rise. 

Amongst the 6 taxa projected to suffer loss of habitat to sea level rise, the average 

loss of habitat was estimated to be 13%.  

 

Six taxa were projected to suffer complete loss of climatically suitable habitat within 

their plausible area of dispersal under at least one climate scenario considered: 

Southern California salt marsh shrew (Sorex ornatus salicornicus), salt marsh 

wandering shrew (Sorex vagrans halicoetes), American pika (Ochotona princeps), 

Point Reyes mountain beaver (Aplodontia rufa phaea), San Bernardino golden-

mantled ground squirrel (Callospermophilus lateralis bernardinus), and Mount Pinos 

lodgepole chipmunk (Tamias speciosus callipeplus). Assisted migration to areas of 

the state where the taxa cannot disperse on their own could be necessary if we wish to 

conserve wild populations of these taxa. The taxa with the highest vulnerability to sea 

level rise, the salt marsh wandering shrew (Sorex vagrans halicoetes), was projected 

to lose 30% of its habitat to 1 m of sea level rise. Five taxa were ranked as Extremely 

Vulnerable under three or more of the four climate scenarios considered: Southern 

California salt marsh shrew (Sorex ornatus salicornicus), salt marsh wandering shrew 
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(Sorex vagrans halicoetes), American pika (Ochotona princeps), Point Reyes 

mountain beaver (Aplodontia rufa phaea), and San Bernardino golden-mantled 

ground squirrel (Callospermophilus lateralis bernardinus). Though three taxa were 

ranked as Less Vulnerable under one or more scenario, no species were ranked Less 

Vulnerable under all scenarios. The species with the lowest vulnerability ranking 

overall, San Joaquin kit fox (Vulpes macrotis mutica), ranked Less Vulnerable under 

both low emission scenarios, and Moderately Vulnerable under both high emission 

scenarios.  
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OVERVIEW 
 
The purpose of this chapter is to present results on the assessment of climate change 

vulnerability for 20 native California mammal taxa and to document standardized 

methods for use in assessing the climate change vulnerability of all 587 native 

California terrestrial (non-marine) mammal taxa. Results of this assessment can 

contribute to the development of climate adaptation strategies that complement and 

provide context for conservation strategies for California’s mammal taxa. California 

is ranked as a global biodiversity hotspot. As stewards of the state’s diverse fish, 

wildlife, and plant species, and the habitats they depend on, the California 

Department of Fish and Wildlife (CDFW) has taken a lead role in climate adaptation 

planning for biodiversity conservation, and must understand and plan for these 

environmental changes.  

 

This chapter presents the results of a climate vulnerability assessment for 20 mammal 

taxa of California. The assessment is based on two global climate models (GCMs) 

and two emission scenarios that were selected from among 12 considered to represent 

a range of future conditions for California by the end of the 21st century. The GCMs, 

CNRM CM5 and MIROC ESM, and emission scenarios used, RCP4.5 and RCP 8.5, 

represent a range of warming statewide from 1.99 to 4.56°C and between a 24.8% 

decrease in precipitation and a 22.9% increase, respectively (Table 3.1). They are the 

same four climate projections used in the CDFW’s report on the climate vulnerability 



 94 

of terrestrial vegetation for the state1, meaning that the results from this study and 

from that assessment may be cross-compared. 

Table 3.1. Simplified names and technical specifications for the four future climate change scenarios used in 
this chapter. Future climate change scenarios are projections for the 2070-2099 period, sometimes 
abbreviated to “2080s”. 

Climate Change Scenario 
Simplified Name 

Representative 
Concentration 
Pathway (Emissions 
Track) 

Global Circulation 
Model 

Low Emission, Warm & Wet RCP 4.5 CNRM CM5 
High Emission, Warm & Wet RCP 8.5 CNRM CM5 

Low Emission, Hot & Dry RCP 4.5 MIROC ESM 

High Emission, Hot & Dry RCP 8.5 MIROC ESM 

 
The 20 taxa included in this chapter were prioritized for climate change vulnerability 

assessment by the California Department of Fish and Wildlife. Two of the taxa are 

listed as threatened (San Joaquin kit fox, Sierra Nevada red fox) and seven are listed 

as species of special concern (Humboldt marten, Mount Lyell shrew, Salt Marsh 

wandering shrew, Southern California salt marsh shrew, Point Reyes mountain 

beaver, California red tree vole, San Pablo vole) by the state of California. The 20 

taxa represent a sampling of California mammal diversity, ranging from small (e.g. 

shrews) to large (e.g. bighorn sheep), herbivorous (e.g. mountain beaver) to 

carnivorous (e.g. marten), and occupying a diversity of habitats types from coastal 

                                                      
1 Thorne, J.H., RM Boynton, AJ Holguin, JAE Stewart, & J Bjorkman. (2016) A climate change 
vulnerability assessment for California’s vegetation: a macro-habitat scale for aggregated terrestrial 
vegetation types. California Department of Wildlife and Fisheries, Sacramento, CA. 
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salt marsh (e.g. Salt marsh wandering shrew) to high elevation mountaintops (e.g. 

alpine chipmunk). 

 

The methods we present in this chapter are intended for use in the assessment and 

ranking of climate change vulnerability for all 587 native California mammal taxa 

(species and subspecies) and to be generally adaptable to all types of worldwide 

species. We combined 27 metrics of climate change vulnerability including metrics of 

exposure, niche breadth, projected habitat shifts from species distribution models 

(SDMs), projected loss of habitat to sea level rise, and trait-based vulnerability to 

calculate a cross-comparable overall climate change vulnerability score (CCVS) score 

for each taxon. We explicitly document all the equations used to combine multiple 

metrics of climate change vulnerability into a single composite score. The aim is to 

present explicit methods that can be easily understood, critiqued, and improved upon 

in the spirit of open source science. We took measures to account for mechanisms, 

improve predictive ability, and reduce overfitting in species distribution models used 

in the analysis. Four steps taken this regard include: 

 

We explicitly incorporated each species’ unique capacity to disperse to track 

their suitable climate niche.  

We used phylogenetic regressions to estimate species trait values (i.e. body 

mass, diet) for species with missing trait data. 
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We include mechanistic hydroclimatic candidate predictor variables relevant 

to mammal ecology and natural history, such as surface runoff, snow depth, 

and actual evapotranspiration. 

We implemented several measures intended to increase the predictive 

performance and temporal transferability of our Maxent species distribution 

models, including AICc variable selection, correction for bias detection 

through the use of background occurrence data, and reduction of overfitting 

via disabling Maxent hinge and threshold features. 

Overall Vulnerability 
 
Overall climate change vulnerability scores (CCVS) were derived from a weighted 

mean of each taxon’s modeled geographic response, exposure/niche breadth, and 

qualitative vulnerability scores. Each metric has a potential maximum value of 100, 

with higher values indicating greater vulnerability to climate change and zero 

indicating no vulnerability to climate change (Figure 3.1). Among these three metrics 

of climate change vulnerability, projected geographic response contributed the most 

to the interspecific variance in the overall vulnerability scores. Projected geographic 

response can be interpreted as the percent of climatically suitable potential habitat 

projected to be lost to climate change, with negative values representing potential 

increase in climatically suitable habitat from climate change. Exposure/niche breadth 

is the ratio of projected change in temperature and hydroclimate for each taxon 

relative to the range of conditions that taxon currently experiences throughout its 

documented occurrence locations, scaled such that a value of 100 indicates exposure 
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is greater than or equal to niche breadth. Qualitative vulnerability is the mean score 

among of 19 categorical vulnerability categories adapted from Young et al. (2011)2 

methods, and scaled such that a score of 100 indicated the highest possible level of 

vulnerability and -100 indicates the highest potential to benefit from climate change. 

 

 
Figure 3.1 Range of scores for qualitative vulnerability, projected geographic response, exposure/niche 
breadth, and overall climate change vulnerability for the 20 taxa assessed in this chapter. All 20 taxa 
received qualitative vulnerability scores. For one taxon there was insufficient information to score projected 
geographic response, exposure/niche breadth, and overall climate change vulnerability. Thick line shows 
median value. Boxes show the interquartile range. Whiskers show minimum and maximum values.   

 

                                                      
2 Young, B, Byers, E, Gravuer, K., Hall, K., Hammerson, G., & Redder, A. (2011). Guidelines for 
using the NatureServe climate change vulnerability index. NatureServe, Arlington, VA. 
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The resulting overall climate change vulnerability scores (CCVS) were strongly 

dependent on the climate change scenario considered (Figure 3.2). Overall 

vulnerability to climate change across taxa was lowest for the low emission, warm 

and wet scenario and highest for the high emission, hot and dry scenario. One taxon 

had insufficient information to be evaluated. Under the low emission, warm and wet 

scenario four taxa were classified as extremely vulnerable, six as highly vulnerable, 

six as moderately vulnerable, and three as less vulnerable. Under the high emission, 

warm and wet scenario eight taxa were classified as extremely vulnerable, six as 

highly vulnerable, and five as moderately vulnerable. Under the low emission, hot 

and dry scenario four taxa were classified as extremely vulnerable, nine as highly 

vulnerable, five as moderately vulnerable, and one as less vulnerable. And, under the 

high emission, hot and dry scenario ten taxa were classified as extremely vulnerable, 

seven as highly vulnerable, and two as moderately vulnerable (Table 3.2).  
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Figure 3.2. Overall climate change vulnerability scores for California mammal taxa evaluated in this 
chapter under four climate change scenarios used in this assessment. Climate change vulnerability scores 
(CCVS) have potential range between -80 and 100, with higher positive values representing higher 
vulnerability to climate change and negative values representing potential for taxa to benefit from climate 
change. This plot represents scores for 19 taxa. One priority taxon had insufficient information to be 
scored. Boxes show the median and interquartile ranges. Whiskers show minimum and maximum values. 
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Table 3.2. Overall climate change vulnerability scores for 20 taxa included in this chapter under four future 
climate change scenarios for the 2080s. 

Taxa 

Overall Climate Change Vulnerability Index Score  
by Climate Change Scenario 
Low Emission 
Warm & Wet 

High Emission 
Warm & Wet 

Low Emission 
Hot & Dry 

High Emission 
Hot & Dry 

Mount Lyell shrew (Sorex lyelli) Highly 
Vulnerable 

Extremely 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Southern California salt marsh 
shrew (Sorex ornatus 
salicornicus) 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Salt marsh wandering shrew 
(Sorex vagrans halicoetes) 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

American pika (Ochotona 
princeps) 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Point Reyes mountain beaver 
(Aplodontia rufa phaea) 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Belding's ground squirrel 
(Urocitellus beldingi) 

Highly 
Vulnerable 

Highly 
Vulnerable 

Highly 
Vulnerable 

Highly 
Vulnerable 

San Bernardino golden-mantled 
ground squirrel 
(Callospermophilus lateralis 
bernardinus) 

Extremely 
Vulnerable 

Extremely 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Alpine chipmunk (Tamias 
alpinus) 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Mount Pinos lodgepole chipmunk 
(Tamias speciosus callipeplus) 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Western jumping mouse (Zapus 
princeps) 

Highly 
Vulnerable 

Highly 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

California red tree vole 
(Arborimus pomo) 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Highly 
Vulnerable 

Highly 
Vulnerable 

Monterey vole (Microtus 
californicus halophilus) 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Marsh vole (Microtus californicus 
paludicola) 

Insufficient 
Information 

Insufficient 
Information 

Insufficient 
Information 

Insufficient 
Information 

San Pablo vole (Microtus 
californicus sanpabloensis) 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Montane vole (Microtus 
montanus) 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

San Joaquin kit fox (Vulpes 
macrotis mutica) 

Less 
Vulnerable 

Moderately 
Vulnerable 

Less 
Vulnerable 

Moderately 
Vulnerable 

Sierra Nevada red fox (Vulpes 
vulpes necator) 

Less 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Humboldt marten (Martes caurina 
humboldtensis) 

Less 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Sierra Nevada marten (Martes 
caurina sierra) 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Highly 
Vulnerable 

Desert bighorn sheep (Ovis 
canadensis nelson) 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 
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Species Distribution Models 
 
For each taxon we used occurrence locations and seven climatic and hydrological 

variables to parameterize species distribution models (SDMs). The resulting models 

we used to project future change in climatic suitability for each taxon at occurrence 

locations and within species-specific plausible dispersal boundaries. Across all taxa 

included in this chapter the mean percent of occurrence locations projected to be no 

longer suitable was 68.0%. The average projected percent loss of occurrence 

locations across taxa was 51.0% for the low emission warm and wet scenario, 69.1% 

for the high emission warm and wet scenario, 66.9% for the low emission hot and dry 

scenario, and 84.8% for the high emission hot and dry scenario (Table 3.3). 
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Table 3.3. Projected loss of habitat to climate change under four climate change scenarios for the 2080s for 
the 20 taxa included in this chapter as assessed through species distribution models. One taxon, Microtus 
californicus paludicola, had too few occurrence locations to model. 

Taxa 

Projected Percent of Occurrence Locations Lost 
to Climate Change 
Low 
Emission 
Warm & 
Wet 

High 
Emission 
Warm & 
Wet 

Low 
Emission 
Hot & 
Dry 

High 
Emission 
Hot & 
Dry 

Mount Lyell shrew (Sorex lyelli) 52.6% 89.5% 68.4% 89.5% 
Southern California salt marsh shrew (Sorex 
ornatus salicornicus) 100% 100% 100% 100% 
Salt marsh wandering shrew (Sorex vagrans 
halicoetes) 100% 100% 100% 100% 
American pika (Ochotona princeps) 57.8% 92% 90.4% 100% 
Point Reyes mountain beaver (Aplodontia rufa 
phaea) 100% 100% 100% 100% 
Belding's ground squirrel (Urocitellus beldingi) 32.8% 51.7% 43.1% 63.8% 
San Bernardino golden-mantled ground squirrel 
(Callospermophilus lateralis bernardinus) 100% 100% 100% 100% 
Alpine chipmunk (Tamias alpinus) 8% 50.7% 72% 97.3% 
Mount Pinos lodgepole chipmunk (Tamias 
speciosus callipeplus) 33.3% 100% 100% 100% 
Western jumping mouse (Zapus princeps) 34.5% 75% 81% 100% 
California red tree vole (Arborimus pomo) 69.2% 80% 76.8% 89.2% 
Monterey vole (Microtus californicus 
halophilus) 100% 100% 100% 100% 
Marsh vole (Microtus californicus paludicola) * * * * 

San Pablo vole (Microtus californicus 
sanpabloensis) 100% 100% 100% 100% 
Montane vole (Microtus montanus) 45% 70.6% 48.6% 78.9% 
San Joaquin kit fox (Vulpes macrotis mutica) 0.9% 24.3% 7.9% 74% 
Sierra Nevada red fox (Vulpes vulpes necator) 4.7% 14.2% 16.6% 46.7% 
Humboldt marten (Martes caurina 
humboldtensis) 0.9% 1.8% 15.6% 77.1% 
Sierra Nevada marten (Martes caurina sierra) 2.2% 10.9% 45.7% 84.8% 
Desert bighorn sheep (Ovis canadensis nelson) 26.3% 52.6% 5.3% 10.5% 

 

Sea Level Rise 
 
We assessed each taxon’s vulnerability to sea level rise as the percent of occurrence 

locations that may become no longer suitable under a scenario of one meter of sea 

level rise. Six of the 20 taxa assessed are found in coastal areas, and were projected to 
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lose habitat to sea level rise: Sorex ornatus salicornicus, Sorex vagrans halicoetes, 

Aplodontia rufa phaea, Arborimus pomo, Microtus californicus halophilus, and 

Microtus californicus sanpabloensis. Among these six taxa, the mean percent of 

occurrence locations projected to become no longer suitable due to sea level rise was 

12.6% (Table 3.4). 
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Table 3.4. Projected loss of habitat to 1-m sea level rise for six species in this chapter projected to suffer loss 
of habitat to sea level rise. 

Taxa Percent of 
Locations Lost to 1-
m Sea Level Rise 

Southern California salt marsh shrew 
(Sorex ornatus salicornicus) 

10.0% 

Salt marsh wandering shrew (Sorex 
vagrans halicoetes) 

30.4% 

Point Reyes mountain beaver 
(Aplodontia rufa phaea) 

7.1% 

California red tree vole (Arborimus 
pomo) 

1.1% 

Monterey vole (Microtus californicus 
halophilus) 

10.0% 

San Pablo vole (Microtus californicus 
sanpabloensis) 

16.7% 

 

Limitations and Caveats 
 
The science of assessing vulnerability of taxa to climate change is relatively new and 

is still subject to considerable uncertainty. Results presented in this chapter should be 

interpreted as a first-pass rapid assessment of each taxon’s vulnerability to climate 

change. Our methods were designed to create a cross-comparable, rapid-assessment 

of climate change vulnerability for all of the 587 terrestrial mammal taxa in 

California. While our methods are generally concordant with methods used in similar 

assessments of climate change vulnerability3,4,5, we note that there have been 

relatively few studies evaluating the performance of climate change vulnerability 

                                                      

3 Gardali T, Seavy NE, DiGaudio RT, Comrack LA (2012) A climate change vulnerability assessment 
of California’s at-risk birds. PloS one, 7, e29507. 
4 Anacker BL, Gogol-Prokurat M, Leidholm K, Schoenig S (2013) Climate Change Vulnerability 
Assessment of Rare Plants in California. Madrono, 60, 193–210. 
5 Glick, P., B.A. Stein, and N.A. Edelson, editors. 2011. Scanning the Conservation Horizon: A Guide 
to Climate Change Vulnerability Assessment. National Wildlife Federation, Washington, D.C. 
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metrics in predicting species response to climate change. Studies have shown that 

correlative SDMs can be powerful tools for predicting climate change vulnerability 

for some taxa6,7,8, but more work is needed to understand the environmental and 

taxon-specific conditions that influence the predictive performance of these models. 

The qualitative and exposure/niche breadth metrics used in this chapter, adapted from 

Young et al. (2011)9, are appealing for their simplicity and straightforwardness, but 

have not yet been tested for their ability to predict species response to climate change. 

Much additional research will be needed to reduce uncertainty in assessments of 

species vulnerability to climate change. 

The ability of correlative species distribution models (SDMs) to predict species 

response to climate change is premised on the assumption that limits on species 

current and historical distribution are set by climate variables included in the models. 

While our standardized methods include techniques to maximize model performance 

and transferability, the degree to which this assumption is true may vary across the 

taxa we assess in this chapter. For instance, a growing body of literature supports 

climate variables as a primary limiting factor in the distribution of many high 

elevation taxa included in this chapter (e.g. Ochotona princeps, Tamias 

                                                      
6 Hijmans RJ, Graham C (2006) The ability of climate envelope models to predict the effect of climate 
change on species distributions. Global Change Biology, 12, 2272–2281. 
7 Pearman PB, Randin CF, Broennimann O et al. (2008) Prediction of plant species distributions across 
six millennia. Ecology Letters, 11, 357–369. 
8  Dobrowski SZ, Thorne JH, Greenberg JA, Safford HD, Mynsberge AR, Crimmins SM, Swanson AK 
(2011) Modeling plant ranges over 75 years of climate change in California, USA: Temporal 
transferability and species traits. Ecological Monographs, 81, 241–257. 
9 Young, B., Byers, E., Gravuer, K., Hall, K., Hammerson, G., & Redder, A. (2011). Guidelines for 
using the NatureServe climate change vulnerability index. NatureServe, Arlington, VA. 
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alpinus)10,11,12. Our SDMs should have relatively strong predictive ability for these 

taxa. In contrast, the distribution of the salt-marsh-inhabiting taxa included in this 

chapter (e.g. Sorex ornatus salicornicus, Sorex vagrans halicoetes) appears to be 

most limited by vegetation type and tidal-saline-edaphic factors governing vegetation 

type. Our SDMs for these taxa are likely to pick up on spurious correlations with 

climate variables and have poorer predictive ability.  

Next Steps  

By far the greatest source of uncertainty in the conservation status and overall 

vulnerability of species to climate change is a dearth of data. Additional data on 

where species occur and where people have looked for them but not found them 

would greatly improve our ability to detect changes in species distribution and 

abundance in response to climate change and other factors. Projects such as CDFW’s 

Ecoregional Biodiversity Monitoring Program and citizen science data aggregators 

like iNaturalist.org represent invaluable contributions toward improving data 

coverage, but large data gaps remain. Much additional work is needed to fill these 

taxonomic and geographic data gaps. Additionally, many mammal taxa in California, 

                                                      
10 Moritz C, Patton JL, Conroy CJ, Parra JL, White GC, Beissinger SR (2008) Impact of a century of 
climate change on small-mammal communities in Yosemite National Park, USA. Science (New York, 
N.Y.), 322, 261–264. 
11 Rubidge EM, Monahan WB, Parra JL, Cameron SE, Brashares JS (2011) The role of climate, 
habitat, and species co-occurrence as drivers of change in small mammal distributions over the past 
century. Global Change Biology, 17, 696–708. 
12 Stewart JAE, Perrine JD, Nichols LB, Millar CI, Thorne JH, Goehring KE, Massing CP, Wright DH. 
(2015) Revisiting the past to foretell the future: summer temperature and habitat area predict pika 
extirpations in California. Journal of Biogeography, 42, 880–890. 
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including taxa evaluated in this chapter, have a high proportion of historical record 

locations where the taxon has not been documented to persist for many decades. 

Resurveys of these locations constitute opportunities for gaining greater 

understanding of how these species are responding to modern pressures, including 

climate change. The locations of some species’ historical records have been revisited, 

but including more species in such resurveys would allow for empirical evaluation of 

the ability of various climate change vulnerability metrics to predict changes that 

have actually occurred over the past century. 

Additional research on the mechanisms that control the distribution of species and 

groups of species will be necessary to produce more accurate forecasts of species 

response to climate change. Multiple complementary research approaches can serve 

to help clarify these mechanisms. Collaborations between species experts and 

researchers with modeling expertise may represent one of the most efficient pathways 

for producing more accurate models for individual species. Significant improvements 

in model performance may result from integrating existing information on species 

traits, such as their thermal-physiology, diet preference, and dispersal ability. Where 

trait data are lacking, phylogenetic imputation can often provide a reasonable estimate 

of species-specific traits. Model assumptions and predictions should be validated 

against empirical data whenever possible. In many cases experimental manipulations, 

such as environmental manipulations and translocations could be effective for 

measuring thresholds of species persistence and reproduction. Studies tracking 

demography and change in species abundance over time can be an effective way to 
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assess response to inter-annual climate variation and to gain inference into species 

capacity to cope with anticipated climate change. While species distribution modeling 

represents an efficient approach for developing hypotheses to further our 

understanding of the factors that most influence species vulnerability to climate 

change, there is no apparent shortcut around sustained research and monitoring to 

evaluate these predictions. An early investment of resources would be prudent if we 

wish to produce robust forecasts, sufficient for effective response to stem the 

anticipated tide of climate-mediated extinction in California over the 21st century. 
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METHODS 
 
This chapter assesses the climatic vulnerability of 20 California mammal taxa. Each 

taxon’s overall score is a combination of estimates of its vulnerability as assessed 

through species distribution models, loss of habitat to sea level rise, exposure/niche 

breadth, and expert-assessed qualitative vulnerability rankings. This section of the 

chapter provides the methods used, starting with the input data including the climate 

models, emission scenarios, hydroclimatic models, species occurrence data and 

approach to modeling; and including comments on the use of dispersal, sea level rise 

and the climate change vulnerability scoring approach used. 

 
Climate Model Selection 
 
This chapter uses projections of future climate using two global climate models 

(GCMs) that respectively are hotter and drier (MIROC-ESM), and warmer and wetter 

(CNRM CM) than current conditions. For each of the GCMs we used two emission 

scenarios that represent lower (RCP 4.5) and higher (RCP 8.5) levels of greenhouse 

gas concentration. All analyses were conducted on projections for the end century 

(2070-2099), which allow the furthest assessment of future trends. The GCMs and 

emission scenarios we selected are the same as those used in the CDFW’s climate 

vulnerability assessment of terrestrial vegetation13. The models selected represent a 

bracketing of future conditions, as can be seen when the future conditions they predict 

                                                      
13 Thorne, J.H., R.M. Boynton, A.J. Holguin, J.A.E. Stewart, & J. Bjorkman. (2016) A climate change 
vulnerability assessment for California’s vegetation: a macro-habitat scale for aggregated terrestrial 
vegetation types. California Department of Wildlife and Fisheries, Sacramento, CA. 
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are visualized along with 10 other GCMs, for the lower emissions track (RCP 4.5) 

and the higher, current emissions track (RCP 8.5) (Figures 3.3 and 3.4).  

 

We statistically downscaled the GCMs at a 270 m grid scale. At this level, 410,000 

km2 California contains about 5.6 million grid cells, which can be analyzed for 

change in climate. We reviewed the various climate projections and found they do not 

represent uniform trends for precipitation and temperature across all of California. To 

select the futures to be used in this chapter, we selected two that are relatively drier or 

wetter than most of the models, in order to both capture a range of future conditions, 

and also to minimize the areas within the state that seem to be trending in opposite 

directions from the overall direction of a given model. The two GCMs selected are 

MIROC ESM and CNRM CM. The California mean change in annual precipitation 

(PPT) and annual minimum (TMN) and maximum temperatures (TMX) for these two 

GCMs and the RCP 4.5 and 8.5 are shown in Table 3.5. The emission levels were 

selected to represent a more hopeful level of climate change (the lower emissions 

RCP 4.5) and emissions levels that are closer to the current trend in emissions (the 

RCP8.5). 
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Table 3.5. The mean change in annual minimum and maximum temperature, and in precipitation from a 
current 30-year average, derived from maps representing all of California in 1981-2010, and 2070-2099.  

GCM RCP 
Scenario 
Appellation  

Change in 
Annual 
Minimum 
Temperature 
°C  

Change in 
Annual 
Maximum 
Temperature 
°C 

Percent 
Change in 
Precipitation 

CNRM CM5 rcp4.5 

Low 
Emissions, 
Warm and 

Wet 1.994 2.671 23.0% 

CNRM CM5 rcp8.5 

High 
Emissions, 
Warm and 

Wet 3.890 4.284 38.1% 

MIROC ESM rcp4.5 

Low 
Emissions,  

Hot and Dry 2.534 3.667 -18.9% 

MIROC ESM rcp8.5 

High 
Emissions,  

Hot and Dry 4.557 5.863 -24.9% 
 
The downscaled CNRM CM5 and the MIROC ESM models for the RCP 4.5 and 8.5 

emissions were run through the hydroclimatic model, the Basin Characterization 

Model14 (BCM; Figure 3.5) to obtain a series of landscape hydrology values that 

represent the availability of water in the landscape, including potential 

evapotranspiration (PET), actual evapotranspiration (AET), climatic water deficit 

(CWD), snowpack (PCK), runoff (RUN) and recharge. In sum, 13 climate and 

hydrological variables were developed for every grid cell. Seven of these variables 

were used for modeling mammal distributions. 

  

                                                      
14 Flint, L.E., A.L. Flint, J.H. Thorne, R.M. Boynton. 2013. Fine-scale hydrological modeling for 
regional landscape applications: Model development and performance. Ecological Processes. 2:25. 
http://www.ecologicalprocesses.com/content/2/1/25;  
Thorne, J.H., R.M. Boynton, L.E. Flint, A.L. Flint. 2015. Comparing historic and future climate and 
hydrology for California’s watersheds using the Basin Characterization Model. Ecosphere 6(2). Online 
http://www.esajournals.org/doi/pdf/10.1890/ES14-00300.1; Flint, L. E., and A. L. Flint. 2012a. 
Downscaling future climate scenarios to fine scales for hydrologic and ecological modeling and 
analysis. Ecological Processes 1:1. 

http://www.ecologicalprocesses.com/content/2/1/25
http://www.esajournals.org/doi/pdf/10.1890/ES14-00300.1
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Figure 3.3. The difference between the 1981-2010 mean annual minimum temperatures and precipitation 
for California, and the 2070-2099 projections for 12 CMIP5 GCM projections and the RCP 4.5 emission 
scenario. The origin of the axes represents mean California conditions for the 1981-2010 time frame, used 
as the baseline. The x axis refers to changes in temperature, and the y axis to changes from the % of current 
precipitation. 
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Figure 3.4. The difference between the 1981-2010 mean annual minimum temperatures and precipitation 
for California, and the 2070-2099 projections for 12 CMIP5 GCM projections and the RCP 8.5 emission 
scenario. The origin of the axes represents mean California conditions for the 1981-2010 time frame, used 
as the baseline. The x axis refers to changes in temperature, and the y axis to changes from the % of current 
precipitation. 
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Figure 3.5. The variables calculated by the Basin Characterization Model (BCM). The model runs on a grid 
cell basis. 

 
Taxonomic Occurrence Data  
 
Occurrence data for 167 mammal species and 420 mammal subspecies native to 

California were obtained from biodiversity informatics aggregators and 

communication with species experts. Occurrence data were bulk downloaded from 

VertNet in April of 2016 and from the California Natural Diversity Database 

(CNDDB) in January of 2016. Additional occurrence records were obtained from 

species experts in 2015 and 2016. Data were quality controlled by culling records 

with spatial uncertainty greater than 1.6 km (1 mi), records with inconsistent county 
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location, and records without a specified geodetic datum. The veracity of records 

occurring outside of species-specific CDFW range-map boundaries were scrutinized 

individually. 

 

For the purposes of modeling species distributions, occurrence records were reduced 

to one unique record per 270 × 270 m grid cell. The mean number of unique 

occurrence record locations per species for the 167 native California mammal species 

was 172. Seventy-two percent of species (120/167) had at least 30 unique occurrence 

locations. Ninety-two percent (153/167) of species had at least 5 unique occurrence 

locations. Fourteen species were not modeled due to a paucity of (< 5) unique 

occurrence record locations. Five native Californian species had no occurrence data in 

California. The mean number of unique occurrence locations for the 420 mammal 

subspecies native to California was 41. Ninety percent (377/420) of subspecies had at 

least one occurrence record location. Forty-three native Californian subspecies had no 

occurrence location data within California. 

 
Dispersal Ability 
 
Each non-volant species’ dispersal capacity for the 2080s “future” period was 

calculated as its potential maximum rate of dispersal multiplied by the 75-year 

interval between “current” and “future” periods (2010 to 2085). The potential rate of 

dispersal was calculated as the species’ median natal dispersal distance divided by its 

age at first reproduction (i.e. minimum generation length). Median natal dispersal 

distance was estimated as a power-function of adult body mass and diet (i.e. carnivore 
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vs. herbivore/omnivore), using equations from Schloss et al. 201215. Data on adult 

body mass (n = 159), age at first reproduction (n = 91), and diet (n = 125) for 

California mammalian species (n = 167) were obtained from the PanTheria, a global 

mammal trait database16. Missing trait data were imputed using phylogenetic, 

allometric, and correlative relationships for global mammalian species (n = 5,416) 

and data for 12 additional traits. Trait imputations were performed using [R] version 

3.3.0 and the Rphylopars17 package version 0.2.1. A compiled phylogenetic tree, with 

branch lengths, for 5020 global mammalian species was obtained from 

onezoom.org18. Two native Californian species (Sorex sonomae, Sorex lyelli) were 

added to the tree, following the latest taxonomy19,20, to achieve complete coverage of 

native Californian mammal phylogenetic relationships for all 167 species. Dispersal 

ability estimates were calculated for 142 terrestrial and non-volant native California 

mammal species (Figure 3.6). Trait data for the 20 taxa covered in this chapter were 

used in the vulnerability analysis. 

 

                                                      
15 Schloss C.A., Nuñez T.A., & Lawler J.J. (2012) Dispersal will limit ability of mammals to track 
climate change in the Western Hemisphere. Proceedings of the National Academy of Sciences of the 
United States of America, 109, 8606–11. 
16 Jones K.E., Bielby J., Cardillo M., et al. 2009. PanTHERIA: a species-level database of life history, 
ecology, and geography of extant and recently extinct mammals. Ecology, 90, 2648. 
17 Bruggeman J., Heringa J., & Brandt B.W. (2009) PhyloPars: estimation of missing parameter values 
using phylogeny. Nucleic Acids Research 37: W179-W184. 
18 Rosindell J, Harmon LJ (2012) OneZoom: A Fractal Explorer for the Tree of Life. PLoS Biology, 
10, 1–5. 
19 Esteva M, Cervantes FA, Brant S V, Cook JA (2010) Zootaxa, Molecular phylogeny of long-tailed 
shrews (genus Sorex) from México and Guatemala. Zootaxa, 2615, 47–65.  
20 Demboski JR, Cook JA (2003) Phylogenetic Diversification Within the Sorex cinereus group 
(Soricidae). Journal of Mammalogy, 84, 144–158. 
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Figure 3.6. Estimated dispersal ability and phylogenetic relationships for native terrestrial (non-volant) 
mammal species of California (n = 142). 
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Species Distribution Models 
 

 
Figure 3.7. Occurrence locations (left), current predicted gradient climatic suitability (middle), and current 
thresholded climatic suitability (right) for a species (Tamias alpinus). The dashed boundary represents a 
maximum dispersal buffer around occurrence records. The solid boundary represents a 100-km buffer 
around occurrence records. Areas of agriculture and urban development are shown in gray. Inland bodies 
of water are shown in light blue. State boundaries are black. County boundaries are grey. 

The SDMs were implemented in the R programming language, and used the Dismo21 

package and Maxent version 3.3.3k (Elith et al., 201122) for model parameterization. 

The following measures were implemented to maximize model performance and 

temporal transferability and to reduce spurious relationships and model complexity. 

We used seven hydro-climatic predictor variables that we hypothesized to be 

important to mammal distribution: mean annual actual evapotranspiration (AET), 

mean annual snowpack (PCK), mean annual runoff (RUN), mean annual minimum 

temperature (TMN), mean annual maximum temperature (TMX), mean annual 

precipitation (PPT), and climate water deficit (CWD). For each species we used AICc 

model selection23 to evaluate models produced from 33 possible predictor variable 

                                                      
21 Robert J. Hijmans, Steven Phillips, John Leathwick and Jane Elith (2015). 
  dismo: Species Distribution Modeling. R package version 1.0-12.  http://CRAN.R-
project.org/package=dismo 
22 Elith J., Phillips S., Hastie T., Dudík M., Chee Y., & Yates C. (2011) A statistical explanation of 
MaxEnt for ecologists. Diversity and Distributions, 17, 4357. 
23 Warren D. & Seifert S. (2011) Ecological niche modeling in Maxent: the importance of model 
complexity and the performance of model selection criteria. Ecological Applications, 21, 335–42. 
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combinations with Pearson’s correlation coefficients less than 0.64 and up to four 

predictor variables per model (Table 3.6). Maxent threshold and hinge features were 

turned off. Continuous climate suitability surfaces for each species (Figure 3.7, 

middle panel) were converted into binary surfaces representing the potential 

distribution of each species (Figure 3.7, right panel) using the threshold that 

maximized the sum of sensitivity and specificity. Background points (pseudo-

absences), representing sampling intensity, were comprised of all quality-controlled 

VertNet mammal occurrence locations within 100 km of occurrence points for the 

target species. Occurrence and background records were reduced to one unique record 

per 270 m × 270 m climate grid cell. We used the best performing (lowest AICc) 

Maxent model parameterization to spatially project the current (1981-2010) and 

modeled the future (2070-2099) climatically suitable range for each species.  

 

For each taxon (species or subspecies) we evaluated the projected change in 

climatically suitable habitat at and around occurrence locations for that taxon. We 

calculated the percent of occurrence locations projected to remain climatically 

suitable under future conditions (i.e. no dispersal scenario) and the percent change in 

climatically suitable habitat area within a plausible maximum dispersal threshold; we 

buffered occurrence locations by distances appropriate to capture the dispersal 

abilities for that species. We present graphical summaries of projected change in 

climatically suitable range area over time, including area remaining suitable, area no 

longer suitable, and area newly suitable (Figure 3.8).  
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Figure 3.8. An example of projected change in climatically suitable habitat for a taxon (Tamias alpinus), 
under four climate scenarios for the 2080s. Dotted boundary depicts a species-specific dispersal threshold 
for T. alpinus around known occurrence locations. Change in climatically suitable area over time is 
calculated within this plausible dispersal area. Solid boundary depicts a 100-km buffer around occurrence 
locations. State boundary is shown in black. County lines are shown in gray. 

We assumed that the species is the taxonomic level at which organisms adapt to 

climate. Species Distribution Models (SDMs) were fit to the full range of climatic 

conditions experienced across all records for the species. In other words, our modeled 

estimates of climatic tolerance assumed that subspecies share the same climatic 

tolerance as their full species counterparts. Because the phylogenic relationships 
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within the California vole (Microtus californicus) is an area of current study24, for this 

species SDMs were fit at the level of the currently-designated subspecies.   

 
 
 
 
 
 

 
Table 3.6. Table of 33 candidate variable combinations with Pearson’s correlation coefficients less than 0.64 
and up to four predictor variables per model. The best model was selected using AICc model selection. See 
text for variable abbreviations. 

AET AET + TMX PCK + RUN + TMX 
AET + PCK CWD PCK + TMN 
AET + PCK + RUN CWD + PCK PCK + TMX 
AET + PCK + RUN + 
TMN 

CWD + PCK + RUN PPT 

AET + PCK + RUN + 
TMX 

CWD + RUN PPT + TMN 

AET + PCK + TMN PCK PPT + TMX 
AET + PCK + TMX PCK + PPT RUN 
AET + RUN PCK + PPT + TMN RUN + TMN 
AET + RUN + TMN PCK + PPT + TMX RUN + TMX 
AET + RUN + TMX PCK + RUN TMN 
AET + TMN PCK + RUN + TMN TMX 

 

 
Sea Level Rise 
 
Species with low elevation coastal occurrences, < 4 m above current sea level, were 

evaluated for vulnerability to sea level rise. For each taxon we used the lowest 

elevation occurrence record as the species’ tolerance threshold to inundation events 

and saline groundwater. Combined tidal surge and storm surge on the California coast 

can exceed 2 m25. Burrowing species may be directly vulnerable to effects of 

                                                      
24 Conroy, C.J. and Neuwald, J.L. (2008) Phylogenetic study of the California vole, Microtus 
californicus. Journal of Mammalogy, 89,755. 
25 Cayan D.R., Bromirski P.D., Hayhoe K., Tyree M., Dettinger M.D., & Flick R.E. (2008) Climate 
change projections of sea level extremes along the California coast. Climatic Change, 87, 57–73. 
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saltwater intrusion on their fossorial environment. Non-burrowing species may be 

impacted by sea level rise via effects of salt water on vegetation. As with the species 

distribution model, we assumed the species is the taxonomic level at which organisms 

adapt tolerance to inundation and salt water intrusion, however results are presented 

at both the level of the species and subspecies. Occurrence records for each species 

were reduced to one record per unique coordinate value pair; multiple records with 

identical latitude/longitude values were collapsed. High-resolution coastal LiDAR 

surfaces were used to extract elevation values for each coastal occurrence record (5 m 

horizontal resolution, 1 mm vertical resolution)26. We evaluated each taxon’s 

vulnerability to sea level rise as the percent of unique occurrence locations that would 

fall below the elevational threshold under a scenario of 1 m of sea level rise. For 

context, global sea level is projected to rise by 0.5 – 5 m by the end of the 21st 

century27,28,29. 

 
Overall Climate Change Vulnerability Score 
 
The overall climate change vulnerability score (CCVS) for each taxon was calculated 

as the weighted arithmetic mean of its projected geographic response score, 

exposure/niche breadth score, and qualitative vulnerability score. The CCVS is 

                                                      
26 NOAA Coastal Services Center Coastal Inundation Digital Elevation Models. 
https://coast.noaa.gov/slrdata/ 
27 Rahmstorf S. (2007) Projecting Future Sea-Level Rise. Science, 315, 368–370.  
28 Pfeffer W.T., Harper J.T., & O’Neal S. (2008) Kinematic Constraints on Glacier Contributions to 
21st-Century Sea-Level Rise. Science, 321, 1340–1343.  
29 Hansen J., Sato M., Hearty P. et al. (2015) Ice melt, sea level rise and superstorms: evidence from 
paleoclimate data, climate modeling, and modern observations that 2°C global warming is highly 
dangerous. Atmospheric Chemistry and Physics Discussions, 15, 20059–20179. 
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modeled after NatureServe’s Climate Change Vulnerability Index (CCVI), but uses a 

modified set of inputs and calculations. The CCVS has potential values between -80 

and 100, with higher values indicating greater vulnerability to climate change, zero 

indicating a neutral response to climate change, and negative values indicating a 

potential positive response to climate change. Weights for each vulnerability 

component represent our assessment of the relative strength of inference derived from 

these different approaches to vulnerability assessment (50% projected geographic 

response, 20% exposure/niche breadth, 30% qualitative vulnerability). Studies have 

shown that correlative SDMs can be powerful tools for predicting climate change 

vulnerability for some taxa30,31,32, but more work is needed to understand the 

environmental and taxon-specific conditions that influence the predictive 

performance of these models. The qualitative and exposure/niche breadth metrics 

used in this chapter, adapted from Young et al. (2011)33, are appealing for their 

simplicity and straightforwardness, but have not yet been tested for their ability to 

predict species response to climate change.  

 

                                                      

30 Hijmans RJ, Graham C (2006) The ability of climate envelope models to predict the effect of climate 
change on species distributions. Global Change Biology, 12, 2272–2281. 
31 Pearman PB, Randin CF, Broennimann O et al. (2008) Prediction of plant species distributions 
across six millennia. Ecology Letters, 11, 357–369. 
32  Dobrowski SZ, Thorne JH, Greenberg JA, Safford HD, Mynsberge AR, Crimmins SM, Swanson 
AK (2011) Modeling plant ranges over 75 years of climate change in California, USA: Temporal 
transferability and species traits. Ecological Monographs, 81, 241–257. 
33 Young, B., Byers, E., Gravuer, K., Hall, K., Hammerson, G., & Redder, A. (2011). Guidelines for 
using the NatureServe climate change vulnerability index. NatureServe, Arlington, VA. 
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We explicitly document the formulas used in our calculations so these methods may 

be easily critiqued and improved upon. We present these formulas as imperfect 

estimates of the relative contributions and interactions between many variables in 

determining taxon-specific vulnerability to climate change. We anticipate that, as 

climate change and climate change science progresses, methods for assessing species’ 

vulnerability to climate change will improve. As with Young et al. 2011, we make the 

spreadsheet used as a tool for our calculations freely available to the public. All data 

and inputs used in these CCVS calculations are made publically available for re-

analysis. 

 

We use the following arithmetic and logical operations to calculate each taxon’s 

CCVS. Formulae for these operations are integrated into the publically available 

spreadsheet tool we use for these calculations. Variable notations and explanations 

are given in Table 3.9. We discretized CCVS with thresholds shown in Table 3.7. 

 

CCVS = 0.5 × Projected Geographic Response + 0.2 × Exposure/Niche Breadth + 0.3 

× Qualitative Vulnerability 
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Table 3.7. Thresholds used for discretizing the CCVS. 

Discrete Score Quantitative 
Thresholds 

Extremely Vulnerable 60 ≤ CCVS 
Highly Vulnerable 30 ≤ CCVS < 60 
Moderately 
Vulnerable 

10 ≤ CCVS < 30 

Less Vulnerable 0 ≤ CCVS < 10 
May Benefit CCVS < 0 

 
Vulnerability from changes in the climatic suitability of habitat (SDM Vulnerability) 

is calculated as the average vulnerability between the no dispersal scenario and the 

maximum dispersal scenario. SDM Vulnerability has potential values ranging from -

100 to 100. SDM Vulnerability of 100 indicates a complete loss of climatically 

suitable habitat. SDM Vulnerability of 0 indicates no change in climatic suitability. 

The minimum value for SDM Vulnerability is set at −100, equivalent to a doubling of 

suitable habitat area and no loss of suitability at occurrence locations.  

 
SDM Vulnerability = max(-1 × (A1a + A1b – 100) ÷ 2, -100) 
 
 
Projected geographic response can be interpreted as the percent of climatically 

suitable potential habitat projected to be lost to climate change, with negative values 

representing potential increase in climatically suitable habitat from climate change. 

For coastal species that are vulnerable to sea level rise, we allow high vulnerability to 

sea level rise to supersede vulnerability to changing terrestrial climate conditions. If 

the species has coastal occurrences vulnerable to sea level rise (A2 > 0), the Projected 

Geographic Response is calculated as the maximum of A2 and SDM Vulnerability. If 
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the species has no coastal occurrences vulnerable to sea level rise (A2 = 0), the 

Projected Geographic Response is set equal to SDM Vulnerability. Projected 

Geographic Response has possible values ranging from -100 to 100, with 0 equivalent 

to no change, higher positive values indicating greater vulnerability, and higher 

negative values indicating potential positive response. 

 

IF (A2 > 0) Projected Geographic Response = max(A2, SDM Vulnerability) 

IF (A2 = 0) Projected Geographic Response = SDM Vulnerability 

 

Exposure/niche breadth is calculated as taxon’s projected thermal and hydrologic 

exposure to climate change (the relative magnitude of projected change in its 

environment) relative to its thermal and hydrologic niche breadth (the range of 

conditions the taxon currently experiences throughout its environment). Potential 

values for exposure/niche breadth range from 0 to 100. Higher values indicate greater 

vulnerability. The maximum value is set at 100, indicating that exposure is greater 

than or equal to niche breadth. We discretized exposure/niche breadth scores 

following thresholds in Table 3.8. 

 

Exposure/Niche Breadth = min(100 × (|A3a| ÷ ( A3b + A3c ) + |A4a| ÷ ( A4b × 2)), 

100) 
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Table 3.8. Thresholds used for discretizing exposure/niche breadth scores. 
Discrete Score Quantitative Thresholds 
Extremely Vulnerable 50 ≤ Exposure/Niche Breadth 
Highly Vulnerable 30 ≤ Exposure/Niche Breadth < 

50 
Moderately 
Vulnerable 

10 ≤ Exposure/Niche Breadth < 
30 

Less Vulnerable 0 ≤ Exposure/Niche Breadth < 
10 

 
Qualitative Vulnerability is calculated as the mean of 19 discretized qualitative 

variables adapted from Young et al. 201134 and scaled from -100 to 100. The 

variables are: natural barriers to dispersal, anthropogenic barriers to dispersal, impact 

of climate change mitigation, dispersal and movement, physiological thermal niche, 

physiological hydrological niche, dependence on disturbance regime, dependence on 

ice or snow, restriction to rare landscape features, other species generate habitat, 

dietary versatility, other species for dispersal, pathogens and natural enemies, 

sensitivity to competition, interspecific interactions, measured genetic variation, 

genetic bottlenecks, phenological response, documented response to climate change 

(see Table 3.9 for a list of variables and their notation). All variables are as defined by 

the NatureServe CCVI 3.0 guidelines, with modification to allow for the possibility 

that taxa may respond positively to climate change (for example if a species range or 

population has already been documented as expanding in response to climate change). 

Categorical scores for each qualitative variable are discretized into numerical scores 

as follows: “greatly increases vulnerability to climate change” receives a score of 3, 

                                                      
34 Young, B., Byers, E., Gravuer, K., Hall, K., Hammerson, G., & Redder, A. (2011). Guidelines for 
using the NatureServe climate change vulnerability index. NatureServe, Arlington, VA. 
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“increases vulnerability to climate change” receives a score of 2, “somewhat 

increases vulnerability to climate change” receives a score of 1, “neutral” receives a 

score of 0, “greatly decreases vulnerability to climate change” receives a score of –3, 

“decreases vulnerability to climate change” receives a score of –2, “somewhat 

decreases vulnerability to climate change” receives a score of –1, “unknown” receives 

a score of N/A. At least 13 variables must be classified in a category other than 

“unknown” for a taxon to receive a score. 

 

Qualitative Vulnerability = mean(B2a, B2b, B3, C1a, C2aii, C2bii, C2c, C2d, C3, 

C4a , C4b, C4d, C4e, C4f, C4g, C5a, C5b, C6, D1) × 100 ÷ 3 

Table 3.9. Quantitative and expert-assessed categorical variables used to calculate climate change 
vulnerability scores (CCVS) suitable for interspecific comparison of climate change vulnerability among 
mammal taxa.  

Variable Notation Explanation 
Projected Geographic Response 
Projected percent of occurrence 
locations remaining suitable 

A1a Percent of occurrence locations for target taxon 
(species or subspecies) projected to remain suitable 
under future climate conditions (2070 – 2099). Lower 
values indicate greater vulnerability to climate change. 

Projected percent change in 
climatically suitable habitat area 

A1b Projected percent change in climatically suitable 
habitat area for the target taxon under future climate 
conditions (2070 – 2099). Calculated within a species-
specific maximum dispersal distance around 
occurrence records of the target taxon (species or 
subspecies). Larger negative values indicate greater 
vulnerability to climate change. Positive values 
indicate a potential positive response to climate 
change if the species is able to disperse to newly 
suitable habitat. 

Projected loss to sea level rise  A2 Percent of occurrence locations that will no longer be 
suitable after 1 m sea level rise. Calculated at the level 
of the target taxon (species or subspecies). Higher 
values indicate greater vulnerability to sea level rise. 

Quantitative Exposure and Niche Breadth 

Thermal exposure A3a Mean change in mean annual temperature [°C] at 
occurrence locations from current (1981 – 2010) to 
projected future conditions (2070 – 2099). Calculated 
at the level of the target taxon (species or subspecies). 
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Thermal niche geographic 
breadth 

A3b Difference between the 2.5% quantile and 97.5% 
quantile in current (1981 – 2010) mean annual 
temperature [°C] at occurrence locations. Calculated at 
the level of the full species. 

Thermal niche seasonal breadth A3c Value of the 95% quantile of the difference between 
mean summer (June, July, August) and mean winter 
temperature (December, January, February) at 
occurrence locations [°C]. Calculated at the level of 
the full species. 

Hydrological exposure  A4a Mean change in cumulative annual actual 
evapotranspiration [mm] at occurrence locations from 
current (1981 – 2010) to projected future conditions 
(2070 – 2099). Calculated at the level of the target 
taxon (species or subspecies). 

Hydrologic niche geographic 
breadth 

A4b Difference between the 2.5% quantile and 97.5% 
quantile in current (1981 – 2010) cumulative annual 
actual evapotranspiration at occurrence locations 
[mm]. Calculated at the level of the full species. 

Qualitative Categorical Variables35 
Natural barriers to dispersal B2a As defined by NatureServe CCVI. 

Anthropogenic barriers to 
dispersal 

B2b As defined by NatureServe CCVI. 

Impact of climate change 
mitigation 

B3 As defined by NatureServe CCVI. 

Dispersal and movement C1a As defined by NatureServe CCVI. 

Physiological thermal niche C2aii  As defined by NatureServe CCVI. 

Physiological hydrological niche C2bii As defined by NatureServe CCVI. 

Dependence on disturbance 
regime 

C2c As defined by NatureServe CCVI. 

Dependence on ice or snow C2d As defined by NatureServe CCVI. 

Restriction to rare landscape 
features 

C3 As defined by NatureServe CCVI. 

Other species generate habitat C4a As defined by NatureServe CCVI. 

Dietary versatility C4b As defined by NatureServe CCVI. 

Other species for dispersal C4d As defined by NatureServe CCVI. 

Pathogens and natural enemies C4e As defined by NatureServe CCVI. 

Sensitivity to competition C4f As defined by NatureServe CCVI. 

Interspecific interactions C4g As defined by NatureServe CCVI. 

Measured genetic variation C5a As defined by NatureServe CCVI. 

                                                      
35 Expert-assessed categorical variables included in CCVS analysis conform to NatureServe CCVI 
version 3.0 guidelines 
(http://www.natureserve.org/sites/default/files/guidelines_natureserveclimatechangevulnerabilityin
dex_r3.0_15_apr2015.pdf) and variable notation, with modification to allow for scoring categorical 
variables as decreasing a species vulnerability to climate change.  

http://www.natureserve.org/sites/default/files/guidelines_natureserveclimatechangevulnerabilityindex_r3.0_15_apr2015.pdf
http://www.natureserve.org/sites/default/files/guidelines_natureserveclimatechangevulnerabilityindex_r3.0_15_apr2015.pdf
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Genetic bottlenecks C5b As defined by NatureServe CCVI. 

Phenological response C6 As defined by NatureServe CCVI. 

Documented response to climate 
change 

D1 As defined by NatureServe CCVI. 

 
 

Each taxon was also given a discrete score for sensitivity and adaptive capacity. 

Sensitivity and adaptive capacity is calculated as the average of a subset of 14 of the 

19 discrete variables used to calculate the qualitative vulnerability score. We 

discretized exposure/niche breadth scores following thresholds in Table 3.10. 

Sensitivity and Adaptive Capacity = mean(C1a, C2aii, C2bii, C2c, C2d, C3, C4a , 

C4b, C4d, C4e, C4f, C4g, C5a, C5b, C6) × 100 ÷ 3 

 
 
 
Table 3.10. Thresholds used for discretizing sensitivity and adaptive capacity scores. 

Discrete Score Quantitative Thresholds 
Extremely Vulnerable 50 ≤ Sensitivity and Adaptive Capacity 
Highly Vulnerable 30 ≤ Sensitivity and Adaptive Capacity < 

50 
Moderately 
Vulnerable 

10 ≤ Sensitivity and Adaptive Capacity < 
30 

Less Vulnerable 0 ≤ Sensitivity and Adaptive Capacity < 
10 

May Benefit Sensitivity and Adaptive Capacity < 0 
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RESULTS 
 
Overall results are presented in the Executive Summary. This section provides detail 

on each of the 20 taxa selected for this chapter by the CDFW. 

 
 
 
Mount Lyell Shrew (Sorex lyelli) 
 
This poorly-known shrew is found on moist 

soils at high-elevations of the Southern 

Sierra. Model outputs indicate it ranges 

from highly vulnerable to extremely 

vulnerable to climate change. The 

magnitude of projected impacts of the two 

Hot and Dry scenarios is greater than for the Warm and Wet scenarios. This is 

perhaps not surprising, given the species’ association with mesic-wet vegetation 

communities. High Emission scenarios are projected to have a greater impact on the 

shrew than Low Emission scenarios. The general pattern of response of the shrew to 

climate change is projected to be a general retraction upwards in elevation within its 

currently suitable range. Mount Lyell itself may or may not remain suitable, based on 

the future climate scenario. 

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

Figure 3.9. A shrew (Genus: Sorex). Illustration 
from Kays, RW, and DE Wilson. Mammals of 
North America. Princeton University Press, 2009. 
Species experts were not aware of the existence of 
a photograph of a live Mount Lyell shrew. 
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(CCVS). SDMs were fit using Maxent and 22 geographically unique occurrence locations for 

Sorex lyelli. We used the occurrence records, along with current climate conditions and 

estimated dispersal capacity, to model the current climatically suitability range (Figure 3.10), 

which was projected to be 1661 km2 for Sorex lyelli. We projected changes in habitat 

suitability by 2070 – 2099 under four future climate change scenarios (Figure 3.11). Areas in 

the projected current and future ranges that were occupied by urban infrastructure or 

agriculture were masked out in grey. Given the species' omnivorous diet, a mean adult mass 

of 0.00499 kg, and time to first reproduction of 0.627 years, we estimate median natal 

dispersal distance to be 0.0829 km, and potential dispersal velocity for the species to be 0.132 

km/yr. Twenty-seven climate change vulnerability criteria were evaluated using information 

on the species’ natural history, habitat requirements, physiology, and interactions with other 

species. We drew from peer-reviewed literature and from California Wildlife Habitat 

Relationships documents to assess Sorex lyelli's sensitivity and adaptive capacity. We used 

the species distribution models, projected loss of habitat to sea level rise, and current land use 

to develop map-based assessments of its exposure to changing climate. Finally, we scored 

each taxon’s overall climate vulnerabilities for the four future climates of this study, to derive 

cross-taxa comparable assessments of climate change vulnerability (Table 3.11). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 4.13°C (range = 0.56 – 8.14°C) and 734.61 mm/year (range = 291.81 – 

1186.65 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 4.50°C (range = 2.75 – 6.61°C) and 80.60 mm/year (range = -156.66 – 330.47 mm/year). 

Our SDM projected that 10.53 – 47.37% of known occurrence locations will remain suitable 

for Sorex lyelli and that the change in suitable area within the feasible maximum dispersal 
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boundary for the species will be between -95.79 and -41.95%. One meter of sea level rise was 

projected to cause the loss of 0.00% of known occurrence locations. The overall climate 

change vulnerability score was projected to range between highly vulnerable and extremely 

vulnerable. 

 

Table 3.11. Components of the climate change vulnerability score for Sorex lyelii. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Index 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 47.37% 58.05% 100.00% 

Extremely 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Warm and Wet 10.53% 13.00% 100.00% 

Extremely 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

Low Emission, 
Hot and Dry 31.58% 40.97% 100.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Hot and Dry 10.53% 4.21% 100.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.10. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.11. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Dashed boundary is the predicted species-specific 
maximum dispersal threshold around occurrence locations. Solid boundary is a 100-km buffer around 
occurrence locations.  
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Southern California Salt Marsh Shrew (Sorex ornatus salicornicus)  
 
The Southern California salt marsh shrew occurs only in 

coastal salt marshes of Los Angeles, Orange, and 

Ventura counties. While the subspecies is confined to 

coastal salt marsh, its full-species counterpart occurs on 

valley foothill, montane riparian, woodland, chaparral, 

grassland, and emergent wetland habitats. The Southern 

California salt marsh shrew is projected to be extremely vulnerable to climate change 

impacts, regardless of scenario. The models for climatically suitable habitat area 

suggest the subspecies has fairly broad tolerance to climates within Southern 

California. However, most of these areas would not provide the salt marsh vegetation 

composition, structure, and prey base to which this shrew is adapted. Focusing just on 

the immediate coastal areas in which the shrew currently occurs or could disperse to 

in the future, the projections are even more grim: essentially no habitat appears to be 

suitable for the shrew in the future. The climate change impacts would add to the 

impacts that have already occurred due to extensive habitat loss to agriculture and 

urbanization. 

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 171 geographically unique occurrence locations 

for Sorex ornatus, including 10 for Sorex ornatus salicornicus. We used the occurrence 

Figure 3.12. An ornate shrew 
(Sorex ornatus) © Creative 
Commons 
https://creativecommons.org/lice
nses/by/2.0/legalcode 

 

https://creativecommons.org/licenses/by/2.0/legalcode
https://creativecommons.org/licenses/by/2.0/legalcode
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records, along with current climate conditions and estimated dispersal capacity, to model the 

current climatically suitability range (Figure 3.13), which was projected to be 69 km2 for 

Sorex ornatus salicornicus. We projected changes in habitat suitability by 2070 – 2099 under 

four future climate change scenarios (Figure 3.14). Areas in the projected current and future 

ranges that were occupied by urban infrastructure or agriculture were masked out in grey. 

Given the species' omnivorous diet, a mean adult mass of 0.00531 kg, and time to first 

reproduction of 0.627 years, we estimate median natal dispersal distance to be 0.0857 km, 

and potential dispersal velocity for the species to be 0.137 km/yr. Loss of habitat to sea level 

rise was evaluated by setting the lower elevation extent of occurrence records (-1.00 m) as the 

lower elevation threshold for the species and projecting the percent of occurrence records that 

would no longer be suitable under a one meter sea level rise scenario (Figure 3.15). Twenty-

seven climate change vulnerability criteria were evaluated using information on the species’ 

natural history, habitat requirements, physiology, and interactions with other species. We 

drew from peer-reviewed literature and from California Wildlife Habitat Relationships 

documents to assess Sorex ornatus salicornicus's sensitivity and adaptive capacity. We used 

the species distribution models, projected loss of habitat to sea level rise, and current land use 

to develop map-based assessments of its exposure to changing climate. Finally, we scored 

each taxon’s overall climate vulnerabilities for the four future climates of this study, to derive 

cross-taxa comparable assessments of climate change vulnerability (Table 3.12). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 16.95°C (range = 15.72 – 17.56°C) and 319.39 mm/year (range = 278.58 – 

365.60 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.80°C (range = 2.69 – 5.10°C) and -12.36 mm/year (range = -118.44 – 113.09 mm/year). 
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Our SDM projected that 0.00 – 0.00% of known occurrence locations will remain suitable for 

Sorex ornatus salicornicus and that the change in suitable area within the feasible maximum 

dispersal boundary for the species will be between -100.00 and -100.00%. One meter of sea 

level rise was projected to cause the loss of 10.00% of known occurrence locations. The 

overall climate change vulnerability score was projected to be extremely vulnerable under all 

four climate scenarios. 

 

Table 3.12. Components of the climate change vulnerability score for Sorex ornatus salicornicus. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrenc
e Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 0.00% 0.00% 90.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

High Emission, 
Warm and Wet 0.00% 0.00% 90.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

Low Emission, 
Hot and Dry 0.00% 0.00% 90.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

High Emission, 
Hot and Dry 0.00% 0.00% 90.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.13. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

Figure 3.14. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Dashed boundary is the predicted species-specific 
maximum dispersal threshold around occurrence locations. Solid boundary is a 100-km buffer around 
occurrence locations. 
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Figure 3.15. Projected loss of habitat from one meter of sea level rise for Sorex ornatus salicornicus. Areas 
with elevations between -1.00 m, the lowest elevation occurrence for the taxa, and 0.00 m are classified as no 
longer suitable. Light blue marks area of land projected to be no longer suitable due to sea level rise. 
Crosses mark documented occurrence locations projected to be no longer suitable due to sea level rise. 
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Salt Marsh Wandering Shrew (Sorex vagrans halicoetes)  
 
This shrew is confined to small remnant stands of 

coastal salt marsh in the southern San Francisco Bay in 

San Mateo, Santa Clara, Alameda and Contra Costa 

counties. While the subspecies is confined to coastal salt 

marsh, its full-species counterpart occurs on valley 

foothill, montane riparian, aspen, wet meadow, annual and perennial grasslands, fresh 

and saline emergent wetlands, chaparral, and wooded habitats. It is projected to be 

extremely vulnerable to climate change impacts, regardless of scenario. The models 

for climatically suitable habitat area suggest the subspecies could occur along the 

coast in the San Francisco Bay Area and along the northern portions of the Central 

Coast.  However, many of these areas do not currently provide the salt marsh 

vegetation composition, structure, and prey base to which this vole is adapted. Unless 

sea level rise expands the extent of salt marsh habitat in these areas, it seems doubtful 

that these currently unoccupied areas could support the shrew in the future. In 

addition, about one-third of currently suitable locations would be impacted by the 

projected sea level rise in the Bay Area. The climate change impacts would add to 

impacts that have already occurred due to extensive habitat loss to agriculture and 

urbanization. 

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

Figure 3.16. A wandering shrew 
(Sorex vagrans) © William 
Leonard.  
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(CCVS). SDMs were fit using Maxent and 150 geographically unique occurrence locations 

for Sorex vagrans, including 22 for Sorex vagrans halicoetes. We used the occurrence 

records, along with current climate conditions and estimated dispersal capacity, to model the 

current climatically suitability range (Figure 3.17), which was projected to be 116 km2 for 

Sorex vagrans halicoetes. We projected changes in habitat suitability by 2070 – 2099 under 

four future climate change scenarios (Figure 3.18). Areas in the projected current and future 

ranges that were occupied by urban infrastructure or agriculture were masked out in grey. 

Given the species' omnivorous diet, a mean adult mass of 0.00599 kg, and time to first 

reproduction of 1.14 years, we estimate median natal dispersal distance to be 0.0914 km, and 

potential dispersal velocity for the species to be 0.08 km/yr. Loss of habitat to sea level rise 

was evaluated by setting the lower elevation extent of occurrence records (0.30 m) as the 

lower elevation threshold for the species and projecting the percent of occurrence records that 

would no longer be suitable under a one meter sea level rise scenario (Figure 3.19). Twenty-

seven climate change vulnerability criteria were evaluated using information on the species’ 

natural history, habitat requirements, physiology, and interactions with other species. We 

drew from peer-reviewed literature and from California Wildlife Habitat Relationships 

documents to assess Sorex vagrans halicoetes's sensitivity and adaptive capacity. We used 

the species distribution models, projected loss of habitat to sea level rise, and current land use 

to develop map-based assessments of its exposure to changing climate. Finally, we scored 

each taxon’s overall climate vulnerabilities for the four future climates of this study, to derive 

cross-taxa comparable assessments of climate change vulnerability (Table 3.13). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 15.13°C (range = 13.15 – 15.63°C) and 470.59 mm/year (range = 377.41 – 

703.70 mm/year). The mean projected changes in annual temperature and precipitation from 
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the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 2.93°C (range = 1.43 – 4.78°C) and 136.39 mm/year (range = -55.94 – 304.08 mm/year). 

Our SDM projected that 0.00 – 0.00% of known occurrence locations will remain suitable for 

Sorex vagrans halicoetes and that the change in suitable area within the feasible maximum 

dispersal boundary for the species will be between -100.00 and -92.88%. One meter of sea 

level rise was projected to cause the loss of 30.43% of known occurrence locations. The 

overall climate change vulnerability score was projected to be extremely vulnerable under all 

four climate scenarios. 

 

Table 3.13. Components of the climate change vulnerability score for Sorex vagrans halicoetes. 

 Terrestrial Climate Change 
Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 0.00% 7.12% 69.57% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

High Emission, 
Warm and Wet 0.00% 0.00% 69.57% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

Low Emission, 
Hot and Dry 0.00% 0.00% 69.57% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

High Emission, 
Hot and Dry 0.00% 0.00% 69.57% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.17. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.18. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Solid boundary depicts 100-km buffer around 
occurrence records. Dashed boundary depicts species-specific dispersal limitation boundary around 
occurrence records. 
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Figure 3.19. Projected loss of habitat from one meter of sea level rise for Sorex vagrans halicoetes. Areas 
with elevations between 0.30 m, the lowest elevation occurrence for the taxa, and 1.30 m are classified as no 
longer suitable. Light blue marks area of land projected to be no longer suitable due to sea level rise. 
Crosses mark documented occurrence locations projected to be no longer suitable due to sea level rise.  
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American Pika (Ochotona princeps)  
 
The American pika occupies broken rock debris 

(talus) fields in cold climates throughout western 

North America. With its thick coat of fur and high 

resting metabolic rate, the species is well adapted to 

survival under the snow in winter. These same 

adaptations limit the amount of time that pikas can 

spend foraging when summer temperatures are too hot. In California, rising summer 

temperatures appear to have contributed to the species’ extirpation from 15% of 

historically occupied sites. Model outputs indicate the pika is highly vulnerable or 

extremely vulnerable to climate change impacts. The projected impacts are greatest 

under the High Emission, Hot and Dry scenario, with 0% of both current locations 

and currently suitable area remaining suitable for the pika. Slightly less severe 

impacts are associated with the Low Emission, Hot and Dry scenario and the High 

Emission, Warm and Wet scenario, in which 8% - 10% of locations remain suitable 

into the future and about 11% to 12% of area remaining suitable. The Low Emission, 

Warm and Wet scenario resulted in relatively less severe impacts, with 42% of known 

locations and 27% of area remaining suitable. These model outputs are consistent 

with previous climate change model projections of future habitat suitability for the 

American pika in California, which suggested greatly reduced climatically suitable 

area within the state under a variety of scenarios by the end of the 21st century. 

  

Figure 3.20. An American pika 
(Ochotona princeps). Photo by Joe 
Pontecorvo, joepontecorvo.com. 
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To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 497 geographically unique occurrence locations 

for Ochotona princeps. We used the occurrence records, along with current climate 

conditions and estimated dispersal capacity, to model the current climatically suitability range 

(Figure 3.21), which was projected to be 19938 km2 for Ochotona princeps. We projected 

changes in habitat suitability by 2070 – 2099 under four future climate change scenarios 

(Figure 3.22). Areas in the projected current and future ranges that were occupied by urban 

infrastructure or agriculture were masked out in grey. Given the species' herbivorous diet, a 

mean adult mass of 0.158 kg, and time to first reproduction of 1.03 years, we estimate median 

natal dispersal distance to be 0.535 km, and potential dispersal velocity for the species to be 

0.521 km/yr. Twenty-seven climate change vulnerability criteria were evaluated using 

information on the species’ natural history, habitat requirements, physiology, and interactions 

with other species. We drew from peer-reviewed literature and from California Wildlife 

Habitat Relationships documents to assess Ochotona princeps's sensitivity and adaptive 

capacity. We used the species distribution models, projected loss of habitat to sea level rise, 

and current land use to develop map-based assessments of its exposure to changing climate. 

Finally, we scored each taxon’s overall climate vulnerabilities for the four future climates of 

this study, to derive cross-taxa comparable assessments of climate change vulnerability 

(Table 3.14). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 3.05°C (range = -4.02 – 9.30°C) and 873.73 mm/year (range = 254.77 – 

3023.28 mm/year). The mean projected changes in annual temperature and precipitation from 
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the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 4.41°C (range = 2.72 – 6.41°C) and 30.99 mm/year (range = -228.15 – 303.07 mm/year). 

Our SDM projected that 0.00 – 42.22% of known occurrence locations will remain suitable 

for Ochotona princeps and that the change in suitable area within the feasible maximum 

dispersal boundary for the species will be between -100.00 and -72.58%. One meter of sea 

level rise was projected to cause the loss of 0.00% of known occurrence locations. The 

overall climate change vulnerability score was projected to range between highly vulnerable 

and extremely vulnerable. 

 
 
Table 3.14. Components of the climate change vulnerability score for Ochotona princeps. 

 Terrestrial Climate Change 
Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 42.22% 27.42% 100.00% 

Highly 
Vulnerable 

Highly 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Warm and Wet 8.00% 11.13% 100.00% 

Highly 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Low Emission, 
Hot and Dry 9.56% 11.88% 100.00% 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

High Emission, 
Hot and Dry 0.00% 0.00% 100.00% 

Highly 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.21. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.22. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Solid boundary depicts 100-km buffer around 
occurrence records. Dashed boundary depicts species-specific dispersal limitation boundary around 
occurrence records. 
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Point Reyes Mountain Beaver (Aplodontia rufa phaea) 
 
The Point Reyes mountain beaver (Aplodontia 

rufa phaea), endemic to Point Reyes National 

Seashore, occurs at the periphery of the 

distribution of mountain beavers. A. rufa phaea 

comprises the most southern occurrences of 

mountain beavers (A. rufa) in coastal California. 

Mountain beavers’ inability to form concentrated urine requires them to consume one 

quarter of their body weight in water daily and contributes to their extremely narrow 

hydrologic niche breadth. Though A. rufa occurs on slopes of all aspects throughout 

most of the species’ range, A. rufa phaea is entirely restricted to north facing slopes 

with thick vegetation cover. Model output indicates this subspecies is extremely 

vulnerable to the effects of climate change, regardless of the scenario. The species’ 

limited dispersal ability may make it difficult for the Point Reyes mountain beaver to 

reach climatically-suitable areas that may occur in the future to the north of its current 

range. Despite its occurrence in relatively low-lying coastal areas, sea level rise does 

not appear to pose a substantial threat to the Point Arena mountain beaver. 

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 379 geographically unique occurrence locations 

for Aplodontia rufa, including 13 for Aplodontia rufa phaea. We used the occurrence records, 

Figure 3.23. A mountain beaver 
(Aplodontia rufa). Photo by Jared Hobbs. 
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along with current climate conditions and estimated dispersal capacity, to model the current 

climatically suitability range (Figure 3.24), which was projected to be 547 km2 for Aplodontia 

rufa phaea. We projected changes in habitat suitability by 2070 – 2099 under four future 

climate change scenarios (Figure 3.25). Areas in the projected current and future ranges that 

were occupied by urban infrastructure or agriculture were masked out in grey. Given the 

species' herbivorous diet, a mean adult mass of 0.806 kg, and time to first reproduction of 

2.27 years, we estimate median natal dispersal distance to be 1.29 km, and potential dispersal 

velocity for the species to be 0.569 km/yr. Loss of habitat to sea level rise was evaluated by 

setting the lower elevation extent of occurrence records (1.72 m) as the lower elevation 

threshold for the species and projecting the percent of occurrence records that would no 

longer be suitable under a one meter sea level rise scenario (Figure 3.26). Twenty-seven 

climate change vulnerability criteria were evaluated using information on the species’ natural 

history, habitat requirements, physiology, and interactions with other species. We drew from 

peer-reviewed literature and from California Wildlife Habitat Relationships documents to 

assess Aplodontia rufa phaea's sensitivity and adaptive capacity. We used the species 

distribution models, projected loss of habitat to sea level rise, and current land use to develop 

map-based assessments of its exposure to changing climate. Finally, we scored each taxon’s 

overall climate vulnerabilities for the four future climates of this study, to derive cross-taxa 

comparable assessments of climate change vulnerability (Table 3.15). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 13.88°C (range = 13.27 – 15.12°C) and 920.58 mm/year (range = 799.68 – 

1065.36 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.57°C (range = 2.14 – 5.27°C) and 2.50 mm/year (range = -278.41 – 253.73 mm/year). 
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Our SDM projected that 0.00 – 0.00% of known occurrence locations will remain suitable for 

Aplodontia rufa phaea and that the change in suitable area within the feasible maximum 

dispersal boundary for the species will be between -100.00 and -98.80%. One meter of sea 

level rise was projected to cause the loss of 7.14% of known occurrence locations. The 

overall climate change vulnerability score was projected to be extremely vulnerable for all 

four climate scenarios. 

 

Table 3.15. Components of the climate change vulnerability score for the Point Reyes mountain beaver 
(Aplodontia rufa phaea). 

 Species Distribution Model 
Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 0.00% 1.20% 92.86% 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

High Emission, 
Warm and Wet 0.00% 0.00% 92.86% 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

Low Emission, 
Hot and Dry 0.00% 0.00% 92.86% 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 

High Emission, 
Hot and Dry 0.00% 0.00% 92.86% 

Highly 
Vulnerable 

Highly 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.24. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.25. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Solid boundary depicts 100-km buffer around 
occurrence records. Dashed boundary depicts species-specific dispersal limitation boundary around 
occurrence records. 
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Figure 3.26. Projected loss of habitat from one meter of sea level rise for Aplodontia rufa phaea. Areas with 
elevations between 1.72 m, the lowest elevation occurrence for the taxa, and 2.72 m are classified as no 
longer suitable. Light blue marks area of land projected to be no longer suitable due to sea level rise. 
Crosses mark documented occurrence locations projected to be no longer suitable due to sea level rise. 
 
  



 154 

Belding’s Ground Squirrel (Urocitellus beldingi)  
 
Belding’s ground squirrels occupy alpine dwarf-

shrub, wet meadow, perennial and annual 

grassland, and open, grassy stands of bitterbrush 

and sagebrush, with distribution in California 

spanning the Sierra Nevada north of the Kings 

River to the Oregon border. The species also 

occurs in irrigated and agricultural areas. This is 

a relatively large-bodied diurnal rodent adapted 

to life at higher elevations. The species uses evaporative cooling and convection to 

avoid heat stress. In California, changing hydrology is thought to have contributed to 

the species’ extirpation from 42% of historically occupied sites. Model outputs 

indicate it is highly vulnerable to climate change impacts under all scenarios. The 

general projected response of the species to future climate scenarios is a retraction 

southward and upward in elevation within its currently occupied geographic range in 

the Sierra Nevada. Though models suggest that high elevation habitat south of the 

Kings River will be climatically suitable in the future, the species’ contemporary 

absence from this area suggests the species may not be able to disperse on its own to 

colonize this area.   

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

Figure 3.27. A Belding's ground squirrel 
(Urocitellus beldingi). Photo © Wardene 
Weisser, Ardea.com. 
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(CCVS). SDMs were fit using Maxent and 87 geographically unique occurrence locations for 

Urocitellus beldingi. We used the occurrence records, along with current climate conditions 

and estimated dispersal capacity, to model the current climatically suitability range (Figure 

3.28), which was projected to be 21903 km2 for Urocitellus beldingi. We projected changes 

in habitat suitability by 2070 – 2099 under four future climate change scenarios (Figure 3.29). 

Areas in the projected current and future ranges that were occupied by urban infrastructure or 

agriculture were masked out in grey. Given the species' omnivorous diet, a mean adult mass 

of 0.273 kg, and time to first reproduction of 1.15 years, we estimate median natal dispersal 

distance to be 0.719 km, and potential dispersal velocity for the species to be 0.623 km/yr. 

Twenty-seven climate change vulnerability criteria were evaluated using information on the 

species’ natural history, habitat requirements, physiology, and interactions with other species. 

We drew from peer-reviewed literature and from California Wildlife Habitat Relationships 

documents to assess Urocitellus beldingi's sensitivity and adaptive capacity. We used the 

species distribution models, projected loss of habitat to sea level rise, and current land use to 

develop map-based assessments of its exposure to changing climate. Finally, we scored each 

taxon’s overall climate vulnerabilities for the four future climates of this study, to derive 

cross-taxa comparable assessments of climate change vulnerability (Table 3.16). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 5.13°C (range = -0.50 – 12.99°C) and 824.00 mm/year (range = 220.70 – 

1999.36 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 4.14°C (range = 2.57 – 5.93°C) and 14.88 mm/year (range = -224.72 – 264.57 mm/year). 

Our SDM projected that 36.21 – 67.24% of known occurrence locations will remain suitable 

for Urocitellus beldingi and that the change in suitable area within the feasible maximum 
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dispersal boundary for the species will be between -84.18 and -48.90%. One meter of sea 

level rise was projected to cause the loss of 0.00% of known occurrence locations. The 

overall climate change vulnerability score was projected to be highly vulnerable under all 

four climate scenarios. 

 

Table 3.16. Components of the climate change vulnerability score for Urocitellus beldingi. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 67.24% 51.10% 100.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Warm and Wet 48.28% 22.91% 100.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Low Emission, 
Hot and Dry 56.90% 42.69% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Hot and Dry 36.21% 15.82% 100.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 
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Figure 3.28. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.29. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Solid boundary depicts 100-km buffer around 
occurrence records. Dashed boundary depicts species-specific dispersal limitation boundary around 
occurrence records. 
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San Bernardino Golden-Mantled Ground Squirrel 
(Callospermophilus lateralis bernardinus)  
 
This large-bodied diurnal rodent subspecies occupies 

forest openings, open forests, and meadow edges in 

the San Bernardino Mountains, where it is endemic. 

Resurveys of historical sites in Yosemite indicate 

that the range of this subspecies’ full-species 

counterpart in Yosemite contracted upward during 

the 20th century, disappearing from lower elevation sites and losing 16% of its 

elevational range. Model outputs suggest this subspecies is extremely vulnerable to 

the effects of climate change. Distribution model outputs suggest that all of the 

species habitat will become climatically unsuitable, irrespective of the scenario 

considered. The species is already at conservation risk due to small population size 

and restricted geographic range. Vulnerability to climate change substantially adds to 

the threats to this subspecies  

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 422 geographically unique occurrence locations 

for Callospermophilus lateralis, including 15 for Callospermophilus lateralis bernardinus. 

We used the occurrence records, along with current climate conditions and estimated 

dispersal capacity, to model the current climatically suitability range (Figure 3.31), which 

was projected to be 387 km2 for Callospermophilus lateralis bernardinus. We projected 

Figure 3.30. A golden-mantled ground 
squirrel (Callospermophilus lateralis). 
Photo by Glen and Martha Vargas © 
California Academy of Sciences. 
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changes in habitat suitability by 2070 – 2099 under four future climate change scenarios 

(Figure 3.32). Areas in the projected current and future ranges that were occupied by urban 

infrastructure or agriculture were masked out in grey. Given the species' omnivorous diet, a 

mean adult mass of 0.175 kg, and time to first reproduction of 1.15 years, we estimate median 

natal dispersal distance to be 0.566 km, and potential dispersal velocity for the species to be 

0.491 km/yr. Twenty-seven climate change vulnerability criteria were evaluated using 

information on the species’ natural history, habitat requirements, physiology, and interactions 

with other species. We drew from peer-reviewed literature and from California Wildlife 

Habitat Relationships documents to assess Callospermophilus lateralis bernardinus's 

sensitivity and adaptive capacity. We used the species distribution models, projected loss of 

habitat to sea level rise, and current land use to develop map-based assessments of its 

exposure to changing climate. Finally, we scored each taxon’s overall climate vulnerabilities 

for the four future climates of this study, to derive cross-taxa comparable assessments of 

climate change vulnerability (Table 3.17). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 8.16°C (range = 4.62 – 10.93°C) and 782.27 mm/year (range = 620.71 – 

1097.50 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 4.38°C (range = 3.36 – 5.59°C) and -137.02 mm/year (range = -360.28 – 151.92 

mm/year). Our SDM projected that 0.00 – 0.00% of known occurrence locations will remain 

suitable for Callospermophilus lateralis bernardinus and that the change in suitable area 

within the feasible maximum dispersal boundary for the species will be between -100.00 and 

-100.00%. One meter of sea level rise was projected to cause the loss of 0.00% of known 
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occurrence locations. The overall climate change vulnerability score was projected to range 

between highly vulnerable and extremely vulnerable. 

 

Table 3.17. Components of the climate change vulnerability score for Callospermophilus lateralis 
bernardinus. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 0.00% 0.00% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

High Emission, 
Warm and Wet 0.00% 0.00% 100.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

Low Emission, 
Hot and Dry 0.00% 0.00% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Hot and Dry 0.00% 0.00% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.31. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.32. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Solid boundary depicts 100-km buffer around 
occurrence records. Dashed boundary depicts species-specific dispersal limitation boundary around 
occurrence records. 
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Alpine Chipmunk (Tamias alpinus)  
 
This high-elevation, small-bodied chipmunk 

occurs on cliffs, talus slopes, and fell-fields in 

alpine dwarf-shrub habitat, at high elevations in 

the southern Sierra Nevada from the vicinity of 

Yosemite National Park south to Olanche Peak. Resurvey of historical sites in 

Yosemite indicates that the species range contracted upslope substantially during the 

20th century, disappearing from 92% of its former elevational range. Model outputs 

suggests the Alpine chipmunk is moderately to extremely vulnerable to climate 

change. The overall pattern of response of the Alpine chipmunk to climate change 

projections is to retract upwards in elevation within more southerly portions of the 

Sierra Nevada. Warm and Wet scenarios are projected to be more favorable than Hot 

and Dry Scenarios. High Emission scenarios would have a greater impact than Low 

Emission scenarios. Substantial areas outside the current geographic range of the 

species are modeled to be climatically suitable. However, essentially none of these 

areas are projected to be suitable under future climate scenarios, nor are new areas of 

suitability projected to develop in the future.  

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 77 geographically unique occurrence locations for 

Tamias alpinus. We used the occurrence records, along with current climate conditions and 

Figure 3.33. An alpine chipmunk (Tamias 
alpinus). Photo by Risa Sargent. 
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estimated dispersal capacity, to model the current climatically suitability range (Figure 3.34), 

which was projected to be 6186 km2 for Tamias alpinus. We projected changes in habitat 

suitability by 2070 – 2099 under four future climate change scenarios (Figure 3.35). Areas in 

the projected current and future ranges that were occupied by urban infrastructure or 

agriculture were masked out in grey. Given the species' herbivorous diet, a mean adult mass 

of 0.0365 kg, and time to first reproduction of 0.949 years, we estimate median natal 

dispersal distance to be 0.243 km, and potential dispersal velocity for the species to be 0.256 

km/yr. Twenty-seven climate change vulnerability criteria were evaluated using information 

on the species’ natural history, habitat requirements, physiology, and interactions with other 

species. We drew from peer-reviewed literature and from California Wildlife Habitat 

Relationships documents to assess Tamias alpinus's sensitivity and adaptive capacity. We 

used the species distribution models, projected loss of habitat to sea level rise, and current 

land use to develop map-based assessments of its exposure to changing climate. Finally, we 

scored each taxon’s overall climate vulnerabilities for the four future climates of this study, to 

derive cross-taxa comparable assessments of climate change vulnerability (Table 3.18). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 2.36°C (range = -1.15 – 5.22°C) and 989.43 mm/year (range = 402.26 – 

1576.67 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.96°C (range = 2.23 – 6.06°C) and -19.44 mm/year (range = -299.86 – 276.19 mm/year). 

Our SDM projected that 2.67 – 92.00% of known occurrence locations will remain suitable 

for Tamias alpinus and that the change in suitable area within the feasible maximum dispersal 

boundary for the species will be between -95.69 and -15.08%. One meter of sea level rise was 

projected to cause the loss of 0.00% of known occurrence locations. The overall climate 
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change vulnerability score was projected to range between moderately vulnerable and 

extremely vulnerable. 

 

Table 3.18. Components of the climate change vulnerability score for Tamias alpinus. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remainin
g Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche Breadth 

Sensitivity 
and 
Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 92.00% 84.92% 100.00% 

Extremely 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Warm and Wet 49.33% 50.25% 100.00% 

Extremely 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Low Emission, 
Hot and Dry 28.00% 33.41% 100.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Hot and Dry 2.67% 4.31% 100.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.34. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.35. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Solid boundary depicts 100-km buffer around 
occurrence records. Dashed boundary depicts species-specific dispersal limitation boundary around 
occurrence records. 
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Mount Pinos Lodgepole Chipmunk (Tamias 
speciosus callipeplus)  

 
This chipmunk is an isolated and endemic subspecies 

within the Transverse Range of Southern California, 

where it prefers open canopy forest habitat. Resurveys 

of historical sites in Yosemite indicate that the range of 

this subspecies’ full-species counterpart in Yosemite 

contracted upward during the 20th century, 

disappearing from lower elevation sites and losing 4.5% of its elevational range. 

Model outputs indicate this chipmunk is highly to extremely vulnerable to climate 

change. Only under the Low Emission, Warm and Wet scenario would any 

climatically suitable habitat remain.  

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 266 geographically unique occurrence locations 

for Tamias speciosus, including 7 for Tamias speciosus callipeplus. We used the occurrence 

records, along with current climate conditions and estimated dispersal capacity, to model the 

current climatically suitability range (Figure 3.37), which was projected to be 192 km2 for 

Tamias speciosus callipeplus. We projected changes in habitat suitability by 2070 – 2099 

under four future climate change scenarios (Figure 3.38). Areas in the projected current and 

future ranges that were occupied by urban infrastructure or agriculture were masked out in 

grey. Given the species' omnivorous diet, a mean adult mass of 0.0608 kg, and time to first 

Figure 3.36. A Mount Pinos 
lodgepole chipmunk (Tamias 
speciosus callipeplus). Photo by Lee 
Hoy. 
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reproduction of 0.945 years, we estimate median natal dispersal distance to be 0.32 km, and 

potential dispersal velocity for the species to be 0.338 km/yr. Twenty-seven climate change 

vulnerability criteria were evaluated using information on the species’ natural history, habitat 

requirements, physiology, and interactions with other species. We drew from peer-reviewed 

literature and from California Wildlife Habitat Relationships documents to assess Tamias 

speciosus callipeplus's sensitivity and adaptive capacity. We used the species distribution 

models, projected loss of habitat to sea level rise, and current land use to develop map-based 

assessments of its exposure to changing climate. Finally, we scored each taxon’s overall 

climate vulnerabilities for the four future climates of this study, to derive cross-taxa 

comparable assessments of climate change vulnerability (Table 3.19). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 7.07°C (range = 5.73 – 10.21°C) and 652.50 mm/year (range = 493.66 – 

762.93 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 4.01°C (range = 2.81 – 5.40°C) and -210.26 mm/year (range = -357.02 – -41.81 mm/year). 

Our SDM projected that 0.00 – 66.67% of known occurrence locations will remain suitable 

for Tamias speciosus callipeplus and that the change in suitable area within the feasible 

maximum dispersal boundary for the species will be between -100.00 and -94.65%. One 

meter of sea level rise was projected to cause the loss of 0.00% of known occurrence 

locations. The overall climate change vulnerability score was projected to range between 

highly vulnerable and extremely vulnerable. 
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Table 3.19. Components of the climate change vulnerability score for Tamias speciosus callipeplus. 

 Terrestrial Climate Change 
Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 66.67% 5.35% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Warm and Wet 0.00% 0.00% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

Low Emission, 
Hot and Dry 0.00% 0.00% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Hot and Dry 0.00% 0.00% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.37. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.38. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Solid boundary depicts 100-km buffer around 
occurrence records. Dashed boundary depicts species-specific dispersal limitation boundary around 
occurrence records. 
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Western Jumping Mouse (Zapus 
princeps)  
 
This nocturnal granivore occurs in wet areas in a 

variety of coniferous forest, riparian, and 

grasslands habitat, with a patchy distribution 

throughout the Sierra and mountains of northern 

California. Resurveys of historical sites in Yosemite indicate that the range of this 

species in Yosemite contracted upward during the 20th century, disappearing from 

lower elevation sites and losing 14% of its elevational range. Model outputs indicate 

it is highly to extremely vulnerable to climate change. Under the High Emission, Hot 

and Dry scenario essentially all climatically suitable habitat for the species is 

projected to disappear. 

 
To score climate change vulnerability we combined metrics of exposure, niche 

breadth, projected habitat shifts from species distribution models (SDMs), projected 

loss of habitat to sea level rise, and trait-based vulnerability to calculate a climate 

change vulnerability score (CCVS). SDMs were fit using Maxent and 103 

geographically unique occurrence locations for Zapus princeps. We used the 

occurrence records, along with current climate conditions and estimated dispersal 

capacity, to model the current climatically suitability range (Figure 3.40), which was 

projected to be 28873 km2 for Zapus princeps. We projected changes in habitat 

suitability by 2070 – 2099 under four future climate change scenarios (Figure 3.41). 

Areas in the projected current and future ranges that were occupied by urban 

Figure 3.39. A western jumping mouse 
(Zapus princeps). Photo © Stuart Wilson. 
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infrastructure or agriculture were masked out in grey. Given the species' omnivorous 

diet, a mean adult mass of 0.0272 kg, and time to first reproduction of 0.601 years, 

we estimate median natal dispersal distance to be 0.207 km, and potential dispersal 

velocity for the species to be 0.344 km/yr. Twenty-seven climate change vulnerability 

criteria were evaluated using information on the species’ natural history, habitat 

requirements, physiology, and interactions with other species. We drew from peer-

reviewed literature and from California Wildlife Habitat Relationships documents to 

assess Zapus princeps's sensitivity and adaptive capacity. We used the species 

distribution models, projected loss of habitat to sea level rise, and current land use to 

develop map-based assessments of its exposure to changing climate. Finally, we 

scored each taxon’s overall climate vulnerabilities for the four future climates of this 

study, to derive cross-taxa comparable assessments of climate change vulnerability 

(Table 3.20). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 6.15°C (range = 1.48 – 14.42°C) and 1119.84 mm/year (range = 360.85 – 

2813.75 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.77°C (range = 2.24 – 5.54°C) and -69.50 mm/year (range = -359.04 – 220.36 mm/year). 

Our SDM projected that 0.00 – 65.48% of known occurrence locations will remain suitable 

for Zapus princeps and that the change in suitable area within the feasible maximum dispersal 

boundary for the species will be between -97.07 and -41.93%. One meter of sea level rise was 

projected to cause the loss of 0.00% of known occurrence locations. The overall climate 
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change vulnerability score was projected to range between highly vulnerable and extremely 

vulnerable. 

 

Table 3.20. Components of the climate change vulnerability score for Zapus princeps. 

 
  

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and 
Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 

65.48% 58.07% 100.00% Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Warm and Wet 

25.00% 31.60% 100.00% Highly 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Low Emission, 
Hot and Dry 

19.05% 23.87% 100.00% Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Hot and Dry 

0.00% 2.93% 100.00% Moderately 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.40. Occurrence record locations and predicted current climatic suitability. Dashed boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations. Solid boundary is a 
100-km buffer around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.41. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Solid boundary depicts 100-km buffer around 
occurrence records. Dashed boundary depicts species-specific dispersal limitation boundary around 
occurrence records. 
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California Red Tree Vole (Arborimus 
pomo)  
 
The California red tree vole occurs in Douglas-fir, 

redwood, and montane hardwood-conifer habitats 

throughout the north coast, where it specializes in 

eating the needles of Douglass-fir and grand fir. 

While occurrence data suggests the species is largely 

restricted to the fog belt, distribution model outputs suggest that more-inland habitat 

should also be climatically suitable, perhaps indicating that including fog data could 

improve model performance for this species. Model output indicates the species is 

moderately to highly vulnerable to climate change. A large proportion (69% - 89%) 

of the species’ known range is projected to become unsuitable under the four climate 

change scenarios. The more modest reductions (36% - 41%) in climatically-suitable 

area rely on areas not currently known to be occupied either remaining suitable or 

becoming newly suitable in the future. In addition to climatic suitability, a critical 

requirement for areas remaining or becoming suitable in the future is prevalence of 

Douglas-fir or grand fir.  

 
To score climate change vulnerability we combined metrics of exposure, niche 

breadth, projected habitat shifts from species distribution models (SDMs), projected 

loss of habitat to sea level rise, and trait-based vulnerability to calculate a climate 

change vulnerability score (CCVS). SDMs were fit using Maxent and 261 

geographically unique occurrence locations for Arborimus pomo. We used the 

Figure 3.42. A red tree vole (Genus: 
Arborimus). Photo © Michael 
Durham. 

 



 175 

occurrence records, along with current climate conditions and estimated dispersal 

capacity, to model the current climatically suitability range (Figure 3.43), which was 

projected to be 31264 km2 for Arborimus pomo. We projected changes in habitat 

suitability by 2070 – 2099 under four future climate change scenarios (Figure 3.44). 

Areas in the projected current and future ranges that were occupied by urban 

infrastructure or agriculture were masked out in grey. Given the species' herbivorous 

diet, a mean adult mass of 0.0325 kg, and time to first reproduction of 0.121 years, 

we estimate median natal dispersal distance to be 0.228 km, and potential dispersal 

velocity for the species to be 1.88 km/yr. Loss of habitat to sea level rise was 

evaluated by setting the lower elevation extent of occurrence records (-1.00 m) as the 

lower elevation threshold for the species and projecting the percent of occurrence 

records that would no longer be suitable under a one meter sea level rise scenario 

(Figure 3.45). Twenty-seven climate change vulnerability criteria were evaluated 

using information on the species’ natural history, habitat requirements, physiology, 

and interactions with other species. We drew from peer-reviewed literature and from 

California Wildlife Habitat Relationships documents to assess Arborimus pomo's 

sensitivity and adaptive capacity. We used the species distribution models, projected 

loss of habitat to sea level rise, and current land use to develop map-based 

assessments of its exposure to changing climate. Finally, we scored each taxon’s 

overall climate vulnerabilities for the four future climates of this study, to derive 

cross-taxa comparable assessments of climate change vulnerability (Table 3.21). 
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Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 12.75°C (range = 11.22 – 15.03°C) and 1485.47 mm/year (range = 948.81 – 

3060.97 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 2.00°C (range = 0.72 – 3.42°C) and 54.65 mm/year (range = -283.66 – 375.39 mm/year). 

Our SDM projected that 10.80 – 30.80% of known occurrence locations will remain suitable 

for Arborimus pomo and that the change in suitable area within the feasible maximum 

dispersal boundary for the species will be between -41.39 and -35.93%. One meter of sea 

level rise was projected to cause the loss of 1.14% of known occurrence locations. The 

overall climate change vulnerability score was projected to range between moderately 

vulnerable and highly vulnerable (Table 3.21). 

 

 

Table 3.21. Components of the climate change vulnerability score for Arborimus pomo. 

 Terrestrial Climate Change 
Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and 
Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 30.80% 64.07% 98.86% 

Less 
Vulnerable 

Less 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Warm and Wet 20.00% 63.08% 98.86% 

Moderately 
Vulnerable 

Less 
Vulnerable 

Highly 
Vulnerable 

Low Emission, 
Hot and Dry 23.20% 58.61% 98.86% 

Moderately 
Vulnerable 

Less 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Hot and Dry 10.80% 62.51% 98.86% 

Highly 
Vulnerable 

Less 
Vulnerable 

Highly 
Vulnerable 
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Figure 3.43. Occurrence record locations and predicted current climatic suitability. Boundary depicts 
species-specific dispersal limitation boundary around occurrence records. 
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
Figure 3.44. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Boundary depicts species-specific dispersal 
limitation boundary around occurrence records. 
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Figure 3.45. Projected loss of habitat from one meter of sea level rise for Arborimus pomo. Areas with 
elevations between -1.00 m, the lowest elevation occurrence for the taxa, and 0.00 m are classified as no 
longer suitable. Light blue marks area of land projected to be no longer suitable due to sea level rise. 
Crosses mark documented occurrence locations projected to be no longer suitable due to sea level rise. 
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Monterey Vole (Microtus californicus 
halophilus)  
 
This subspecies occurs only in coastal marsh habitat 

in Monterey County. Model outputs indicate it is 

highly to extremely vulnerable to climate change. The 

very short generation time of this vole produced large 

annual dispersal distances in the model, which in turn 

probably overpredicted climatically suitable habitat. In particular, habitat modeled as 

suitable on the east side of the Sierra Nevada would likely never be available to this 

subspecies. Model projections indicating 0% of Monterey vole locations remaining 

climatically suitable under all of the scenarios suggest this subspecies could be highly 

impacted by future climate change. Ten percent of occurrence locations are projected 

to be vulnerable to sea level rise. The climate change impacts would add to the 

impacts associated with extensive habitat lost to agriculture and urbanization. 

 
To score climate change vulnerability we combined metrics of exposure, niche 

breadth, projected habitat shifts from species distribution models (SDMs), projected 

loss of habitat to sea level rise, and trait-based vulnerability to calculate a climate 

change vulnerability score (CCVS). SDMs were fit using Maxent and 10 

geographically unique occurrence locations for Microtus californicus halophilus. We 

used the occurrence records, along with current climate conditions and estimated 

dispersal capacity, to model the current climatically suitability range (Figure 3.47), 

which was projected to be 6478 km2 for Microtus californicus halophilus. We 

Figure 3.46. A California vole 
(Microtus californicus). Photo by Ron 
Wolf.  
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projected changes in habitat suitability by 2070 – 2099 under four future climate 

change scenarios (Figure 3.48). Areas in the projected current and future ranges that 

were occupied by urban infrastructure or agriculture were masked out in grey. Given 

the species' herbivorous diet, a mean adult mass of 0.0574 kg, and time to first 

reproduction of 0.0652 years, we estimate median natal dispersal distance to be 0.31 

km, and potential dispersal velocity for the species to be 4.75 km/yr. Loss of habitat 

to sea level rise was evaluated by setting the lower elevation extent of occurrence 

records (-1.00 m) as the lower elevation threshold for the species and projecting the 

percent of occurrence records that would no longer be suitable under a one meter sea 

level rise scenario (Figure 3.49). Twenty-seven climate change vulnerability criteria 

were evaluated using information on the species’ natural history, habitat 

requirements, physiology, and interactions with other species. We drew from peer-

reviewed literature and from California Wildlife Habitat Relationships documents to 

assess Microtus californicus halophilus's sensitivity and adaptive capacity. We used 

the species distribution models, projected loss of habitat to sea level rise, and current 

land use to develop map-based assessments of its exposure to changing climate. 

Finally, we scored each taxon’s overall climate vulnerabilities for the four future 

climates of this study, to derive cross-taxa comparable assessments of climate change 

vulnerability (Table 3.22). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 13.56°C (range = 13.37 – 14.04°C) and 428.75 mm/year (range = 389.65 – 

495.86 mm/year). The mean projected changes in annual temperature and precipitation from 
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the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.82°C (range = 2.33 – 5.66°C) and 157.00 mm/year (range = -38.41 – 333.61 mm/year). 

Our SDM projected that 0.00 – 0.00% of known occurrence locations will remain suitable for 

Microtus californicus halophilus and that the change in suitable area within the feasible 

maximum dispersal boundary for the species will be between -88.32 and -30.62%. One meter 

of sea level rise was projected to cause the loss of 10.00% of known occurrence locations. 

The overall climate change vulnerability score was projected to range between highly 

vulnerable and extremely vulnerable. 

Table 3.22. Components of the climate change vulnerability score for Microtus californicus halophilus. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and 
Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 0.00% 69.38% 90.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Warm and Wet 0.00% 26.71% 90.00% 

Extremely 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 

Low Emission, Hot 
and Dry 0.00% 67.43% 90.00% 

Extremely 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, Hot 
and Dry 0.00% 11.68% 90.00% 

Extremely 
Vulnerable 

Moderately 
Vulnerable 

Extremely 
Vulnerable 
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Figure 3.47. Occurrence record locations and predicted current climatic suitability. Boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.48. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Boundary depicts species-specific dispersal 
limitation boundary around occurrence records. 
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Figure 3.49. Projected loss of habitat from one meter of sea level rise for Microtus californicus halophilus. 
Areas with elevations between -1.00 m, the lowest elevation occurrence for the taxa, and 0.00 m are 
classified as no longer suitable. Light blue marks area of land projected to be no longer suitable due to sea 
level rise. Crosses mark documented occurrence locations projected to be no longer suitable due to sea level 
rise. 
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Marsh Vole (Microtus californicus 
paludicola)  
 
The marsh vole occurs only in marsh habitat of 

Contra Costa and Alameda counties. The Marsh 

vole’s climatically suitable habitat and future habitat 

projections could not be modeled due to too few 

locality records (n = 2). The species sensitivity and 

adaptive capacity score indicate the species is moderately vulnerable. However, the 

species highly restricted geographic range likely compounds this vulnerability. The 

expected climate change impacts would add to the impacts associated with extensive 

urbanization. 

 
There were too few record locations to parameterize distribution models for this 

species (n = 2). Given the species' herbivorous diet, a mean adult mass of 0.0574 kg, 

and time to first reproduction of 0.0652 years, we estimate median natal dispersal 

distance to be 0.31 km, and potential dispersal velocity for the species to be 4.75 

km/yr. Twenty-seven climate change vulnerability criteria were evaluated using 

information on the species’ natural history, habitat requirements, physiology, and 

interactions with other species. We drew from peer-reviewed literature and from 

California Wildlife Habitat Relationships documents to assess Microtus californicus 

paludicola's sensitivity and adaptive capacity.  

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 14.81°C (range = 14.76 – 14.87°C) and 566.57 mm/year (range = 535.64 – 

Figure 3.50. A California vole 
(Microtus californicus). Photo by Ron 
Wolf.  
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597.49 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.31°C (range = 1.82 – 5.11°C) and 53.16 mm/year (range = -142.15 – 224.17 mm/year). 

One meter of sea level rise was projected to cause the loss of 0.00% of known occurrence 

locations (Table 3.23). 

Table 3.23. Components of the climate change vulnerability score for Microtus californicus paludicola. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet  N/A  N/A 100.00% 

Insufficient 
Information 

Moderately 
Vulnerable 

Insufficient 
Information 

High Emission, 
Warm and Wet  N/A  N/A 100.00% 

Insufficient 
Information 

Moderately 
Vulnerable 

Insufficient 
Information 

Low Emission, 
Hot and Dry  N/A  N/A 100.00% 

Insufficient 
Information 

Moderately 
Vulnerable 

Insufficient 
Information 

High Emission, 
Hot and Dry  N/A  N/A 100.00% 

Insufficient 
Information 

Moderately 
Vulnerable 

Insufficient 
Information 
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San Pablo Vole (Microtus californicus 
sanpabloensis)  
 
This subspecies occurs only in coastal marsh habitat 

of Contra Costa County. Model outputs indicate it is 

moderately to highly vulnerable to climate change. 

The very short generation time of this vole produced 

large annual dispersal distances in the model, which 

in turn probably overpredicted climatically suitable habitat. In particular, habitat 

modeled as suitable in the Sierra Nevada foothills, on the east side of the Sierra 

Nevada, and in the North Coast Range would likely never be available to this 

subspecies. Model projections indicate 0% of San Pablo vole locations will remain 

climatically suitable under all of the scenarios, suggesting this subspecies could be 

highly impacted by future climate change. Seventeen percent of occurrence locations 

are projected to be vulnerable to sea level rise. The climate change impacts would add 

to the impacts associated with extensive habitat lost to agriculture and urbanization. 

 
To score climate change vulnerability we combined metrics of exposure, niche 

breadth, projected habitat shifts from species distribution models (SDMs), projected 

loss of habitat to sea level rise, and trait-based vulnerability to calculate a climate 

change vulnerability score (CCVS). SDMs were fit using Maxent and 12 

geographically unique occurrence locations for Microtus californicus sanpabloensis. 

We used the occurrence records, along with current climate conditions and estimated 

dispersal capacity, to model the current climatically suitability range (Figure 3.52), 

Figure 3.51. A California vole 
(Microtus californicus). Photo by Ron 
Wolf.  
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which was projected to be 1289 km2 for Microtus californicus sanpabloensis. We 

projected changes in habitat suitability by 2070 – 2099 under four future climate 

change scenarios (Figure 3.53). Areas in the projected current and future ranges that 

were occupied by urban infrastructure or agriculture were masked out in grey. Given 

the species' herbivorous diet, a mean adult mass of 0.0574 kg, and time to first 

reproduction of 0.0652 years, we estimate median natal dispersal distance to be 0.31 

km, and potential dispersal velocity for the species to be 4.75 km/yr. Loss of habitat 

to sea level rise was evaluated by setting the lower elevation extent of occurrence 

records (0.95 m) as the lower elevation threshold for the species and projecting the 

percent of occurrence records that would no longer be suitable under a one meter sea 

level rise scenario (Figure 3.54). Twenty-seven climate change vulnerability criteria 

were evaluated using information on the species’ natural history, habitat 

requirements, physiology, and interactions with other species. We drew from peer-

reviewed literature and from California Wildlife Habitat Relationships documents to 

assess Microtus californicus sanpabloensis's sensitivity and adaptive capacity. We 

used the species distribution models, projected loss of habitat to sea level rise, and 

current land use to develop map-based assessments of its exposure to changing 

climate. Finally, we scored each taxon’s overall climate vulnerabilities for the four 

future climates of this study, to derive cross-taxa comparable assessments of climate 

change vulnerability (Table 3.24). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 14.71°C (range = 14.66 – 14.78°C) and 611.62 mm/year (range = 597.85 – 
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624.70 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.44°C (range = 1.97 – 5.22°C) and 32.66 mm/year (range = -169.36 – 210.09 mm/year). 

Our SDM projected that 0.00 – 0.00% of known occurrence locations will remain suitable for 

Microtus californicus sanpabloensis and that the change in suitable area within the feasible 

maximum dispersal boundary for the species will be between +53.18 and +362.42%. One 

meter of sea level rise was projected to cause the loss of 16.67% of known occurrence 

locations. The overall climate change vulnerability score was projected to range between 

moderately vulnerable and highly vulnerable. 

 

Table 3.24. Components of the climate change vulnerability score for Microtus californicus sanpabloensis. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 

0.00% 289.49% 83.33% Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Warm and Wet 

0.00% 153.18% 83.33% Highly 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Low Emission, 
Hot and Dry 

0.00% 462.42% 83.33% Highly 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Hot and Dry 

0.00% 360.14% 83.33% Extremely 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 
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Figure 3.52. Occurrence record locations and predicted current climatic suitability. Boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.53. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Boundary depicts species-specific dispersal 
limitation boundary around occurrence records. 
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Figure 3.54. Projected loss of habitat from one meter of sea level rise for Microtus californicus 
sanpabloensis. Areas with elevations between 0.95 m, the lowest elevation occurrence for the taxa, and 1.95 
m are classified as no longer suitable. Light blue marks area of land projected to be no longer suitable due 
to sea level rise. Crosses mark documented occurrence locations projected to be no longer suitable due to 
sea level rise. 
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Montane Vole (Microtus montanus)  
 
This vole occurs in the Sierra, White Mountains, 

Cascades, and Great Basin regions, where is 

requires moderately dense herbaceous vegetation 

for cover. Resurvey of historical sites in 

Yosemite indicates that the species elevational 

range in Yosemite did not change during the 20th 

century. The montane vole is projected to be moderately to highly vulnerable to 

climate change, with greater impact anticipated under the High Emission scenarios 

than under the Low Emission scenarios. The general pattern of response of the vole to 

climate change is projected to be a general retraction upwards in elevation within its 

currently suitable range. 

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 143 geographically unique occurrence locations 

for Microtus montanus. We used the occurrence records, along with current climate 

conditions and estimated dispersal capacity, to model the current climatically suitability range 

(Figure 3.56), which was projected to be 52207 km2 for Microtus montanus. We projected 

changes in habitat suitability by 2070 – 2099 under four future climate change scenarios 

(Figure 3.57). Areas in the projected current and future ranges that were occupied by urban 

infrastructure or agriculture were masked out in grey. Given the species' herbivorous diet, a 

mean adult mass of 0.0428 kg, and time to first reproduction of 0.0682 years, we estimate 

Figure 3.55. A Montane vole (Microtus 
montanus). Photo by Roger Barbour. 
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median natal dispersal distance to be 0.265 km, and potential dispersal velocity for the 

species to be 3.88 km/yr. Twenty-seven climate change vulnerability criteria were evaluated 

using information on the species’ natural history, habitat requirements, physiology, and 

interactions with other species. We drew from peer-reviewed literature and from California 

Wildlife Habitat Relationships documents to assess Microtus montanus's sensitivity and 

adaptive capacity. We used the species distribution models, projected loss of habitat to sea 

level rise, and current land use to develop map-based assessments of its exposure to changing 

climate. Finally, we scored each taxon’s overall climate vulnerabilities for the four future 

climates of this study, to derive cross-taxa comparable assessments of climate change 

vulnerability (Table 3.25). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 6.89°C (range = 0.71 – 13.91°C) and 828.50 mm/year (range = 138.19 – 

2904.01 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.99°C (range = 2.47 – 5.72°C) and -10.58 mm/year (range = -242.73 – 224.46 mm/year). 

Our SDM projected that 21.10 – 55.05% of known occurrence locations will remain suitable 

for Microtus montanus and that the change in suitable area within the feasible maximum 

dispersal boundary for the species will be between -83.64 and -34.44%. One meter of sea 

level rise was projected to cause the loss of 0.00% of known occurrence locations. The 

overall climate change vulnerability score was projected to range between moderately 

vulnerable and highly vulnerable. 
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Table 3.25. Components of the climate change vulnerability score for Microtus montanus. 

 Terrestrial Climate Change 
Model Results 

Sea Level 
Rise, 1 
meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche Breadth 

Sensitivity 
and 
Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 55.05% 65.56% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Warm and Wet 29.36% 22.55% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Low Emission, 
Hot and Dry 51.38% 53.63% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Hot and Dry 21.10% 16.36% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 
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Figure 3.56. Occurrence record locations and predicted current climatic suitability. Boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 

Figure 3.57. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Boundary depicts species-specific dispersal 
limitation boundary around occurrence records. 
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San Joaquin Kit Fox (Vulpes macrotis 
mutica)  
 
This highly mobile, medium-sized carnivore occurs in 

grassland and scattered shrub habitats of the San 

Joaquin Desert as well as surrounding foothill and 

valley areas. The species dispersal ability makes it 

conceivable that it could move to occupy any area of 

suitable habitat. Model outputs indicate this subspecies of kit fox is moderately or less 

vulnerable to climate change. Although up to 74% of occurrence locations are 

projected to become climatically unsuitable, the species may also benefit from an 

upslope expansion of its climatically suitable area into nearby foothill habitat. 

Whether such areas are actually occupied by the San Joaquin kit fox in the future will 

depend on many other ecological factors, including interactions with competitors, 

predators, and prey.   

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 1382 geographically unique occurrence locations 

for Vulpes macrotis, including 1343 for Vulpes macrotis mutica. We used the occurrence 

records, along with current climate conditions and estimated dispersal capacity, to model the 

current climatically suitability range (Figure 3.59), which was projected to be 119040 km2 for 

Vulpes macrotis mutica. We projected changes in habitat suitability by 2070 – 2099 under 

four future climate change scenarios (Figure 3.60). Areas in the projected current and future 

Figure 3.58. A San Joaquin kit fox 
(Vulpes macrotis mutica). Photo © 
Donald Quintana. 
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ranges that were occupied by urban infrastructure or agriculture were masked out in grey. 

Given the species' carnivorous diet, a mean adult mass of 4.5 kg, and time to first 

reproduction of 1.25 years, we estimate median natal dispersal distance to be 13.2 km, and 

potential dispersal velocity for the species to be 10.5 km/yr. Twenty-seven climate change 

vulnerability criteria were evaluated using information on the species’ natural history, habitat 

requirements, physiology, and interactions with other species. We drew from peer-reviewed 

literature and from California Wildlife Habitat Relationships documents to assess Vulpes 

macrotis mutica's sensitivity and adaptive capacity. We used the species distribution models, 

projected loss of habitat to sea level rise, and current land use to develop map-based 

assessments of its exposure to changing climate. Finally, we scored each taxon’s overall 

climate vulnerabilities for the four future climates of this study, to derive cross-taxa 

comparable assessments of climate change vulnerability (Table 3.26). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 17.24°C (range = 13.76 – 20.03°C) and 225.08 mm/year (range = 145.25 – 

592.56 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.02°C (range = 1.64 – 4.70°C) and 23.35 mm/year (range = -52.71 – 98.33 mm/year). 

Our SDM projected that 26.01 – 99.13% of known occurrence locations will remain suitable 

for Vulpes macrotis mutica and that the change in suitable area within the feasible maximum 

dispersal boundary for the species will be between +12.53 and +32.61%. One meter of sea 

level rise was projected to cause the loss of 0.00% of known occurrence locations. The 

overall climate change vulnerability score was projected to range between less vulnerable and 

moderately vulnerable.  
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Table 3.26. Components of the climate change vulnerability score for Vulpes macrotis mutica. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 99.13% 118.04% 100.00% 

Moderately 
Vulnerable 

Less 
Vulnerable 

Less 
Vulnerable 

High Emission, 
Warm and Wet 75.73% 131.80% 100.00% 

Highly 
Vulnerable 

Less 
Vulnerable 

Moderately 
Vulnerable 

Low Emission, 
Hot and Dry 92.15% 132.61% 100.00% 

Moderately 
Vulnerable 

Less 
Vulnerable 

Less 
Vulnerable 

High Emission, 
Hot and Dry 26.01% 112.53% 100.00% 

Highly 
Vulnerable 

Less 
Vulnerable 

Moderately 
Vulnerable 
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Figure 3.59. Occurrence record locations and predicted current climatic suitability. The species-specific 
dispersal boundary for this taxa extends outside of state boundaries. 
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.60. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. The species-specific dispersal boundary for this taxa 
extends outside of state boundaries. 
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Sierra Nevada Red Fox (Vulpes vulpes necator)  
 
This highly mobile, medium-sized carnivore 

occurs in a variety of habitats in the Sierra, 

Klamath, and Cascade ranges. The species 

dispersal ability makes it conceivable that it could 

move to occupy any area of suitable habitat. Model 

outputs suggest the species is moderately, less, or 

highly vulnerable to climate change. The High 

Emission, Hot and Dry scenario is projected to result in about a 50% reduction of 

climatically suitable habitat. Reductions in areas of currently suitability under the 

other scenarios are balanced, in part or completely, by increases in area of suitability 

in the northwestern part of the state. The models suggest areas of climatic suitability 

in the western Klamath Mountains and North Coast Ranges, including new areas of 

suitability in the future. Whether the Sierra Nevada red fox could expand its 

geographic into the northwestern ranges would depend on many ecological factors. 

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 216 geographically unique occurrence locations 

for Vulpes vulpes, including 207 for Vulpes vulpes necator. We used the occurrence records, 

along with current climate conditions and estimated dispersal capacity, to model the current 

climatically suitability range (Figure 3.62), which was projected to be 69778 km2 for Vulpes 

Figure 3.61. A Sierra Nevada red fox 
(Vulpes vulpes necator). Photo by Keith 
Slausen, USFS/PSW. 
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vulpes necator. We projected changes in habitat suitability by 2070 – 2099 under four future 

climate change scenarios (Figure 3.63). Areas in the projected current and future ranges that 

were occupied by urban infrastructure or agriculture were masked out in grey. Given the 

species' carnivorous diet, a mean adult mass of 4.82 kg, and time to first reproduction of 0.88 

years, we estimate median natal dispersal distance to be 14 km, and potential dispersal 

velocity for the species to be 15.9 km/yr. Twenty-seven climate change vulnerability criteria 

were evaluated using information on the species’ natural history, habitat requirements, 

physiology, and interactions with other species. We drew from peer-reviewed literature and 

from California Wildlife Habitat Relationships documents to assess Vulpes vulpes necator's 

sensitivity and adaptive capacity. We used the species distribution models, projected loss of 

habitat to sea level rise, and current land use to develop map-based assessments of its 

exposure to changing climate. Finally, we scored each taxon’s overall climate vulnerabilities 

for the four future climates of this study, to derive cross-taxa comparable assessments of 

climate change vulnerability (Table 3.27). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 7.17°C (range = -2.27 – 17.34°C) and 1038.21 mm/year (range = 127.84 – 

2160.21 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.63°C (range = 2.20 – 5.24°C) and -8.34 mm/year (range = -299.20 – 281.82 mm/year). 

Our SDM projected that 53.25 – 95.27% of known occurrence locations will remain suitable 

for Vulpes vulpes necator and that the change in suitable area within the feasible maximum 

dispersal boundary for the species will be between -48.68 and +8.35%. One meter of sea level 

rise was projected to cause the loss of 0.00% of known occurrence locations. The overall 
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climate change vulnerability score was projected to range between less vulnerable and highly 

vulnerable. 

Table 3.27. Components of the climate change vulnerability score for Vulpes vulpes necator. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 95.27% 108.35% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Less 
Vulnerable 

High Emission, 
Warm and Wet 85.80% 83.19% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Low Emission, 
Hot and Dry 83.43% 85.37% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Hot and Dry 53.25% 51.32% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 
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Figure 3.62. Occurrence record locations and predicted current climatic suitability. The species-specific 
dispersal boundary for this taxa extends outside of state boundaries. 
 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.63. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. The species-specific dispersal boundary for this taxa 
extends outside of state boundaries. 
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Humboldt Marten (Martes caurina 
humboldtensis)  
 
This small carnivore subspecies occurs in evergreen forests 

of the North Coast Range. Model output suggests it is less 

vulnerable, moderately vulnerable, or highly vulnerable to 

climate change. Distribution models suggest that the 

Humboldt marten would benefit (increase area of climatically 

suitable habitat) under wet climate scenarios, but would be 

adversely impacted (decrease area of climatically suitable habitat) under drier future 

climate scenarios. Under the wet scenarios, suitable habitat is projected to increase in 

extent around the currently suitable areas in the southern portion of its coastal range. 

Under the hot dry scenarios, suitable habitat on the coast is projected to retract into 

the core area currently known to be occupied by the subspecies. Distribution models 

map large areas of suitable climate where the Humboldt marten is not currently 

known to occur. These include areas in the southern coastal part of the Humboldt 

marten’s presumed historical range, as well as areas within the geographic range of 

the Sierran subspecies of the Pacific marten (Martes caurina sierra). Given the 

current understanding of Humboldt marten’s requirements for forest structure (large 

decadent trees with cavities for denning, dense shrub layers) that do not occur in 

much of the coastal forests of northern California, it is not surprising that the species 

does not currently occur in a large proportion of the coastal area predicted as 

currently climatically suitable.      

Figure 3.64. A Humboldt 
marten (Martes caurina 
humboldtensis). Photo by 
Keith Slauson.  
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To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 312 geographically unique occurrence locations 

for Martes caurina, including 120 for Martes caurina humboldtensis. We used the occurrence 

records, along with current climate conditions and estimated dispersal capacity, to model the 

current climatically suitability range (Figure 3.65), which was projected to be 32944 km2 for 

Martes caurina humboldtensis. We projected changes in habitat suitability by 2070 – 2099 

under four future climate change scenarios (Figure 3.66). Areas in the projected current and 

future ranges that were occupied by urban infrastructure or agriculture were masked out in 

grey. Given the species' carnivorous diet, a mean adult mass of 0.874 kg, and time to first 

reproduction of 1.25 years, we estimate median natal dispersal distance to be 3.06 km, and 

potential dispersal velocity for the species to be 2.45 km/yr. Twenty-seven climate change 

vulnerability criteria were evaluated using information on the species’ natural history, habitat 

requirements, physiology, and interactions with other species. We drew from peer-reviewed 

literature and from California Wildlife Habitat Relationships documents to assess Martes 

caurina humboldtensis's sensitivity and adaptive capacity. We used the species distribution 

models, projected loss of habitat to sea level rise, and current land use to develop map-based 

assessments of its exposure to changing climate. Finally, we scored each taxon’s overall 

climate vulnerabilities for the four future climates of this study, to derive cross-taxa 

comparable assessments of climate change vulnerability (Table 3.28). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 11.73°C (range = 7.29 – 14.00°C) and 2758.91 mm/year (range = 990.00 – 

3992.41 mm/year). The mean projected changes in annual temperature and precipitation from 
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the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 0.56°C (range = -0.68 – 1.86°C) and -868.86 mm/year (range = -1167.74 – -573.27 

mm/year). Our SDM projected that 22.94 – 99.08% of known occurrence locations will 

remain suitable for Martes caurina humboldtensis and that the change in suitable area within 

the feasible maximum dispersal boundary for the species will be between -82.51 and 

+47.85%. One meter of sea level rise was projected to cause the loss of 0.00% of known 

occurrence locations. The overall climate change vulnerability score was projected to range 

between less vulnerable and highly vulnerable. 

 

Table 3.28. Components of the climate change vulnerability score for Martes caurina humboldtensis. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity and 
Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 99.08% 147.85% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Less 
Vulnerable 

High Emission, 
Warm and Wet 98.17% 115.06% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Low Emission, 
Hot and Dry 84.40% 50.54% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Hot and Dry 22.94% 17.49% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 
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Figure 65. Occurrence record locations and predicted current climatic suitability. Boundary is the predicted 
species-specific maximum dispersal threshold around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
Figure 66. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) under 
four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and Dry”: MIROC-
ESM. “Warm and Wet”: CNRM-CM5. Boundary depicts species-specific dispersal limitation boundary around 
occurrence records. 
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Sierra Nevada Marten (Martes caurina sierrae)  
 
This small carnivore subspecies occurs in evergreen 

forests of the Sierra as well as interior ranges of Northern 

California. Model output suggests it is moderately to 

highly vulnerable to climate change. Distribution models 

suggest that the Sierra Nevada marten would benefit 

(increase area of climatically suitable habitat) under wet 

climate scenarios, but would be adversely impacted (decrease area of climatically 

suitable habitat) under drier future climate scenarios. Hot and dry futures are 

projected to cause Sierra Nevada martens to retract into high elevation refugia, 

whereas warm/wet futures appear to provide modestly expanded climatically suitable 

areas. The Sierra Nevada marten is known to rely on deep snow cover to provide a 

competitive advantage over the Pacific fisher (Pekania pennant) in winter, allowing 

the marten to persist in areas where the larger-bodied fisher is excluded.  It is unclear 

whether sufficient snow cover would exist in the modeled warm/wet futures to 

provide this competitive advantage to the marten.  

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 312 geographically unique occurrence locations 

for Martes caurina, including 130 for Martes caurina sierrae. We used the occurrence 

records, along with current climate conditions and estimated dispersal capacity, to model the 

Figure 3.67. An American 
marten (Martes caurina). Photo 
by Larry Colwell. 
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current climatically suitability range (Figure 3.68), which was projected to be 51994 km2 for 

Martes caurina sierrae. We projected changes in habitat suitability by 2070 – 2099 under 

four future climate change scenarios (Figure 3.69). Areas in the projected current and future 

ranges that were occupied by urban infrastructure or agriculture were masked out in grey. 

Given the species' carnivorous diet, a mean adult mass of 0.874 kg, and time to first 

reproduction of 1.25 years, we estimate median natal dispersal distance to be 3.06 km, and 

potential dispersal velocity for the species to be 2.45 km/yr. Twenty-seven climate change 

vulnerability criteria were evaluated using information on the species’ natural history, habitat 

requirements, physiology, and interactions with other species. We drew from peer-reviewed 

literature and from California Wildlife Habitat Relationships documents to assess Martes 

caurina sierrae's sensitivity and adaptive capacity. We used the species distribution models, 

projected loss of habitat to sea level rise, and current land use to develop map-based 

assessments of its exposure to changing climate. Finally, we scored each taxon’s overall 

climate vulnerabilities for the four future climates of this study, to derive cross-taxa 

comparable assessments of climate change vulnerability (Table 3.29). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 6.26°C (range = -0.20 – 12.68°C) and 1216.44 mm/year (range = 345.76 – 

2808.66 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 3.84°C (range = 2.33 – 5.59°C) and -131.48 mm/year (range = -447.38 – 185.10 

mm/year). Our SDM projected that 15.22 – 97.83% of known occurrence locations will 

remain suitable for Martes caurina sierrae and that the change in suitable area within the 

feasible maximum dispersal boundary for the species will be between -83.74 and +38.61%. 

One meter of sea level rise was projected to cause the loss of 0.00% of known occurrence 
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locations. The overall climate change vulnerability score was projected to range between 

moderately vulnerable and highly vulnerable. 

Table 3.29. Components of the climate change vulnerability score for Martes caurina sierrae. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrence 
Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 97.83% 138.61% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Warm and Wet 89.13% 111.13% 100.00% 

Highly 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Low Emission, 
Hot and Dry 54.35% 46.79% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

High Emission, 
Hot and Dry 15.22% 16.26% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 
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Figure 3.68. Occurrence record locations and predicted current climatic suitability. Boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.69. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Boundary depicts species-specific dispersal 
limitation boundary around occurrence records. 
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Desert Bighorn Sheep (Ovis canadensis 
nelsoni)  
 
This large, highly-mobile ungulate occurs in Southern 

Californian desert environments, where is relies on rocky, 

steep terrain to evade predators. Model outputs suggest 

the species is moderately to highly vulnerable to climate 

change. Hot and Dry scenarios appear to be more favorable than Warm and Wet 

scenarios. The desert bighorn’s response to climate change is projected to mostly 

consist of retraction into the southern part of its range, rather than shifting to new 

geographic areas, although some expansion into the central Mojave Desert is 

projected to occur under the Hot and Dry scenarios.   

To score climate change vulnerability we combined metrics of exposure, niche breadth, 

projected habitat shifts from species distribution models (SDMs), projected loss of habitat to 

sea level rise, and trait-based vulnerability to calculate a climate change vulnerability score 

(CCVS). SDMs were fit using Maxent and 77 geographically unique occurrence locations for 

Ovis canadensis, including 33 for Ovis canadensis nelsoni. We used the occurrence records, 

along with current climate conditions and estimated dispersal capacity, to model the current 

climatically suitability range (Figure 3.71), which was projected to be 117791 km2 for Ovis 

canadensis nelsoni. We projected changes in habitat suitability by 2070 – 2099 under four 

future climate change scenarios (Figure 3.72). Areas in the projected current and future 

ranges that were occupied by urban infrastructure or agriculture were masked out in grey. 

Given the species' herbivorous diet, a mean adult mass of 74.6 kg, and time to first 

reproduction of 2.09 years, we estimate median natal dispersal distance to be 14.9 km, and 

Figure 3.70. A Desert bighorn 
sheep (Ovis canadensis nelsoni). 
Photo by Andrew Barna. 
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potential dispersal velocity for the species to be 7.14 km/yr. Twenty-seven climate change 

vulnerability criteria were evaluated using information on the species’ natural history, habitat 

requirements, physiology, and interactions with other species. We drew from peer-reviewed 

literature and from California Wildlife Habitat Relationships documents to assess Ovis 

canadensis nelsoni's sensitivity and adaptive capacity. We used the species distribution 

models, projected loss of habitat to sea level rise, and current land use to develop map-based 

assessments of its exposure to changing climate. Finally, we scored each taxon’s overall 

climate vulnerabilities for the four future climates of this study, to derive cross-taxa 

comparable assessments of climate change vulnerability (Table 3.30). 

Current (1981 – 2010) mean annual temperature and precipitation values at occurrence 

locations were 14.23°C (range = -1.39 – 23.57°C) and 337.57 mm/year (range = 79.06 – 

1161.10 mm/year). The mean projected changes in annual temperature and precipitation from 

the 1981 – 2010 period to the 2070 – 2099 period at occurrence locations were projected to 

be 4.07°C (range = 2.76 – 5.65°C) and -56.96 mm/year (range = -145.25 – 54.44 mm/year). 

Our SDM projected that 47.37 – 94.74% of known occurrence locations will remain suitable 

for Ovis canadensis nelsoni and that the change in suitable area within the feasible maximum 

dispersal boundary for the species will be between -61.98 and -12.31%. One meter of sea 

level rise was projected to cause the loss of 0.00% of known occurrence locations. The 

overall climate change vulnerability score was projected to range between moderately 

vulnerable and highly vulnerable. 
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Table 3.30. Components of the climate change vulnerability score for Ovis canadensis nelsoni. 

 Terrestrial Climate 
Change Model Results 

Sea Level 
Rise, 1 meter 

Climate Change Vulnerability Score 

 
Climate 
Change 
Scenario 

Percent 
Occurrenc
e Locations 
Remaining 
Suitable 

Percent 
Area 
Remaining 
Suitable  

Percent 
Occurrence 
Locations 
Remaining 
Suitable  

Exposure/ 
Niche 
Breadth 

Sensitivity 
and Adaptive 
Capacity 

Overall 
Climate 
Change 
Vulnerability 
Score 

Low Emission, 
Warm and Wet 73.68% 54.17% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Warm and Wet 47.37% 38.02% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Highly 
Vulnerable 

Low Emission, 
Hot and Dry 94.74% 86.89% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

High Emission, 
Hot and Dry 89.47% 87.69% 100.00% 

Moderately 
Vulnerable 

Moderately 
Vulnerable 

Moderately 
Vulnerable 
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Figure 3.71. Occurrence record locations and predicted current climatic suitability. Boundary is the 
predicted species-specific maximum dispersal threshold around occurrence locations.  
 

 

Projected Change in Climate-Suitable Habitat (2070-2099) 

 
 

Figure 3.72. Projected changes in future climate-suitable habitat for the end of the century (2070-2099) 
under four climate change scenarios. “Lower Emission”: RCP4.5. “Higher Emission”: RCP8.5.  “Hot and 
Dry”: MIROC-ESM. “Warm and Wet”: CNRM-CM5. Boundary depicts species-specific dispersal 
limitation boundary around occurrence records. 
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Supplementary Material for Chapter 3 
 
Table 3.S1. Climate variable contributions for species distribution models for taxa modeled in this chapter. 
Species distribution models were fit at the level of the full species, except in the case of Microtus californicus 
subspecies (see methods for species distribution model). Variable abbreviations and definitions are given in 
the methods section of this chapter and in the table of acronyms at the beginning of the chapter. Blank cells 
indicate a variable was not included in the best performing SDM for that species. 

Taxa 

Percent Variable Contribution 

TMN TMX PPT RUN AET PCK CWD 

Sorex lyelli 100       

Sorex ornatus  41.2 58.8     

Sorex vagrans  35  37.9 27.1   

Ochotona princeps  100      

Aplodontia rufa  25.6   70.6 3.8  

Urocitellus beldingi 80.1  5.4   14.6  

Callospermophilus lateralis  100      

Tamias alpinus  24.8 3.6   71.6  

Tamias speciosus  100      

Zapus princeps  78.8 21.2     

Arborimus pomo 85.4     14.6  

Microtus californicus halophilus  64.4  35.6    

Microtus californicus sanpabloensis  38.5  61.5    

Microtus montanus 100       

Vulpes macrotis  100      

Vulpes vulpes 64.5  35.5     

Martes caurina 12.3  74.2   13.5  

Ovis canadensis  47.3   52.7   
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Chapter 4 

Habitat restoration opportunities, climatic niche contraction, and 

conservation biogeography in California's San Joaquin Desert 

 
 
 
Abstract 

Aim: Habitat loss has been one of the greatest historical drivers of species 

extinctions. A recent global trend toward retirement of marginally productive 

agricultural lands presents opportunities to recover endangered species habitat. We 

examine habitat restoration opportunities in the context of historical and ongoing 

drivers of habitat loss, including agricultural and urban expansion, habitat 

fragmentation, and climatic niche contraction.  

Location: California’s San Joaquin Desert (SJD) has been largely converted to 

agriculture. Fragments of remnant habitat remain for 35 threatened and endangered 

species.  

Methods: We conducted a quantitative assessment of habitat suitability, habitat loss, 

climatic niche stability, projected effects of climate change, and reintroduction 

opportunities for an endemic species of the SJD, the endangered blunt-nosed leopard 

lizard (Gambelia sila). Habitat for G. sila overlaps with occurrence records for 128 

other vulnerable species and its habitat is broadly representative of the habitat of 

other upland species in the SJD. 
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Results: We document climatic niche contraction of G. sila and associated range 

contraction away from the mesic margins of its historical distribution, driven by 

anthropogenic introduction of exotic grasses and forbs. We use habitat suitability 

models, in conjunction with modern and historical land use maps, to estimate 

historical and modern rates of habitat loss to development and fragmentation. We use 

NASA fallowed area maps to identify 610 km2 of fallowed or retired agricultural land 

with high potential to be restored as habitat.  

Main Conclusions: In the midst of multiple sources of historical and ongoing habitat 

loss, farmland retirement presents an opportunity to recover large amounts of 

endangered species habitat. We discuss conservation strategies in light of potential for 

habitat restoration. 

 

 

1. Introduction 

Global habitat loss, resulting mainly from agricultural expansion, has been 

one of the greatest historical driver of extinction (Baillie et al., 2004; Foley et al., 

2005). A recent global trend toward retirement of marginal farmland, especially in 

temperate latitudes, presents an important opportunity to reclaim some of this lost 

habitat in a cost-effective manner (Queiroz et al., 2014). While future land-use trends 

are uncertain (Alexandratos & Bruinsma, 2012; Ausubel et al., 2012), recent trends 

toward farmland retirement present an important opportunity to reclaim habitat of 

vulnerable species before land is claimed for other uses (Pearce et al., 2015).  
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To better understand this opportunity, we investigate historical habitat loss 

and potential habitat restoration in California’s San Joaquin Desert (SJD; Germano et 

al., 2011). Now largely converted to agriculture, the SJD was once an extensive 

network of upland and aquatic habitats, supporting a high concentration of endemic 

species (Williams et al., 1998). As a result of habitat loss, 7 species of the SJD have 

been driven to extinction or regional extirpation, and 35 species are now protected 

under endangered species legislation (Table S1). Over the next 30 years a 

combination of factors, including salinization, climate change, and historical 

groundwater overdraft, are projected to lead to the retirement of more than 2,000 km2 

of SJD farmland (Hanak et al., 2017). If retired farmland can be restored to habitat in 

strategically selected areas of the SJD, it could contribute to the recovery of dozens of 

vulnerable species. 

In this study, we examine habitat restoration opportunities in the SJD in the 

context of the region’s changing environment. We developed habitat suitability 

models for an endemic species of the SJD, the blunt-nosed leopard lizard (Gambelia 

sila). We focus on G. sila in part because its habitat requirements are generally 

representative of other upland species of the SJD (Bradford, 1992; Germano et al., 

2011). We apply an ensemble habitat suitability model to estimate historical 

distribution, quantify habitat loss over time, assess conservation value of intact 

natural habitats, forecast effects of climate change, and identify agricultural parcels 

with high potential to again serve as habitat. Our models are mechanistic in that they 

incorporate variables that govern physiological temperature limits under climate 
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warming (Sinervo et al., 2010) and hydroclimatic constraints on ecosystem 

productivity and composition (Webb et al., 1978; Hawkins et al., 2003). The models 

are also correlative in that they derive parameter values from statistical relationships 

with occurrence records. Unlike previous models of SJD habitat suitability (Bean et 

al., 2014; Pearce et al., 2015; but see Cypher et al., 2013; Table S2), our models are 

appropriate for assessing habitat restoration potential on retired farmland because 

they properly account for anthropogenic land use. 

 

2. Methods 

2.1 Study system 

The San Joaquin Desert (SJD) of California encompasses 28,493 km2 

including the western and southern two-thirds of the San Joaquin Valley, as well as 

the Carrizo Plain and Cuyama Valley to the southwest (Germano et al., 2011). The 

SJD is distinguished from the larger San Joaquin Valley by low average precipitation 

(d 279 mm annually), aridic soils, and the presence of a high concentration of co-

occurring endemic plant and animal species (Williams et al., 1998). The SJD once 

supported extensive upland habitat composed of alkali sink scrub, saltbush shrub 

(Atriplex spp.), Ephedra scrubland, and grassland dominated communities as well as 

a vast aquatic system of lakes, rivers, marshes, and sloughs fed by rainfall and 

snowmelt from the Sierra Nevada. Today, most native habitat has been converted to 

row crops and orchards, remnant upland habitat is heavily impacted by exotic annual 

grasses and forbs, and wetlands have been drained to support agriculture (Wester, 
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1981; Nelson et al., 2003; Kelly et al., 2005). Thirty-five threatened or endangered 

species are now confined to isolated patches of habitat in the SJD (Table S1). 

We focus our analyses on habitat of an endemic species of the SJD, the 

endangered blunt-nosed leopard lizard (Gambelia sila). Because habitat of G. sila is 

broadly representative of habitat for other upland species of the SJD (Bradford, 1992; 

Germano et al., 2011) we assume that habitat trends for G. sila are broadly 

representative of natural habitat trends in the SJD. Gambelia sila were among the first 

species protected under United States law in 1967 (Udall, 1967) and remain listed as 

endangered today. Their status is mainly a result of habitat loss and fragmentation, 

energy development, and non-native vegetation (USFWS, 2010). They use their 

powerful hind limbs to sprint while evading predators and catching prey, which 

consist largely of coleopterans and orthopterans (Germano et al., 2007). Gambelia 

sila inhabit relatively flat, sparsely vegetated areas of the SJD including the valley 

floor, surrounding foothills, and valleys to the southwest (Germano & Williams, 

1992; Williams et al., 1998; Germano et al., 2011). 

 

2.2 Occurrence data  

 

We used 618 geographically unique G. sila occurrence records to develop 

habitat suitability models. We obtained occurrence data from publicly available data 

portals (e.g., VertNet.org, GBIF.org), the California Natural Diversity Database 

(CNDDB), correspondence with professional biologists, the literature, and from 
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surveys conducted by the authors of this paper. We corrected for sample bias 

(Schulman et al., 2007; Kramer-Schadt et al., 2013; Syfert et al., 2013) by using all 

geographically unique vertebrate occurrence records, within 50 km of occurrence 

locations, as background or pseudo-absence data (n = 6,285). We did not consider 

background data within the distribution of Gambelia wislizenii because of evidence of 

introgression (Grimes et al., 2014; Richmond et al., 2017), potential for competitive 

exclusion between these congeners (Means, 1975), and topographic barriers to 

dispersal. We thinned occurrence and background data to one record per 1-km grid 

cell to reduce geographic aggregation and spatial sorting bias. We removed areas 

from model training where occurrence intensity was biased by current land use (e.g., 

agricultural and urban areas; section 2.5), allowing our model output to be used as a 

metric of habitat quality not just on intact habitat, but also as a metric of pre-

development habitat quality on lands that have been lost to development. 

 

2.3 Environmental data 

 

We developed habitat suitability models using 11 candidate predictor 

variables known or hypothesized to be important to G. sila natural history, 

demography, and distribution (Table S3; Montanucci, 1965; Westphal et al., 2016). 

The 11 variables were composed of continuous metrics of climate (mean annual 

precipitation [MAP], climatic water deficit [CWD]), thermal physiology (hours of 

restriction [Hr], hours of activity [Ha]), vegetation productivity (normalized difference 
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vegetation index [NDVI], actual evapotranspiration [AET]), soil properties 

(percentage clay, pH, electrical conductivity), and modeled habitat suitability for a 

keystone taxon in G. sila habitat, kangaroo rats (Dipodomys), whose precincts and 

burrows generate high-quality refugia (Goldingay et al., 1997; Prugh & Brashares, 

2012). We obtained or derived climate, thermal physiological, and evapotranspiration 

data from the Basin Characterization Model (270 m resolution, mean values for 

1981–2010; Flint and Flint 2012). We estimated hours of restriction and hours of 

activity, the number of hours per day that temperatures are too hot or hot enough for 

G. sila activity, by regressing operative environmental temperature (Dzialowski, 

2005) data from 12 sites spanning the distribution of G. sila against maximum daily 

air temperature data at those sites (Figure S1; Vicenzi et al., 2017; Sinervo et al., 

2018). We deployed 4 models per site in both sun and shade habitats, and thus, 24 

models across the species range of two sizes, medium-large (22 × 4 cm) and large 

PVC (25 × 6 cm), all painted grey, suitable for computing hours of restriction in G. 

sila. We derived soil data for surface horizons from Soil Survey Geographic Database 

(SSURGO) polygons and filled missing areas with values estimated from satellite 

data (Hengl et al., 2014, 2015; Gozdowski et al., 2015). We derived average NDVI 

data from MODIS satellites measurements at 16-d temporal resolution and 250-m 

spatial resolution, over the period 2001–2010. We derived slope from 30-m resolution 

national elevation dataset (NED) raster grids. We estimated Dipodomys habitat 

suitability as a function of nine predictor variables (Table S3), using a MaxEnt model 

parameterized with Dipodomys occurrence locations spanning California.  
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2.4 Model selection and evaluation 

 

We evaluated 236 models, which included all possible, uncorrelated (|r| < 0.8) 

combinations of up to five of the 11 candidate predictor variables. We parameterized 

models with MaxEnt version 3.3.3k. We turned off hinge and threshold features to 

reduce overfitting and model complexity and to produce more mechanistically 

interpretable response curves. We used the following metrics to evaluate model 

performance: change in Akaike’s information criterion (∆AICc), area under the 

receiver operating characteristic curve (AUC), Boyce Index (BI), and unregularized 

training gain (Gain). We combined models with > 1% AICc model weight through 

multi-model averaging (Burnham & Anderson, 2002). We then used our resulting 

ensemble habitat suitability model to estimate historical distribution and habitat 

quality on intact and converted lands and to project potential climate-mediated 

changes in habitat suitability. We thresholded continuous suitability values into 

suitable and non-suitable areas using the threshold that maximized the true positive 

rate and true negative rate.  

We used four future climate scenarios to project potential changes in habitat 

suitability. Climate scenarios were selected to represent a range of potential future 

conditions, combining two global circulation models with two emission scenarios 

(Stewart et al., 2016; Thorne et al., 2016). Circulation models simulate physical 

processes in the atmosphere, ocean, and land surface. We also assessed current 
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limiting environmental factors for G. sila across geographic space. We identified the 

limiting covariate for each grid cell as the covariate providing the greatest increase in 

habitat suitability if the covariate value was adjusted to its mean value across 

occurrence locations.  

 

2.5 Habitat loss and extirpation 

 

We estimated the amount of habitat loss from agricultural, urban, and 

industrial development by overlaying our map of predicted historical distribution onto 

contemporary and historical land use maps. We obtained historical land use maps for 

the years 1945, 1960, and 1990 from the Central Valley Historical Mapping Project 

(Nelson et al., 2003; Olmstead & Rhode, 2003). Land use categories for 1990 were 

further refined using historical farmland maps from the California Farmland Mapping 

and Monitoring Program (CFMMP). We obtained contemporary (2015) land use 

maps from the California Fire Resource and Assessment Program and modified them 

by hand in accordance with aerial imagery. Estimated habitat loss for intermediate 

years was interpolated with LOESS regression. We used a statistical relationship 

between habitat patch size and probability of G. sila occupancy (Bailey & Germano, 

2015) to estimate per-site probability of occupancy and total amount of habitat loss 

caused by fragmentation. 

We assessed habitat loss at G. sila historical locations (i.e., extirpation) by 

reviewing records in the vicinity of areas of development to determine if spatial 
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information (e.g., aerial imagery, land use maps) associated with the records were 

sufficient to conclude that the habitat had been lost. From 1989–2016, during spring 

breeding (April to June), we extensively resurveyed two historical record locations on 

undeveloped habitat at or near the northern limit of the species historical distribution 

to determine if the species persisted at those sites (Table S4). We used parametric and 

nonparametric tests to assess our a priori hypothesis that dense herbaceous vegetation 

was responsible for these extirpations (Germano et al. 2001, 2012). We tallied areas 

of potential extirpation on intact habitat, where the species was documented 

historically but has not been seen for decades. We reduced historical (pre-1995) 

records from intact habitat to one unique occurrence location per 5-km resolution grid 

cell. We flagged unique historical localities that lacked corresponding recent (1995–

present) records within a 5-km radius as areas of potential extirpation.  

 

2.6 Habitat protection and restoration opportunity 

 

We used annual fallowed area maps produced by NASA (Melton et al., 2015) 

in conjunction with our G. sila historical habitat suitability maps to map the extent of 

formerly suitable G. sila habitat that was converted to agriculture but that has since 

been continuously out of agricultural production for 2013–2015. We considered these 

areas to be either retired or to have high potential for permanent retirement from 

agricultural production. We used logistic regression to assess the probability of 2013–

2015 fallowing as a function of CFMMP farmland quality. We used clumping 
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analysis to identify the areas of retired land that, if restored, and in conjunction with 

existing intact suitable habitat, would constitute continuous areas of suitable habitat ≥ 

4.94 km2 in size. The 4.94 km2 cutoff represented the minimum patch area sufficient 

for a > 90% probability of local population persistence over the historical era (Bailey 

& Germano, 2015). We used the California Protected Areas Database, the California 

Conservation Easement Database, and knowledge of additional areas under 

conservation easement, to identify areas of intact habitat that are currently either 

protected or not protected from habitat loss. Gambelia sila is a California Fully 

Protected Species, and no loss of habitat is permitted under state law. However, these 

protections are largely unenforced on agricultural lands (see section 3.4). We used 

clumping analysis to identify potentially vulnerable areas of unprotected habitat that 

currently contribute to large areas of intact habitat ≥ 4.94 km2 in size. 

 

 

3. Results 

3.1 Predicted habitat quality and distribution  

The best performing model of current habitat suitability for G. sila identified, 

in decreasing order of variable contribution, NDVI, Hr, slope, percentage clay, and 

electrical conductivity as the most important drivers of habitat suitability (Table 1A). 

This model had high utility as a predictor of current habitat suitability but was not 

appropriate for forecasting or hindcasting because of the limited temporal span of the 

satellite-derived vegetation index, NDVI. To achieve temporal transferability, we 
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performed a second iteration of model selection, limited to the 197 candidate models 

that did not include NDVI as a predictor variable. In lieu of NDVI, the resulting best-

performing models identified hydroclimatic correlates of vegetation productivity 

(AET, MAP) as the most important predictor variables.  

 

 
TABLE 4.1. Performance metrics and variable contribution of top performing habitat 
suitability models. Performance metrics are AICc model weight (W), change in 
Akaike’s information criterion (∆AICc), area under the receiver operating 
characteristic curve (AUC), Boyce Index (BI), and unregularized training gain (Gain). 
Models are ranked in order of increasing ∆AICc. See Table S3 for variable 
abbreviations and definitions. Blank cells indicate a variable was not included in the 
model. (A) The top five performing models selected from all 236 candidate models. 
Satellite derived vegetation productivity (NDVI) is the top predictor of G. sila 
distribution, however because NDVI is modified by agriculture it is not an 
appropriate predictor of historical, paleontological, or future distribution. (B) The top 
five performing models selected from the 197 candidate models that do not include 
NDVI. The top two performing models from B are the sixth and seventh ranked 
models (∆AICc = [40.064, 42.194]) from the full set of 236 candidate models.  

  Performance Metric % Variable Contribution 

A 

W ∆AICc AUC BI Gain slope NDVI AET CWD MAP pH clay EC hr ha dipo 

0.853 0.000 0.931 0.987 1.414 15.5 55.6     5.7 0.5 22.7    

0.147 3.517 0.930 0.991 1.404 14.5 56.6     5.5  23.3    

0.000 30.986 0.929 0.989 1.384 17.9 67.2     7.6 0.3  6.9   

0.000 34.660 0.928 0.995 1.378 17.2 66.2     7.9   6.5 2.2 

0.000 36.930 0.927 0.991 1.370 17.5 67.3         7.9     7.2   

B 

W ∆AICc AUC BI Gain slope NDVI AET CWD MAP pH clay EC hr ha dipo 

0.743 0.000 0.926 0.951 1.368 6.4    86.4 2.5 3.7 0.9     

0.256 2.130 0.926 0.947 1.366 10.4  77.5   7.2 3.8 1.0     

0.001 13.406 0.924 0.941 1.350   80.7   11.8 3.3 1.9   2.2 

0.000 17.522 0.923 0.982 1.348 10.5  79.6   4.8  2.5   2.6 

0.000 17.950 0.923 0.809 1.343 7.3       47.1 2.7 4.2     38.7   
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The best performing temporally-transferable habitat suitability model, which 

consisted of the weighted average of the top two performing models, incorporated six 

environmental variables: MAP, AET, slope, percentage clay, electrical conductivity, 

and pH (Table 1B). This ensemble model incorporated 100% of inter-model Akaike 

weight and also achieved a high AUC score of 0.93. We use this model for all 

subsequent analyses and figures. Two variables (MAP, AET) indexed hydrology and 

were related to preference for low herbaceous vegetation density. One variable 

(slope) is a measure of topography: G. sila are restricted to relatively flat habitat. 

Three variables measured soil characteristics: G. sila appear to have an affinity for 

lower clay content, more alkaline, and moderately saline soils, perhaps because these 

characteristics increase friability and reduce vegetation productivity (Figure S2).  

The model threshold that maximized the true positive rate and true negative 

rate, 0.206, successfully classified 94% of distinct occupancy locations as suitable 

habitat and classified 81% of background locations (where other species were 

detected) as unsuitable. These rates suggest that about 6% of real suitable habitat is 

unaccounted for and that some areas outside of our mapped suitable-distribution are 

perhaps occupied. If detection effort is biased against areas where the model fails to 

predict suitable habitat, then > 6% of suitable habitat could be missed by the model. 

Conversely, the thresholded model likely misclassified some of the non-suitable areas 

as suitable, though without true absence data or repeat visit data, it is not possible to 

accurately estimate the amount.  
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FIGURE 4.1. The historical distribution of habitat for Gambelia sila, extant sites, 
extirpated sites, lost habitat, and sites where persistence of G. sila has not been 
confirmed since before 1995. Extirpations caused by vegetation type shifts are sites 
apparently extirpated due to dense exotic vegetation. Areas of potential habitat 
restoration are sites that were continuously fallow (2013–2015) and, if restored, 
would constitute a patch of habitat of sufficient size to have a ≥ 90% probability of 
long term population persistence. County boundaries are shown in black. 
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The resulting map of habitat suitability classifies 20,610 km2 as historically 

suitable (Figure 1). The map includes central gaps, which correspond to the historical 

Tulare, Kern, and Buena Vista lakes, and where high clay content soils reduce 

suitability today (Figure 2A). Areas of highest predicted habitat quality were found in 

Kern County, southwestern Tulare County, and on alkaline soils of western Fresno 

County, including large portions of the Westlands Water District (Figure 2B; Figure 

S3). The predicted suitable habitat of G. sila encompassed occurrence locations for 

128 other endangered, threatened, or vulnerable species and contained the majority (≥ 

50%) of unique occurrence locations for 40 of these species (CNDDB records). 

The projected impact of climate change on G. sila varied substantially 

between scenarios of increased versus decreased precipitation (Figure 2C; Figure S4). 

Future dry scenarios (MIROC-ESM) resulted in a general trend of northward and 

peripheral expansion of suitable habitat. Conversely, scenarios of increased 

precipitation (CNRM-CM5) resulted in a general trend of peripheral contraction. 

Lower greenhouse gas emission scenarios (RCP 4.5) resulted in less change in the 

geographic boundaries of modeled suitable habitat than higher emission scenarios 

(RCP 8.5). Modeled habitat suitability declined monotonically in response to 

increased MAP and AET. 
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FIGURE 4.2. (A) Limiting environmental covariates across geographic space for 
Gambelia sila assessed using the top-performing model of habitat quality and in 
absence of habitat loss. High precipitation, and resulting high herbaceous vegetation 
biomass, are the most limiting variables for the lizard (see Table S3 for variable 
definitions). (B) Continuous ensemble habitat suitability over the geographic range of 
G. sila. High clay content, acidic, and overly saline soils create pockets of low and 
non-suitable habitat within the range of the lizard. (C) Projected climate-driven 
change in suitable habitat for G. sila under a drought scenario (MIROC-ESM, 
RCP8.5). See Fig. S4 for modeled change under four future climate scenarios. 

 

 

3.2 Habitat loss and extirpation caused by land use 

We used maps of habitat and land use to estimate that 13,568 km2 of G. sila 

habitat have been directly lost to agricultural and urban development, comprising 

66% of the predicted suitable range of the species. An additional 2.1% (437 km2 / 

20,610 km2) of habitat have been lost to fragmentation caused by development. The 

rate of habitat loss from agriculture and development appears to have peaked during 

the 1940s and 1950s, during which time 4,544 km2 of habitat was lost (Figure 3). 

Since 1960, an additional 2,971 km2 of habitat were lost to agricultural and urban 

development. Since protection under the US Endangered Species Preservation Act in 
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1967 (i.e., forerunner of the 1973 US Endangered Species Act [ESA]), we estimate 

that 2,021 km2 of G. sila habitat were lost to agricultural and urban development. One 

hundred and five historical occurrence locations for G. sila have been converted to 

agriculture or other forms of development and were classified as extirpated. At least 

45 occurrence locations where the species was documented after federal protection in 

1967 have since been lost to agriculture, urbanization, damning of reservoirs, and 

other forms of development. Thirty-five of those losses occurred after the species 

became fully protected under California law in 1970. Many of these lost habitat 

patches served as corridors connecting larger patches of natural habitat with 

documented presence of endangered species. At least eight documented occurrence 

locations were converted to agriculture during the last decade (2007–2016; Table S5). 
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FIGURE 4.3. Area of Gambelia sila habitat converted to agricultural and urban 
development over time as estimated from the intersection of historical land use maps 
and predicted historical distribution. Dashed lines correspond to the year 1967, when 
the species became federally protected. 
 

 

3.3 Apparent vegetation-mediated climatic niche contraction  

We did not detect G. sila after extensive resurvey effort at two historical 

occurrence locations on apparently intact habitat at, or near, the former northern range 

limit of the species (Figure 1; Table S4). These extirpated sites had significantly 

higher AET (i.e., proxy for vegetation biomass) than 14 extant localities we surveyed 

for G. sila in 2014 (Wilcoxon’s signed rank test, p < .05), and significantly higher 

AET than 307 recent record locations where the lizard has been recorded since 1995 

(Wilcoxon’s signed rank test, p < .01; Figure 4). The vegetation at northern extirpated 

sites was dominated by dense exotic grasses and forbs. 
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FIGURE 4.4. Actual evapotranspiration (AET) at Gambelia sila occurrence locations 
on undeveloped habitat is higher at sites where G. sila have not been seen for longer 
and where G. sila are now extirpated (Kruskal-Wallis rank sum test, p < .001). Shown 
are AET values at unique locations where G. sila were detected only within the given 
range of years (5-km radius). Extirpated sites are historical record locations that were 
surveyed extensively to confirm loss of lizard populations (Figure 1). Boxes and 
whiskers depict the median, interquartile, and range.  
 

 

 AET was significantly higher across all distinct historical (pre-1960) 

occurrence locations on intact habitat than at modern (1995 and after) distinct 

occurrence locations (Wilcoxon’s signed rank test, p < .001; t-test, p < .001; Figure 

S5). A total of 103 geographically distinct pre-modern (pre-1995) record locations on 

intact habitat lacked modern (1995–present) documentation of local persistence 

within 5 km of a historical location; we flagged these sites as potentially extirpated. 

Potentially extirpated sites comprise 49% (103/211) of distinct pre-modern 

occurrence locations on intact habitat. The most recent observation at 50 of these 
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potentially extirpated historical sites was from before 1980. The most recent 

observation at 16 of these sites was before 1960. AET was higher at sites where the 

lizards had not been seen for longer for each of four time-since-last-detection 

categories (Kruskal-Wallis rank sum test, p < .001; Figure 4).  

 

3.4 Habitat protection and restoration opportunity 

 

Of the remaining 7,041 km2 of G. sila habitat 1,799 km2 (26%) are currently 

protected as public land or under conservation easements, comprising 8.7% of the 

precolonial suitable habitat for the species. We identified 5,371 km2 of intact and 

suitable G. sila habitat that are not currently protected under public ownership or 

conservation easement. Ninety-one percent (4,903 km2) of this intact unprotected 

habitat contributed to large patches of habitat (> 4.94 km2), with high probability (> 

90%) of G. sila population persistence based on patch size. We identified 1,007 km2 

of potentially retired farmland (continuously fallow 2013–2015) located on formerly 

suitable habitat for G. sila, and potentially suitable for habitat restoration and 

reintroduction. Narrowing our search to prioritize large patches of habitat (> 4.94 

km2), with high probability (> 90%) of G. sila population persistence based on patch 

size, we identified 610 km2 of continuously fallow farmland that, with restoration, 

and in conjunction with existing habitat, would form these large patches of habitat 

(Figure 1). Farmland quality was a strong predictor of whether land was left fallow 
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during the 2013–2015 drought period (p < .001), with lesser quality agricultural lands 

being far more likely to be fallow during this period. 

 

4. Discussion 

 

4.1 Conservation trajectory 

 

Despite the presence of dozens of threatened and endangered species, loss of 

natural habitat continues in the SJD. Over the past half century, habitat destruction in 

the SJD has slowed but it has not halted or reversed (Figure 3). The estimated amount 

of G. sila habitat lost since the species became protected is greater than the total 

amount of habitat currently protected through public ownership and conservation 

easement. Unmitigated habitat loss to agricultural and other land conversion 

continues on large parcels of habitat, including areas with documented G. sila 

occurrence, areas adjacent to protected lands, and areas that formerly served as 

corridors connecting large patches of habitat (Table S5). These trends appear to be 

generalizable to other upland endangered species of the SJD. 

Where habitat remains undeveloped, invasion of exotic annual grasses and 

forbs appears to be responsible for peripheral range contraction from the mesic 

margins of the distribution of G. sila. Before European colonization of California, 

native habitat provided areas of relatively bare soil (Wester, 1981), important for 

lizard locomotion while hunting and evading predators, and for basking (Montanucci, 
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1965). Today, widespread invasion by exotic annual grasses and forbs has resulted in 

dense thatch that precludes these behaviors, and leads to demographic decline 

(Germano & Williams, 2005; Germano et al., 2012), particularly in peripheral 

portions of the species range where higher precipitation adds to herbaceous 

productivity. Though many invasive grasses and forbs that affect G. sila were first 

introduced to California more than a century ago, the patterns we observe in 

occurrence data suggest that vegetation-mediated range contraction of G. sila may be 

still unfolding (Figure 4). The full effects of biological invasions are mediated by 

stochastic processes and can take millennia to unfold (Crooks, 2005; Strayer et al., 

2006). Anthropogenic nitrogen deposition has likely exacerbated the impacts of 

exotic grasses and forbs on SJD endemic species, and its impacts are worthy of 

further investigation (Fenn et al., 2010). Grazing by livestock and native kangaroo 

rats can reduce thatch and mitigate the impact of invasive grasses and forbs (Germano 

et al., 2001; Prugh & Brashares, 2012); however, even in areas under active 

management (e.g., vegetation restoration, grazing to thin excess herbaceous growth, 

etc.), such as Allensworth Ecological Reserve, Pleasant Valley Ecological Reserve, 

and Pixley National Wildlife Refuge, G. sila populations have declined precipitously 

since the 1990s (USFWS, 2010). 

The high proportion (49%) of historical occurrence locations on intact habitat 

where G. sila have not been documented for over two decades or longer is of great 

concern. Many of these sites may have suffered extirpation as a result invasion by 

exotic annual grasses and forbs. Over 20 years ago, Germano and Williams (1992) 
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identified a range-wide status survey as a top priority for G. sila recovery, noting that 

“no status survey has ever been conducted, even though the species was first federally 

listed in 1967.” We echo the importance of conducting this type of range-wide 

survey. A status survey is necessary to fully evaluate the conservation status and 

potential future recovery of the species. Resurveying old occurrence locations may 

also aid in resolving uncertainty in how species will respond to climate change 

(supplementary online text). Few reports from previous surveys have recorded where 

G. sila were not detected (but see Bailey & Germano, 2015). Documenting such 

information would enable ecologists to shift from a presence-data-only modeling 

framework to a more robust occupancy modeling framework and improve the 

capacity for species management and conservation.   

Three previous studies used non-quantitative methods to estimate the 

proportion of G. sila habitat lost to development. They estimated that between 80–

94% of habitat had been lost (Germano & Williams, 1992, 2005; Jennings, 1995). 

Based on our analysis of habitat lost to agriculture, development, and fragmentation 

(68% of habitat), discovery of apparent vegetation and climate-mediated extirpations 

and range contraction, the large proportion of sites where G. sila have not been seen 

for decades, and other sources of unquantified habitat loss and degradation, we 

conclude that these previous estimates may reasonably bracket the proportion of 

habitat loss and range contraction experienced by the species. Other unquantified 

sources of habitat loss and degradation include off-road vehicle use, petrochemical 
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extraction, solar infrastructure, aerial application of insecticides, and atmospheric 

nitrogen deposition (Fenn et al., 2010; USFWS, 2010). 

 

4.2 Habitat protection, restoration, and reintroduction priorities 

  

 In the midst of the downward trend in intact habitat in the SJD, a trend toward 

retirement of marginal farmland has also emerged (Melton et al., 2015). Much 

farmland in the western SJD is of marginal quality and suffers from salinization due 

to irrigation of saline soils with low permeability clay layers (Cismowski et al., 2006), 

making irrigated agriculture unsustainable (Schoups et al., 2005). Climate change in 

the SJD is also contributing to reduced water availability and increased evaporation 

(AghaKouchak et al., 2014; Griffin & Anchukaitis, 2014; Wang & Hipps, 2014). The 

trend toward fallowing and retirement of farmland is projected to continue as climate 

change exacerbates drought stress and basins come into compliance with California’s 

Sustainable Groundwater Management Act (Hanak et al., 2017). 

We identify 610 km2 of farmland with strong potential for habitat restoration. 

The lands were continuously fallow for three years of the California megadrought 

(2013–2015) and would contribute to sufficiently large patches of habitat for a high 

probability of G. sila population persistence. Because the drivers of which lands are 

retired in response to reduced water availability are likely to be constant over time 

(i.e. farmland soil quality, water rights) we believe that these lands can serve as a 

preview of some of the areas that are likely to be retired over the coming decades. 
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With more than 2,000 km2 of SJD farmland projected to be retired in the next 30 

years as basins adapt to reduced water availability, habitat restoration could represent 

an important contribution toward the recovery of dozens of threatened and 

endangered species. Restoration is attractive because it potentially reverses the trend 

of habitat loss as opposed to merely slowing decline. Nevertheless intact habitat tends 

to be superior to restored habitat (Benayas et al., 2009). Efforts toward restoration 

should not supplant, but rather should supplement traditional methods of habitat 

protection and management. Both approaches may be used in concert to conserve a 

diverse portfolio of sufficiently large patches of habitat.   

The prospect of restoring land that is no longer cost-effective for agriculture 

may represent an efficient means of habitat conservation; however, more knowledge 

and experimentation is needed to understand the timeline and parameters that 

influence habitat suitability for threatened and endangered species on such lands. 

Currently, only one study has evaluated restoration on retired farmland in the SJD 

(Laymon et al., 2010). The study evaluated upland restoration treatments ranging 

from the “do nothing approach” of simply letting natural processes carry out on their 

own, to more intensive treatments, including various combinations of sowing native 

seeds, burning, weed management, irrigation, and microtopographic grading. Among 

other findings, Laymon et al. (2010) found the number of years that sites were fallow 

was positively correlated with native plant cover. Elsewhere, we have observed that 

G. sila and other endangered species have recolonized farmland that has been retired 

for decades in the absence of any restoration interventions (Table S6). Given enough 
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time, simply retiring land may be sufficient for some aspects of habitat recovery. 

Low-cost, high-reward interventions that could expedite recovery might include 

translocating native ecosystem engineers such as Heerman’s kangaroo rats 

(Dipodomys heermanni), re-establishing native shrubs, and a combination of targeted 

grazing by livestock and burning to control weeds (Germano et al., 2001, 2012; 

Laymon et al., 2010; Prugh & Brashares, 2012). If success can be demonstrated, 

restoration could serve in tandem with protection of undisturbed lands as an effective 

strategy for recovery of threatened and endangered species. 

We encourage consideration of the following factors in prioritizing land for 

protection and restoration. First, sandy and alkaline soils appear to be ideal for 

conservation in the SJD; they support less growth by exotic grasses and forbs, they 

are associated with occurrence of G. sila on intact habitat (Figure S2), and they have 

higher native plant cover following habitat restoration on farmland (Laymon et al., 

2010). Second, potential linkages between existing patches of protected habitat may 

be especially valuable and should be prioritized (Gilbert-Norton et al., 2010). Our 

maps reveal several such potential linkages including both on unprotected intact 

habitat and on farmland with strong potential for retirement and restoration. Third, 

many of the areas with high potential for permanent retirement encompass or are 

proximate to historical G. sila occurrence records, providing additional evidence that 

these areas once served as habitat and have potential to again serve as habitat. These 

include areas that are not adjacent to intact habitat and where translocation may be 

necessary to re-establish populations. Finally, a prudent strategy for conserving 
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endangered species in the face of uncertainty is to maintain a diverse portfolio of 

genetic lineages on climatically and environmentally differentiated habitats (Lawler, 

2009). Recent analysis of G. sila genomic and mitochondrial datasets (Richmond et 

al., 2017) identify six regional groups that generally align with U.S. Fish and Wildlife 

Service designated recovery areas (USFWS, 2010). Conservationist should prioritize 

habitat protection for the clades that are underrepresented by current habitat 

protections.  
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Supplementary Material for Chapter 4 
 
 
Appendix S1. Potential climate change impacts on blunt-nosed leopard lizards 

Much uncertainty remains in how blunt-nosed leopard lizards (Gambelia sila) 
will respond to climate change. Given uncertainty in the impacts of climate change, 
the ideal conservation strategy may be functionally equivalent to the ideal 
conservation strategy in the absence of climate change: managers should maintain a 
diverse portfolio of genetic lineages on environmentally diverse habitats (Lawler, 
2009).  

On the mesic margin of the species’ distribution, historical and modern 
distributional limits appear to be governed by herbaceous vegetation productivity (i.e. 
AET, Figure S2). This limit to the species’ climatic niche is supported by multiple 
lines of evidence: demographic decline in response to high precipitation years with 
high herbaceous biomass (Germano & Williams, 2005), observations of G. sila 
having difficulty moving through dense thatch, the apparent invasive-species-
mediated climatic niche contraction we document in this paper (Section 3.3) , and 
geographic patterns in occurrence data. Accordingly, our distribution models are 
sensitive to changes in precipitation and evapotranspiration, with scenarios of 
decreased future precipitation resulting in projections of peripheral range expansion 
and scenarios of increased future precipitation resulting in projections of peripheral 
range contraction (Figure S4).  

While the current distribution of G. sila is limited by excess water availability, 
it does not appear that its distribution is currently controlled by hot or dry limits to its 
climatic niche. The species currently occupies the hottest and driest portions of its 
geographic range in the San Joaquin Desert (Figure S2). Though authors of this paper 
documented temporary cessation of reproduction in response to extreme drought 
conditions and water year precipitation below 92 mm (Germano et al., 1994; 
Westphal et al., 2016), no instances of extirpation or range limitation appear to be 
associated with hot or dry conditions. Population viability analyses may be necessary 
to assess whether potential drought scenarios could pose a risk for G. sila. Further, 
other members of the genus Gambelia occur in hotter and drier environments than are 
occupied by G. sila (Figure S6), suggesting that G. sila could possess capacity to 
tolerate similar conditions.  

We urge caution in interpreting our projections of changes in habitat 
suitability under potential climate change scenarios (Figure 2C, Figure S4). The 
projections we present were selected to represent approximate bounds of the range of 
projected change in precipitation represented in CMIP5 for California. Most future 
climate scenarios project less change in mean annual precipitation in California than 
the scenarios presented, with end-century ensemble means approximating no change 
in mean annual precipitation (Thorne et al., 2016). Additionally, the model does not 
account for projected increases in interannual precipitation variability (Swain et al., 
2018), which could negatively impact G. sila throughout its range (Germano & 
Williams, 2005; Westphal et al., 2016). Developing models that account for the 
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response of G. sila to these components of climate change may be possible with 
sufficient demographic data. Populations residing on habitat that features edaphic and 
topographic diversity may be more robust to forecasted increases in interannual 
precipitation variability. 
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Table 4.S1. Threatened, endangered, extinct, and extirpated species of the San 
Joaquin Desert. List includes 42 species with occurrence records that fall within the 
boundary of the San Joaquin Desert (sensu Germano et al., 2011). SSC indicates a 
California species of special concern. 
 

Threatened and Endangered Species Fed. Status CA Status Persistence 
Sacramento perch, Archoplites interruptus None SSC Extirpated  
Gray wolf, Canis lupus Endangered Endangered Extirpated 
Western yellow-billed cuckoo, Coccyzus americanus occidentalis Threatened Endangered Extirpated  
Southwestern willow flycatcher, Empidonax traillii extimus Endangered Endangered Extirpated 
California condor, Gymnogyps californianus Endangered Endangered Extirpated 
Thicktail chub, Siphatales crassicauda None None Extinct  
California grizzly bear, Ursus arctos californicus None None Extinct 
California tiger salamander, Ambystoma californiense Threatened Threatened Extant 
Nelson’s antelope squirrel, Ammospermophilus nelsoni None Threatened Extant 
Bakersfield saltbush, Atriplex tularensis None Endangered Extant 
Conservancy fairy shrimp, Branchinecta conservatio Endangered None Extant 
Longhorn fairy Shrimp, Branchinecta longiantenna Endangered None Extant 
Vernal pool fairy shrim, Branchinecta lynchi Threatened None Extant 
Swainson's hawk, Buteo swainsoni None Threatened Extant 
San Benito evening primrose, Camissonia benitensis Threatened None Extant 
California jewelflower, Caulanthus californicus Endangered Endangered Extant 
Western Snowy Plover, Charadrius alexandrinus nivosus Threatened None Extant 
Palmate Salty Bird's-Beak, Chloropyron palmatum Endangered Endangered Extant 
Valley elderberry longhorn beetle, Desmocerus californicus 
dimorphus 

Threatened None Extant 

Giant kangaroo rat, Dipodomys ingens Endangered Endangered Extant 
Fresno kangaroo rat, Dipodomys nitratoides exilis Endangered Endangered Unknown 
Tipton kangaroo rat, Dipodomys nitratoides nitratoides Endangered Endangered Extant 
Kern mallow, Eremalche kernensis Endangered None Extant 
Delta button celery, Eryngium racemosum None Endangered Extant 
Hoover’s spurge, Euphorbia hooveri Threatened None Extant 
Kern primrose sphinx moth, Euproserpinus euterpe Threatened None Extant 
Blunt-nosed leopard lizard, Gambelia sila Endangered Endangered Extant 
Greater sandhill crane, Grus canadensis tabida None Threatened Extant 
Bald eagle, Haliaeetus leucocephalus None Endangered Extant 
Vernal pool tadpole shrimp, Lepidurus packardi Endangered None Extant 
San Joaquin woollythreads, Monolopia congdonii Endangered None Extant 
Colusa grass, Neostapfia colusana Threatened Endangered Extant 
San Joaquin Valley woodrat, Neotoma fuscipes riparia Endangered SSC Extant 
Bakersfield cactus, Opuntia basilaris var. treleasei Endangered Endangered Extant 
San Joaquin adobe sunburst, Pseudobahia peirsonii Threatened Endangered Extant 
California red-legged frog, Rana draytonii Threatened SSC Extant 
Bank swallow, Riparia riparia None Threatened Extant 
Buena Vista Lake ornate shrew, Sorex ornatus relictus Endangered SSC Extant 
Riparian brush rabbit, Sylvilagus bachmani riparius Endangered Endangered Extant 
Giant garter snake, Thamnophis gigas Threatened Threatened Extant 
Least Bell's vireo, Vireo bellii pusillus Endangered Endangered Extant 
San Joaquin kit fox, Vulpes macrotis mutica Endangered Threatened Extant 
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Table 4.S2. Biases and critiques of previous species distribution models for San 
Joaquin Desert species. 

 Pearce 
et al. 
2015  

Bean 
et al. 
2014 

Cypher 
et al. 
2013 

Sampling bias; conflated land use and environmental determinant of 
habitat suitability 

X X  

Erroneous procedure used for merging multiple model runs based 
on data subsets 

X   

Low number of occurrence points associated with a multitude of 
dummy variables associated with land use and hydrological 
categorical variables; low predictive power within these categories 

X   

Expert assessment based SDM; not statistically linked to empirical 
occurrence data 

  X 
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Table 4.S3. Information on 11 candidate predictor variables evaluated for their 
strength in determining habitat quality and distribution. 

Variable Abbrev Definition and explanation 

Climate, Hyrdoclimate, Ecophysiology, and Vegetation 

Hours of 
Restriction 

Hr Average number of hours per day during the breeding season (AMJJ) that operative 
environmental temperatures are too hot for G. sila to be active above ground (Sinervo et 
al., 2010). Derived at 270-m resolution for the period 1981–2010. 

Hours of Activity Ha Average number of hours per day during the active season (AMJJASO) that operative 
environmental temperatures are hot enough for G. sila to be active above ground 
(Sinervo et al., 2010). Derived at 270-m resolution for the period 1981–2010. 

Precipitation MAP Mean annual precipitation. Derived at 270-m resolution for the period 1981–2010 (Flint 
& Flint, 2012). 

Actual 
Evapotranspiratio
n 

AET Actual evapotranspiration is a strong correlate of vegetation productivity. Derived at 270-
m resolution from the basin characterization model for the period 1981–2010 (Flint & 
Flint, 2012). 

Vegetation Index NDVI Normalized difference vegetation index is a satellite measurement of vegetation 
productivity. Values are the mean NDVI for the period 2001–2010 as derived from 250m 
resolution MODIS satellite data. 

Climate Water 
Deficit 

CWD Climate water deficit is an index of drought stress and is defined as the difference 
between actual evapotranspiration and potential evapotranspiration. Derived at 270-m 
resolution from the basin characterization model for the period 1981–2010 (Flint & Flint, 
2012). 

Topography 

Slope slope Slope in degrees as derived from 30-m grid cells. 

Soil 

Percent Clay clay Percent soil clay in the surface horizon as derived from SSURGO and with missing 
values filled with estimates from Hengl et al (2014). 

Soil pH pH pH of the surface horizon as derived from SSURGO and with missing values filled with 
estimates from Hengl et al (2014). 

Electrical 
Conductivity 

EC Electrical conductivity of soil in the surface horizon as derived from SSURGO and with 
missing values filled with estimates from Hengl et al (2014). 

Interspecific Interaction 

Dipodomys 
suitability 

dipo Modeled habitat suitability for Dipodomys spp. Kangaroo rats (Dipodomys spp) are in 
important keystone species in the San Joaquin Desert and other arid ecosystems. They 
improve habitat for G. sila by creating burrows, maintaining networks of paths through 
herbaceous vegetation, and regulating herbaceous vegetation density. The Maxent model 
was fit to statewide species occurrence data and the following variables: MAP, AET, 
CWD, slope, clay, pH, EC, Mean Summer Temperature, and Mean Winter Temperature. 
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Table 4.S4. Summary of resurvey effort for two apparently extirpated historical 
record locations at or near the historical northern range margin of Gambelia sila. 
Latitude, Longitude Resurvey Period and 

Effort 
Historical Record 
Information 

37.63779, -121.4937 Annually 1989–1994, 1997, 
2000; ca. 200 person-hours 
resurvey effort per year. 

Corral Hollow Road, 1958 
Laurie Vitt observations. 

37.47642, -121.2342 Annually 1989–1994, 2001, 
2008; ca. 200 person-hours 
resurvey effort per year. 

Del Puerto Canyon, 1958 
Laurie Vitt observations. 

 
 
 
Table 4.S5. Locations of some recent Gambelia sila habitat destruction. This list is 
by no means comprehensive. It is a partial list of locations where the authors and 
collaborators have observed habitat loss in the course of other work duties. 
Examining historical aerial imagery in the vicinity of many of these disturbances 
reveals additional instances of habitat loss that are not included in this table. Year and 
acreage of disturbances may represent multi-year habitat erosion processes.  

Year County Adjacent to 
Protected 
Habitat 

Distance to 
Documented 
G. sila  
Occupancy 

Corridor 
Connecting 
Habitat 
Patches 

Approx. 
Acreage 

Latitude, Longitude 

2015 Kern No On Site N 160 35.409198, -119.399173 
2007 Kern Yes < 700 m Y 220 35.479899, -119.425824 
2008 Kern Yes < 300 m N 200 35.127131, -119.354716 
2015 Kern Yes < 150 m N 180 35.213365, -119.416336 
2015 Tulare Yes On Site Y 320 35.796286, -119.388074 
2011 Tulare Yes < 200 m N 160 35.772953, -119.411945 
2012 Tulare Yes < 2.5 km Y 640 35.782770, -119.517220 
2003 Tulare Yes On Site Y 160 35.796215, -119.394069 
2007 Kings No On Site Y 10000 35.843955, -119.803449 
2011 Kern Yes < 500 m N 85 35.370365, -119.498551 
2012 Kern No < 250 m N 200 35.264218, -119.259748 
2016 Madera Yes On Site N 160 36.884134, -120.309301 
2013 Madera Yes On Site N 80 36.877427, -120.315046 
2009 Tulare Yes On Site Y 2500 35.836928, -119.368604 
2012 Tulare Yes < 1km N 150 35.832188, -119.330774 
2013 Kern No < 2km N 5 35.614723, -119.650583 
2013 Tulare Yes < 200m N 100 35.866522, -119.326672 
2014 Kings No < 300m N 1840 36.203196, -119.726509 
2015 Kern Yes < 2km Y 757 35.622921, -119.628334 
2015 Kings Yes On Site Y 1500 35.803193, -119.562347 
2016 Kern No < 3 km N 151 35.621325, -119.639746 
2016 Kern No < 12 km N 80 35.447827, -119.274736 
2016 Kern Yes On Site Y 20 35.463298, -119.387983 
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Table 4.S6. Locations of Gambelia sila occurrence observed on retired agricultural 
lands. Scars from former ploughing are clearly visible on aerial imagery of these 
sites. 
Latitude, Longitude Year of G. sila Observation 
35.088084, -119.679246 2012 
35.088777, -119.679645 2012 
35.089945, -119.677698 2012 
35.268610, -119.860016 2012 
35.270076, -119.858573 2012 
35.271588, -119.859976 2012 
36.626220, -120.863500 2009 

 
 

 
Figure 4.S1. Hours of restriction during the breeding season (left) and hours of 
activity during the active season (right). Hours of restriction are average number of 
hours per day during the breeding season (AMJJ) that operative environmental 
temperatures are too hot for Gambelia sila to be active above ground. Hours of 
activity are number of hours per day during the active season (AMJJASO) that 
operative environmental temperatures are hot enough for G. sila to be active (Sinervo 
et al., 2010). Gambelia sila occurrence locations are shown in black. Values are 
derived from temperatures from 1981–2010. 
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Figure 4.S2. Density plots for 11 candidate predictor variables. Shown are Gambelia 
sila occurrence locations and background sampling locations used for parameterizing 
our models. Occurrence data was thinned to one record per 1-km grid cell. Old 
locations on developed habitat were not included. 
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Figure 4.S3. Habitat suitability in the Westlands Water District peaks on alkaline 
soils located in the western portions of the district. Under a settlement negotiated with 
the federal government at least 405 km2 of farmland in Westlands Water District will 
be permanently retired, including 70–210 km2 of formerly suitable habitat for 
Gambelia sila. The thick border is Westlands Water District boundary. Thin borders 
are county boundaries. For information on the settlement between the federal 
government and Westlands Water District see https://wwd.ca.gov/resource-
management/drainage-settlement-documents/. 
 
 

https://wwd.ca.gov/resource-management/drainage-settlement-documents/
https://wwd.ca.gov/resource-management/drainage-settlement-documents/
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Figure 4.S4. Modeled change in habitat suitability over time for four future climate scenarios. Climate 
scenarios were selected to represent a range of potential future conditions, combining two global 
circulation models with two emission scenarios. The global circulation models predict either a 
relatively hot and dry future (MIROC-ESM) or a relatively warm and wet future (CNRM-CM5). The 
emission scenarios represent either relatively high (RCP 8.5) or relatively low (RCP 4.5) emission 
trajectories. Decreased precipitation leads to a predominant trend of northward expansion in the 
MIROC-ESM scenarios. Conversely, increased precipitation leads to peripheral contraction in the 
CNRM-CM5 scenarios.  
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Figure 4.S5. Change in climatic niche of Gambelia sila from the historical era to 
modern era with respect to actual evapotranspiration (AET). The distribution of all 
distinct G. sila record locations on intact habitat has shifted toward sites with lower 
AET from the historical (pre-1960) to modern (1995 or after) periods. 
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Figure 4.S6. Comparison of realized climatic niches for Gambelia sila and congeners 
in the genus Gambelia. Other members of the genus occupy hotter and drier 
environments than are available to G. sila in the San Joaquin Desert (see also Fig S2). 
Occurrence data were thinned to one record per 30-arcsecond climate grid cell. 
Climate data were extracted from 30-arcsecond resolution WorldClim surfaces for the 
period 1960–1990 (Hijmans et al., 2005) instead of from the Basin Characterization 
Model (used in all other analyses; see text) because occurrence data extends beyond 
the domain of the later. 
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