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Abstract

Two fundamental issues in ecology are understanding what influences the distribution and abundance of organisms

through space and time. While it is well established that broad-scale patterns of abiotic and biotic conditions affect

organisms’ distributions and population fluctuations, discrete events may be important drivers of space use, survival,

and persistence. These discrete extreme climatic events can constrain populations and space use at fine scales beyond

that which is typically measured in ecological studies. Recently, a growing body of literature has identified thermal

stress as a potential mechanism in determining space use and survival. We sought to determine how ambient temper-

ature at fine temporal scales affected survival and space use for a ground-nesting quail species (Colinus virginianus;

northern bobwhite). We modeled space use across an ambient temperature gradient (ranging from �20 to 38 °C)
through a MAXENT algorithm. We also used Andersen–Gill proportional hazard models to assess the influence of ambi-

ent temperature-related variables on survival through time. Estimated available useable space ranged from 18.6% to

57.1% of the landscape depending on ambient temperature. The lowest and highest ambient temperature categories

(<�15 °C and >35 °C, respectively) were associated with the least amount of estimated useable space (18.6% and

24.6%, respectively). Range overlap analysis indicated dissimilarity in areas where Colinus virginianus were restricted

during times of thermal extremes (range overlap = 0.38). This suggests that habitat under a given condition is not

necessarily a habitat under alternative conditions. Further, we found survival was most influenced by weekly mini-

mum ambient temperatures. Our results demonstrate that ecological constraints can occur along a thermal gradient

and that understanding the effects of these discrete events and how they change over time may be more important to

conservation of organisms than are average and broad-scale conditions as typically measured in ecological studies.
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Introduction

Two fundamental issues in ecology are understanding

what influences the distribution and abundance of

organisms (Krebs, 1988). Resource bottlenecks have

been suggested as potential limiting periods in which

resources for an organism are restricted, which can

influence the size and distribution of populations

(Maron et al., 2015). These periods of resource bottle-

necks have been linked to extreme climatic events

(ECEs) and stochastic perturbations that populations

are exposed to (Parmesan et al., 2000; Maron et al.,

2015). However, how researchers define spatial and

temporal scales is important and can influence our

understanding of how extreme events can directly

affect organisms (Mooij et al., 2002). At fine temporal

and spatial scales, resource use is highly dynamic and

can vary based on the availability of other necessary

resources (Mooij et al., 2002; Beerens et al., 2015), envi-

ronmental conditions (Mooij et al., 2002; Hovick et al.,

2014; Carroll et al., 2015a), or with biotic interactions

(Ryder & Sillet, 2016). These patterns may exist at smal-

ler scales of resolution than typically studied (Dunbar

et al., 2009; Maron et al., 2015), and as a result, extreme

events may facilitate changes in space use and/or sur-

vival at both fine temporal (Carroll et al., 2015a) and

spatial (Hovick et al., 2014) scales. Understanding how

extreme events can lead to constraints in space use

and/or survival (i.e., an ecological constraint) across

scales is a high priority in the context of climate

change.

It is important to explicitly define what constitutes an

ECE within the context of specific research objectives to

facilitate comparisons across studies (Smith, 2011; Bai-

ley & van de Pol, 2016). Here, we combine both climato-

logical and biological definitions of ECEs, in which

ECEs are events where the conditions occurring are
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rare relative to the distribution of those conditions (i.e.,

occurring <5% of the time; Smith, 2011). Furthermore,

these events must also result in an extreme negative

biological response for an organism (i.e., constraining a

response parameter to the lower tail of the parameter’s

distribution; Bailey & van de Pol, 2016). However, this

pattern can exist at smaller temporal scales (i.e.,

weather) when environmental conditions fluctuate to

extreme values within daily and weekly time periods

(Brown & Brown, 1998). These fine-scale ECEs can con-

strain the ecological or selective space available to an

organism which may have survival implications

(Fig. 1).

Constraints in space use and/or survival can occur

across multiple temporal and spatial scales, and the

implications are dependent on the phenotypic variation

among species or individuals (Bestion et al., 2015), as

well as landscape heterogeneity that might provide

buffering or refugia for organisms to escape these

extreme periods (Hovick et al., 2014; Carroll et al.,

2015a,b). Thus, the direct effects of these events are

organism-specific. It is important to not only under-

stand when ECEs ecologically constrain organisms, but

to estimate how the frequency and magnitude of these

events may be altered in future due to the trajectory of

global change as this has population and species persis-

tence implications.

There are multiple climatic variables that could

constrain organisms during extreme events, but tem-

perature is an obviously relevant variable given the

rapid changes in temperatures occurring across the

globe (Parmesan et al., 2000). Specifically, temperature

may constrain the amount of space usable by organ-

isms (Carroll et al., 2015a) and decrease vital rates

(McKechnie & Wolf, 2010; Sanz-Aguilar et al., 2012),

thus potentially increasing the effects of extreme

events related to thermal conditions. It has been sug-

gested that heterogeneity in plant community struc-

ture can play a role in the stabilization of faunal

populations through increased opportunities in estab-

lishing climatic niches (Parmesan et al., 1999; Hampe

& Petit, 2005; Hovick et al., 2015). However, despite

thermal tolerances being a long understood ecological

driver of species distributions (Begon et al., 2006), it

was only recently that studies began to scale down

to assess how organisms respond to fine-scale pat-

terns of thermal heterogeneity that are driven by

landscape structure and heterogeneity (Hovick et al.,

2014; Melin et al., 2014; Carroll et al., 2015a; Marc-

hand et al., 2015). Furthermore, previous literature

has often focused on annual means in relation to

thermal constraints on organisms, and few studies

have examined fine-scale spatiotemporal variability in

thermal conditions to estimate ecological constraints

related to these conditions (Dunbar et al., 2009).

Structural patterns in a landscape can drive ecologi-

cal processes (Turner, 1989), and moderation of thermal

conditions is an important aspect of landscape patterns

that may be critical in maintaining flora and fauna in

the face of climate change (Hovick et al., 2014; Carroll

et al., 2015a; Marchand et al., 2015). Considering the

predicted increases in annual global temperatures by

climate models (IPCC, 2014), species that are unable to

adapt or that exhibit strong niche conservatism face

threats of declines or possible extinction (Parmesan,

2006; Wiens et al., 2012). Predictive climatic models

indicate that the frequency and intensity of extreme

events will increase (Easterling et al., 2000; Sch€ar et al.,

2004; Cook et al., 2015), and ecological models predict

that these changes will likely limit demographic rates

(Frederiksen et al., 2008; McKechnie & Wolf, 2010; Sel-

wood et al., 2015) and restrict or cause shifts in species

distributions (Lawler et al., 2009; Thomas, 2010). If habi-

tat selection can influence survival of individuals (Block

& Brennan, 1993), extreme thermal conditions could

Fig. 1 A theoretical model illustrating potential extreme cli-

matic events and a subsequent negative biological response

(outlined by red boxes) resulting in ecological constraints,

which may occur at both ends of an environmental gradient.

Insets illustrate how usable space might vary along the environ-

mental gradient assuming that the organism is directly con-

strained by the environmental gradient. Individual species

responses could be highly variable along various gradients.
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lead to unique patterns in habitat selection that may

have direct (e.g., mortality from exposure) or indirect

(e.g., limitations in resource availability) survival impli-

cations (Mysterud & Østbye, 1999). This would result

in an organism’s available space being pinched if only

small amounts of the landscape provided adequate

refuge from stressful abiotic conditions.

It is likely that ecological constraints caused by ECEs

have played an important role in shaping distributions

and community structure through evolutionary pres-

sure (Skelly & Freidenburg, 2010; Maron et al., 2015).

However, future conditions projected from climate

models will likely alter the frequency and severity of

extreme events. Coupled with changes in resources

facilitated by human-induced rapid environmental

change (HIREC; Sih et al., 2011), the potential ecological

consequences of extreme events will likely be exacer-

bated for many organisms exhibiting niche conser-

vatism. Changes in the occurrence of extreme events

will not only influence the way organisms may or may

not adapt to novel conditions, but will also have impli-

cations on how researchers study these organisms.

Methods of population monitoring and analysis that

are focused on long-term averages in conditions or

resources could discount the importance of discrete

extreme events at fine scales, in which vital rates (Wel-

bergen et al., 2008) and space use (Angilletta et al., 2009;

Carroll et al., 2015a) are unique relative to average con-

ditions. Therefore, understanding at what scale these

events occur and how they influence individuals and/

or species will have important implications for conser-

vation efforts within the context of global change.

To better understand how space use and survival are

constrained during periods of extreme thermal condi-

tions, we studied Colinus virginianus (northern bob-

white) on the western periphery of their distribution.

Colinus virginianus is a ground-nesting, shrub-obligate

Galliform that has generally experienced distribution-

wide declines (Sauer et al., 2014) due to habitat loss and

fragmentation (Hern�andez et al., 2013). However, along

the western periphery of their distribution, local abun-

dance is highly variable and driven by stochasticity in

weather patterns (Lusk et al., 2001, 2002; Guthery et al.,

2002; Perez et al., 2002). As ground-nesting avifauna

tend to be more susceptible to extreme thermal condi-

tions (Albright et al., 2010), we sought to determine

whether available space can become restricted and

whether survival decreases during periods of thermal

extremes across full annual cycles. We used occurrence

locations and survival data obtained through

radiotelemetry efforts between 2012 and 2015 and mod-

eled predicted space use and adult survival across a

thermal gradient through an ecological niche modeling

algorithm and a time-varying proportional hazard

model, respectively. Specifically, our objectives were to:

(i) determine whether space use was constrained dur-

ing periods of thermal extremes (i.e., periods in which

habitat availability was much less during extreme ther-

mal conditions), (ii) determine whether areas used dur-

ing temperature extremes were different from areas

used under dominant moderate conditions, (iii) use cli-

mate change projections to understand the implications

of thermal extremes on future potential space use for

Colinus virginianus, and (iv) determine how periods of

extreme thermal conditions (ECEs) constrain survival

of Colinus virginianus. Through these objectives, we

demonstrate that fine-scale changes in thermal condi-

tions can lead to ECEs which cause ecological con-

straints, thus negatively impacting space use and

survival.

Materials and methods

To determine how periods of extreme thermal conditions eco-

logically constrained Colinus virginianus, we analyzed

radiotelemetry data, which were collected from April 2012 to

March 2015. We assigned ambient temperatures to telemetry

locations based on local weather station data. We then esti-

mated usable space across the annual thermal gradient

through a maximum entropy algorithm using occurrence data

and vegetation information on our study site. Finally, we esti-

mated Colinus virginianus survival at a weekly temporal scale

based on weekly values of weather data associated with ambi-

ent temperatures. We collated both of these analyses to iden-

tify periods of extreme thermal conditions throughout the full

annual cycle that would elucidate an extreme biological

response in Colinus virginianus.

Study area

We conducted our research on the Beaver River Wildlife Man-

agement Area (WMA), located in Beaver County, Oklahoma

(lat 36°50021.62″N, long 100°42015.93″W), which consists of

approximately 11 315 ha managed by the Oklahoma Depart-

ment of Wildlife Conservation (ODWC). A majority of the

WMA consists of upland rangelands and the floodplain of the

Beaver River (Tanner et al., 2015). Much of the upland areas

are dominated by Tivoli fine sand soils, while the floodplain is

dominated by Lesho silty clay loam.

At no time was the WMA out of meteorological drought

conditions during our study, as determined through data from

a partnership between The National Drought Mitigation Cen-

ter (Lincoln, Nebraska, USA), the US Department of Agricul-

ture, and the National Oceanic and Atmospheric

Administration. Furthermore, the WMA was classified under

D2 (severe drought) conditions 23.8% of the period, D3 (ex-

treme drought) conditions 48.7% of the period, and D4 (excep-

tional drought) conditions 27.5% of the period based on

weekly drought data provided by The National Drought Miti-

gation Center, Lincoln, Nebraska, USA. Conditions during our

study were drier than the long-term average (1895–2014) in
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2012 and 2014 (Table S1). Furthermore, average summer

(May–July) temperatures generally exceeded the long-term

average in 2013 and 2014, while average winter (December–
February) temperatures were greater than the long-term aver-

age in all years of our study (Table S1). Ambient temperature

averages were calculated by averaging all five-minute interval

observations during the day at the closest Mesonet station. Cli-

mate data were obtained from the Beaver Mesonet station

(Brock et al., 1995; McPherson et al., 2007).

Space use analysis

Occurrence data. To determine whether usable space became

constrained, we used Colinus virginianus locations (known

presence points) obtained from radiotelemetry to estimate

space use across different ambient temperature categories.

Individuals were located 5–7 times per week via radioteleme-

try. Telemetry methods followed protocol described by Tan-

ner et al. (2015) and all trapping and handling methods

complied with the Oklahoma State University’s Institutional

Animal Care and Use Committee (Permit No. AG-11-22).

Radiotelemetry locations ranged from 0600 to 2032 in time of

day. Average telemetry error during the course of our study

was estimated as 8.97 m [95% confidence interval (CI) = 6.48

to 11.46; Tanner et al., 2016]. Bird locations were split into cate-

gories representing varying ranges of ambient temperatures.

Ambient temperature (°C) values were obtained from the

nearest Mesonet weather station (~2 km from nearest WMA

boundary; Brock et al., 1995; McPherson et al., 2007) and were

recorded every five minutes. All bird locations were matched

with weather data corresponding to the nearest minute. Ambi-

ent temperature categories were arbitrarily split by every

5 °C. This resulted in a range of ambient temperatures from

�20 to >35 °C (Table S2), with actual values ranging from �20

to 38.3 °C. Identical occurrence locations (i.e., same coordi-

nates for individuals occurring in a covey) were removed from

our dataset. We also eliminated any locations that occurred

outside of the extent of vegetation data included in our analy-

sis (discussed below).

Vegetation data. Variables used to estimate Colinus virgini-

anus space use were related to the configuration and structure

of vegetation on our study site. We chose to use vegetation

(and associated landscape metrics described below) to model

Colinus virginianus space use in relation to ambient tempera-

ture as this species is known to behaviorally modify their

selection of vegetation during periods of thermal stress (Car-

roll et al., 2015a; Janke et al., 2015). An Iso Cluster Unsuper-

vised classification method from 2-m-resolution satellite

imagery was used to delineate vegetation. This method is an

unsupervised classification approach that incorporates the Iso

Cluster algorithm (to determine the natural grouping of pix-

els) and maximum likelihood to create a classified raster based

on satellite imagery. The primary cover types on our study site

are mixed shrub [consisting of sand plum (Prunus angustifolia),

fragrant sumac (Rhus aromatic)], sand sagebrush (Artemisia fili-

folia), mixed grass [little bluestem (Schizachyrium scopariu),

switchgrass (Panicum virgatum), bromes (Bromus spp.)], short-

grass/yucca (Yucca glauca), sparse vegetation/exposed soil,

bare ground, and salt cedar (Tamarix spp.).

We used FRAGSTATS 4.2.1.603 (McGarigal et al., 2012) to

incorporate class and landscape metrics based on our vege-

tation classification into our assessment of Colinus virgini-

anus space use. We used previous research to help

eliminate redundancy and narrow our selection of variables

included in our analysis (Ritters et al., 1995; Fuhlendorf

et al., 2002). Furthermore, because we scaled up our vegeta-

tion map from 2 to 30 m in our analysis, we also limited

Fragstats variable selection to those variables least affected

by changes in spatial resolution as indicated by results from

Lustig et al. (2015). A list of variables initially included in

our analysis is provided in Table S3. To scale from the 2 m

to the 30 m grain sizes, we used the Block Statistics and

Resample tools with a majority rule in ARCGIS 10.2 (ESRI,

2011). The 30-m-resolution layers were used as the base lay-

ers for all subsequent Fragstats analysis. We reclassified all

‘no data’ cells for Fragstats layers within the extent of our

study area to 0 before incorporating them into our model-

ing procedures (Foley et al., 2008).

Maximum entropy modeling. A maximum entropy algo-

rithm, MAXENT version 3.3.3 (Phillips & Dudik, 2008) with

default options, was used to model Colinus virginianus space

use in relation to our vegetation variables and ambient tem-

perature categories. Although this algorithm has been tradi-

tionally used for species distribution modeling at large

geographic scales (Elith et al., 2011), MAXENT can be used to

estimate space use or habitat selection at smaller extents using

presence-only data (Baasch et al., 2010). Presence information

used in our modeling approach was separated into the 5 °C
categories (12 total categories), resulting in 12 separate MAXENT

models with idiosyncratic vegetation variables used for each

model run. Our highest and lowest ambient temperature cate-

gories were represented with the least amount of observations

(Table S2). However, these sample sizes are within the range

of necessary observations needed to provide meaningful MAX-

ENT models (Hernandez et al., 2006; Wisz et al., 2008).

We eliminated highly correlated variables (r ≥0.70; Dor-

mann et al., 2013) and variables that had ≤5% contribution to

accuracy gain (Sahlean et al., 2014) of preliminary models that

we ran for each weather category to further increase the

robustness of our space use models. After examining the

results of correlation analysis and removing poorly perform-

ing variables, we retained 21 of the original 39 variables

(Table S4).

To test the validity of our models, we used a bootstrap

method with 100 replicates (Ara�ujo et al., 2014), in which 25%

of our data were held out for testing through random selection

and 75% of our data were used for training our models (Bahn

& McGill, 2012; Sahlean et al., 2014; Sohl, 2014). We used 10

percentile training presence as the threshold method to con-

vert continuous occurrence probability estimates into binary,

presence–absence maps (Sahlean et al., 2014), which we used

as our measure of usable space available to Colinus virginianus.

To evaluate our model results, we assessed the average area

under the curve (AUC) of the receiver operating characteristic
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(ROC) and the average omission error, which was calculated

using test occurrence data and the binary occurrence maps.

To verify that the predicted trend in space use relative to

ambient temperature categories was not an artifact of sample

size discrepancies (Table S2), we used ENMTOOLS v1.4.4 (Warren

et al., 2010) to compare values of predicted usable space across

100 replicates of MAXENT models for ambient temperature cate-

gories with the lowest sample size (�20 to�15 °C) and the

highest sample size (15–20 °C). The same unique combination

of vegetation variables used for our initial analysis was also

retained for this exercise. For each replication in the 15–20 °C
ambient temperature category, we randomly retained a sam-

ple of occurrences equal to the number of occurrence points

used in the �20 to �15 °C ambient temperature category anal-

ysis (n = 39). We then created a histogram comparing the vari-

ability between estimates of usable space across all

replications. Furthermore, as we arbitrarily chose 5 °C ambi-

ent temperature categories, we also verified that the predicted

trend in space use relative to ambient temperature categories

existed by collapsing ambient temperature categories at every

10 °C. Vegetation variables used in this analysis were deter-

mined using identical methods described previously in this

section, and all MAXENT settings were identical to previous

analyses.

Colinus virginianus habitat selection can vary seasonally

(Lohr et al., 2011; Brooke et al., 2015), although previous

research has suggested that seasonal variation in habitat use

by Colinus virginianus on our study site is lacking (Tanner

et al., 2015). However, to verify this result, we collated occur-

rence locations into breeding (1 April–30 September) and non-

breeding (1 October–31 March) seasons (Tanner et al., 2015).

We then estimated usable space for these seasonal models

using identical methods described previously in this section.

We used the range overlap metric in ENMTOOLS v1.4.4 (Warren

et al., 2010) to compare the amount of overlap in areas pre-

dicted suitable across seasons. The values of this metric range

from 0 (no overlap) to 1 (complete overlap). As overlap in sea-

sonal models was high (0.87), we discounted any seasonal

influences related to our usable space results.

Post hoc analysis. We compared similarities of empirical

space use across ambient temperature categories using ENM-

TOOLS v1.4.4 (Warren et al., 2010) with the range overlap met-

ric. We compared overlap between four categories: the two

thermal extreme categories (>35 °C; �20 to �15 °C), the cate-

gory predicting the highest amount of space use (15–20 °C),
and the category containing the freezing point of water (0–
5 °C). We included the category containing the freezing point

of water as Colinus virginianus have been shown to behav-

iorally respond to freezing weather events to increase fitness

levels by adaptively selecting woody cover, which resulted in

increased adult survival during these events (Janke et al.,

2015). All pairwise comparisons of range overlap estimates

across ambient temperature categories are presented in the

supplementary material (Table S5).

Finally, we incorporated future climate change projections

to evaluate the difference in the percentage of time occurring

within each ambient temperature category during the course

of our study (current) vs. 2050 and 2080. We selected five ran-

dom general circulation models (GCMs) and high, medium,

and low emission scenarios (A2, A1B, and B1 scenarios,

respectively) using data provided by Climate Wizard (Girvetz

et al., 2009; www.climatewizard.org). The five random GCMs

included ncar_pcm1.1, csiro_mk3_0.1, ukmo_hadcm3.1,

gfd1_cm21.1, and giss_model_e_r.1 and were based on the

IPCC Fourth Assessment (IPCC, 2007). Future climate projec-

tions were based on downscaling methods as described by

Maurer et al. (2007) and were used to compare projected

changes in ambient temperatures to future decades (2040–

2069 and 2070–2099) with baseline climate data (1951–2006).
Models were obtained for each month to capture variability in

GCMs across months.

Survival analysis

To determine whether Colinus virginianus survival became

constrained, we used the Andersen–Gill model and estimated

hazard rates in relation to weather variables (Andersen & Gill,

1982) using the survival package in Program R (ver. 3.1.1, R

Foundation for Statistical Computing, Vienna, Austria). We

analyzed Colinus virginianus survival in relation to age and

weekly variation in weather variables related to ambient tem-

perature. These consisted of average, minimum, maximum,

and variance of ambient temperatures within a week, and the

average, minimum, and maximum wind chill values esti-

mated within a week.

All variables met the linearity assumption based on plots of

Martingale-based residuals (Therneau et al., 1990; Fox, 2002).

However, the proportional hazard assumption was not met

for the average weekly ambient temperature, weekly maxi-

mum ambient temperature, and variance in weekly ambient

temperature variables. To address this issue, we created an

interaction term for these variables to have them vary over

time (Fox, 2002). After incorporating these interactions, all glo-

bal tests of nonzero slopes for the Schoenfeld residuals were

nonsignificant for each model (maximum v2 = 4.79, P = 0.78),

indicating the proportional hazard assumption was met.

We used Akaike’s information criterion adjusted for small

sample sizes (AICc) to rank models relating covariates to

hazard rates for Colinus virginianus. We considered models

with a DAICc <2 plausible models and determined the most

parsimonious model based on model weights (wi) and DAICc

values (Burnham & Anderson, 2002). Because we used a

DAICc <2 threshold for determining plausible models and

because we met the n/K > 40 assumption, we used 85% CI

to assess variable significance and relationships to competing

models (Arnold, 2010). We also estimated a concordance

index using the package ‘PEC’ in Program R to estimate a

measure of discrimination for our hazard models (Harrell

et al., 1982). This index ranges from 0 to 1 and estimates the

relative frequency in which paired individuals are correctly

classified based on the model evaluated (i.e., a higher risk is

assigned to the individual that survives less time). We built

models that we found biologically meaningful or models

that specifically addressed our research questions. These

models included variables used to assess extreme heat
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(average and maximum weekly ambient temperatures Guth-

ery, 2000; Lusk et al., 2001), extreme cold (average and mini-

mum weekly ambient temperatures; average, minimum, and

maximum weekly windchill; Janke et al., 2015), and a global

model. We also created a model (age) to test whether or not

Colinus virginianus were more susceptible to weekly variation

in weather based on being juveniles or adults. To illustrate

trends in adult hazard rates related to the most significant

parameter, we used the SMOOTHHR package in Program R

(Meira-Machado et al., 2013). As this package requires a ref-

erence point to be specified, we used a biologically relevant

reference point (Cadarso-Su�arez et al., 2010) based on the

variable being plotted.

Results

Space use

Using locations from 895 individual birds, we found

that usable space significantly decreased during peri-

ods of extreme heat (>35 °C) and cold events (<�15 °C)
when compared to intermediate ambient temperatures

(Fig. 2). The least amount of usable space available as

predicted through MAXENT (18.6%) was during the cold-

est ambient temperature category. The maximum

amount of usable space was estimated within the 15–
20 °C ambient temperature category, with a total of

57.1% of the landscape predicted as usable (Fig. 2). This

same trend existed when ambient temperature cate-

gories were collapsed into 10 °C ambient temperature

categories (Fig. S1). Although the two extreme ambient

temperature categories were associated with the high-

est AUC values, these two categories also had the high-

est test omission values. Overall, all AUC values

indicated useful model predictions across ambient tem-

perature categories (test AUC range: 0.73–0.84; Swets,

1988), while test omission values also indicated good

performance for most models (test omission range:

0.11–0.19). Only the �20 to �15 °C and >35 °C ambient

temperature categories had test omission >0.20 (0.25

and 0.29, respectively), suggesting higher uncertainty

for these two models.

There was little support for any effect of seasonality

on our space use analysis, in which the overlap analysis

suggested that nonbreeding and breeding season

ranges overlapped by 0.87. Furthermore, we were able

to verify that differential space use across ambient tem-

perature categories was related to ambient temperature

and not occurrence sample size. When adjusted for

sample size, the range in predicted usable space for

Colinus virginianus in the ambient temperature category

with the largest sample size (15–20 °C) never over-

lapped with the range in predicted usable space for the

ambient temperature category with the smallest sample

size (<�15 °C; Fig. S2).

A spatially explicit illustration of space use trends

indicates dissimilarities in usable space during the

extreme ambient temperature events (blue, red, and

green areas in Fig. 3) when compared to overall esti-

mated usable space across all ambient temperature cat-

egories (gray in Fig. 3). These variations in estimated

Fig. 2 Evidence of multiple ecological constraints during an

extreme climatic event [ambient temperatures <�15 °C (out-

lined by red box)] as indicated by the percent usable space (� 1

standard error) for Colinus virginianus across an ambient tem-

perature gradient (°C) as determined through MAXENT and esti-

mated log hazard ratios1 based on the top Andersen–Gill

proportional hazard model2,3. Data were collected during 2012–

2015 at Beaver River WMA, Beaver County, OK, USA. Vegeta-

tion data were analyzed at 30 m resolution. 1Hazard ratios with

larger negative values indicate a lower risk of experiencing mor-

tality during the study. 2The �20 °C ambient temperature cate-

gory was used as the biologically relevant reference point as

this value had the highest hazard ratio based on our top model.
3The hazard ratio curve is based on the minimum weekly ambi-

ent temperature variable, which had the highest predicted haz-

ard ratio of all variable analyzed. Values >20 °C are not plotted

because they did not exist during our study.
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usable space suggest that during extreme and discrete

events, areas that are considered usable during average

conditions may no longer be usable. Range overlap val-

ues (Table 1) between our hottest and coldest ambient

temperature categories indicate that the overlap of

space usable to Colinus virginianus during these ambient

temperatures events is not highly comparable (0.38 esti-

mated overlap; Fig. 3). However, the highest ambient

temperature category (>35 °C) and the lowest ambient

temperature category (<�15 °C) both overlapped con-

siderably with an intermediate ambient temperature

category (0–5 °C) and the ambient temperature cate-

gory with the highest predicted space use (15–20 °C;
0.76–0.89).
Projections in temporally explicit thermal conditions

(the percent of time per month) occurring within each

ambient temperature category show a distinct shift to

hotter ambient temperature categories (Fig. 4a–f) based
on future climate model predictions. However, an

increase in the percent of time occurring within the hot-

test ambient temperature category (>35 °C) is most evi-

dent beginning in May and continuing through

October. Moreover, the magnitude of this increase is

much greater during July–August (Fig. 4d), in which

ambient temperatures that are >10 °C higher than the

hottest ambient temperatures during May–June
(Fig. 4c) are expected to occur. The future predicted

percent of time occurring during the coldest ambient

temperature category (<�15 °C) does not reflect any

major increases when compared to the hottest ambient

temperature category. These data represent predictions

from five random GCMs within the 2080 A2 (high emis-

sions) scenario for simplicity. Data indicating potential

changes across the remaining five scenarios (2050 A2,

A1B, B1; 2080 A1B and B1) are presented in the supple-

mentary material (Figs S1–S5).

Survival

The most influential variable on survival of the 895

individuals was weekly minimum ambient tempera-

ture [hazard ratio (HR) = 0.87, 85% CI = 0.82 to 0.92,

P < 0.001], suggesting that Colinus virginianus survival

was constrained during periods of extreme cold ambi-

ent temperatures. The top model for survival was the

global model (Table 2), which carried the majority of

the weight in our modeling framework (0.94). Other

significant variables in this model included the variance

in the weekly ambient temperatures (HR = 0.97, 85%

CI = 0.96–0.98, P < 0.001), weekly average windchill

(HR = 1.10, 85% CI = 1.04–1.16, P = 0.01), and weekly

minimum windchill (HR = 0.94, 85% CI = 0.91–0.98,

Fig. 3 Disparity in usable space for Colinus virginianus across high (>35 °C, shown in red), low (<�15 °C, shown in blue), and both high

and low (>35 °C and <�15 °C, shown in green) ambient temperature categories when compared to areas predicted usable (shown in

gray) at any ambient temperature category. Observations were collected from 2012 to 2015 at Beaver River WMA, Beaver County, OK,

USA. Data were analyzed using 30-m-resolution vegetation data using a MAXENT algorithm.

Table 1 Range overlap* of discrete usable space for Colinus

virginianus compared between four ambient temperature cate-

gories (°C) during 2012–2015 at Beaver River WMA, Beaver

County, Oklahoma, USA. Discrete presence rasters were

obtained from MAXENT (v3.3.3) using 30-m-resolution vegeta-

tion data. Range overlap was estimated through ENMTOOLS

v1.4.4

Ambient temperature

category (°C) >35 15 to 20 0 to 5 �20 to �15

>35 1.00 0.88 0.76 0.38

15 to 20 0.88 1.00 0.88 0.87

0 to 5 0.76 0.88 1.00 0.89

�20 to �15 0.38 0.87 0.89 1.00

*Range overlap values are estimated from 0 to 1 in which 0

represents no overlap and 1 represents complete range over-

lap.
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P = 0.04). The hazard ratio for weekly minimum ambi-

ent temperature indicated that relative to every unit

increase in the minimum ambient temperature during

the week, individuals were 13% less likely to experi-

ence mortality. For instance, individuals exposed to

ambient temperatures of �20 °C were 13% more likely

to experience mortality than if the same individuals

were exposed to �19 °C. This trend indicated that indi-

viduals were exposed to the highest hazard rates when

ambient temperatures were <�15 °C (Fig. 2; range of

minimum ambient temperatures: �20 to 20.6 °C).

Similarly, relative to every unit increase in variance of

weekly ambient temperatures, individuals were 3% less

likely to experience mortality, and were also 6% less

likely to experience mortality relative to every unit

increase in weekly minimum windchill values. Con-

versely, individuals were 10% more likely to experience

mortality relative to every unit increase in weekly aver-

age windchill values. The global model was the most

parsimonious, with the second best competing model

(weekly maximum ambient temperature + weekly min-

imum ambient temperature) having a D7.99.

(a) (b)

(c) (d)

(e) (f)

Fig. 4 Percent time (min month�1) occurring within ambient temperature categories (°C) during 2012–2015 (black line) compared to

future climate conditions at Beaver River WMA, Beaver County, OK, USA. Ambient temperatures were recorded every five minutes at

a local weather station. Climate projections1 are based on five general circulation models2 under a high emission scenario (A2) and pro-

jected to the year 2080. Data are presented for: January–February (a), March–April (b), May–June (c), July–August (d), September–Octo-

ber (e), and November–December (f). 1Climate data obtained on June 20, 2016, from www.climatewizard.org. 2General circulation

models are represented as: ncar_pcm1.1 (orange dashed line), csiro_mk3_0.1 (green dashed line), ukmo_hadcm3.1 (red dashed line),

gfd1_cm21.1 (blue dashed line), and giss_model_e_r.1 (gray dashed line). All models are from the IPCC Fourth Assessment (IPCC,

2007).

© 2016 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., 23, 1832–1846

EXTREME EVENTS CONSTRAIN SPACE USE AND SURVIVAL 1839

http://www.climatewizard.org


Discussion

We found that space use of Colinus virginianus on the

landscape was constrained during discrete and

extreme temperature events when compared to more

moderate thermal conditions. Specifically, space use

was most limited during extreme periods of cold. Fur-

ther, we found that these discrete cold temperature

events negatively influenced survival, and compound-

ing effects of limited space use coupled with

decreased survival lead to ecological constraints

during these periods. Similar to cold periods, we

found constrained space use during hot periods

although survival was not affected in our data.

Despite the lack of survival effects from heat events

in our data, the implications of space loss related to

extreme heat events may become more important than

space loss related to cold events, at least within the

southern Great Plains, based on future climate projec-

tions (Carroll et al., 2016). Furthermore, range overlap

analysis suggests that there was a dissimilarity

between space use during periods of extreme heat vs.

extreme cold. This suggests heterogeneity of vegeta-

tion composition, and structure may alleviate stress

from environmental conditions by creating heteroge-

neous thermal conditions that allow for individuals to

behaviorally moderate the conditions they experience

and seek refugia (Hovick et al., 2014; Carroll et al.,

2015a). The implications of these findings are that

analysis of space use or habitat selection averaged

across years or seasons will not appropriately identify

the most critical habitat elements required for popula-

tion persistence through variable environmental con-

ditions. This has been demonstrated in limited

instances with both endotherms (Carroll et al., 2015a)

and ectotherms (Angilletta et al., 2009) in which indi-

viduals selected for areas that were representative of

~7% of the landscape or <1% of their home ranges

during discrete life-history stages, respectively. In

both cases, these selected areas had unique thermal

conditions relative to the surrounding landscape. Fail-

ure to account for the impacts of discrete and fine-

scale ECEs can limit our ability to identify factors

affecting populations.

Progress in research continues to illustrate the impor-

tance of landscape patterns on habitat selection in

response to changes in the thermal environment (Sears

et al., 2011; Hovick et al., 2014; Melin et al., 2014; Carroll

et al., 2015a). Heterogeneity of vegetation, topography,

and/or geology can alter the thermal environment and

create microclimates (Chen et al., 1999; Begon et al.,

2006; Sears et al., 2011) that allow individuals to ther-

moregulate (Kearney et al., 2009; Sears et al., 2011; Bris-

coe et al., 2014). The distribution of thermal refugia

available to organisms during times of thermal stress

influences their activity patterns (Grubb, 1978) and

Table 2 Model selection of Andersen–Gill hazard models for Colinus virginianus survival from 1 April 1, 2012, to March 31, 2015,

at Beaver River WMA, Beaver County, Oklahoma, USA

Model* K† AICc DAICc AICc weight

Cumulative

weight

Model

likelihood

Concordance

index‡

Global 9 2994.00 0.00 0.94 0.94 �1488.99 0.57

tmax + tmin 3 3001.99 7.99 0.02 0.96 �1498.99 0.52

tmax 9 tmin 4 3002.40 8.41 0.01 0.97 �1498.20 0.53

tmin 2 3002.86 8.86 0.01 0.98 �1500.43 0.43

tavg 3 3003.96 9.97 0.01 0.99 �1499.98 0.53

tmax 9 time 3 3004.31 10.31 0.01 0.99 �1500.16 0.43

tmin + wchillmin 3 3004.51 10.51 0.00 1.00 �1500.25 0.43

Age 2 3008.80 14.80 0.00 1.00 �1503.40 0.51

wchillmin 2 3009.24 15.24 0.00 1.00 �1503.62 0.42

Null 1 3009.83 15.83 0.00 1.00 �1504.91 –

tvariance 9 time 3 3010.20 16.20 0.00 1.00 �1503.10 0.44

wchillavg 2 3011.10 17.10 0.00 1.00 �1504.55 0.36

wchillmax 2 3011.28 17.28 0.00 1.00 �1504.64 0.45

*Variables in models are as followed: tmin, tmax, tavg, and tvariance are the minimum, maximum, average, and variance of weekly

ambient temperatures; wchillmin, wchillmax, and wchillavg are the minimum, maximum, and average windchill values; age is

either juvenile or adult. The global model includes additive effects of all variables included in our analysis.
†Number of parameters in model.
‡The concordance index is a measure of discrimination for survival models. It is an estimate of the relative frequency that paired

individuals correctly receive a higher predicted risk when surviving a shorter period during the study and ranges from 0 to 1, with

one being the greatest value.
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ability to behaviorally thermoregulate (Huey & Slatkin,

1976; Sears et al., 2011). This suggests that available

habitat is variable depending on weather conditions

and that future climate shifts will potentially create

novel conditions for these organisms.

Our data suggest that, based on observed Colinus vir-

ginianus space use, the distribution of thermal refuge

areas may be more limiting during extreme ambient

temperature events, as usable space was predicted to

significantly decrease during times of extreme heat and

cold (Fig. 3; Table 1). This concept has been suggested

as a key question for future ECE research (Bailey & van

de Pol, 2016), and our results show empirical evidence

that the selective landscape can change and be reduced

(maximum reduction of the selective landscape: ~67%;

Fig. 2) during extreme thermal conditions. Ground-

nesting avifauna have been shown to be more suscepti-

ble to stress compared to other avifauna during periods

of extreme heat (Albright et al., 2010), and are known to

behaviorally moderate thermal conditions that they

experience during different life-history stages (Hovick

et al., 2014; Carroll et al., 2015a,b) by exhibiting unique

patterns of space use (Forrester et al., 1998; Guthery

et al., 2005; Martin et al., 2015). This behavior has also

been shown to occur when decoupled from the poten-

tial influence of predation risk (Hiller & Guthery, 2005).

Furthermore, avifauna may have behavioral or physio-

logical traits that help with thermoregulation and fit-

ness during periods of extreme cold (Swanson, 2010;

Carr & Lima, 2014), which could result in variable

space use during these temperature events as a result

of species’ specific traits (Lima, 1990; Carrascal et al.,

2001). For example, Colinus virginianus have been

shown to select woody cover during snow events to

increase survival (Janke et al., 2015). Thus, the process

of fine-scale selection of microclimates to improve

individual fitness during ECEs must be considered

beyond the scope of predator avoidance. Under mod-

erate ambient temperatures that fall within an organ-

ism’s thermal tolerance, we would expect space use

decisions to be made primarily based on other factors

such as food availability and predator avoidance. But

when an organism experiences extreme environmental

conditions, food and predation risk may become sec-

ondary considerations toward survival. This places

obvious selection pressure on populations and

species.

Beyond variability in space use, our data suggest that

demographic (i.e., vital rates) variability can be influ-

enced by small-scale changes in environmental condi-

tions. We found a nearly twofold increase in Colinus

virginianus hazard ratios within a 10 °C increase in

weekly minimum ambient temperatures during our

study (Fig. 2). Although severe winters have been

attributed to decreased demographic rates in avifauna

(Moynahan et al., 2006; Sanz-Aguilar et al., 2012), we

show that ecological constraints can occur due to even

discrete weather events and can limit the space use or

vital rates of organisms. Our results also indicated that

increased variability in weekly ambient temperatures

decreased the chance of mortality for Colinus virgini-

anus. Although this may be counterintuitive, this rela-

tionship could be related to shifts in weekly ambient

temperatures away from critical thermal levels. For

example, when considering thermal performance

curves (Huey, 1982), low variability in weekly ambient

temperatures could be detrimental to survival if ambi-

ent temperatures stabilize near the critical thermal max-

imum or minimum level for a species. This positive

response with increased variability in weekly tempera-

tures could have important implications for Colinus vir-

ginianus adapting to future climate conditions as

temperature variability is predicted to increase, which

in turn will increase the probability of extreme high

temperature events throughout midlatitudinal regions

globally (Meehl et al., 2000; Meehl & Tebaldi, 2004;

Boer, 2009).

Evidence of extreme environmental perturbations

has long been understood as an influential force on the

demographic rates of organisms (Finlayson, 1932; Wel-

bergen et al., 2008), yet recent discussions have illus-

trated that this knowledge is often limited to dramatic

discrete (i.e., cyclones, extreme winters) or long-term

(i.e., drought) events (Maron et al., 2015). We suggest

that demographic rates can be constrained at finer tem-

poral scales during extreme conditions, such as the

fluctuation in ambient temperatures to the upper and

lower tails of the annual distribution. Such changes in

ambient temperatures at daily or weekly intervals can

lead to a negative biological response (Fig. 1), even

though the temperatures are within the normal distri-

bution of climatic variability (Smith, 2011). These eco-

logical constraints related to temporally explicit

weather events will become increasingly important for

the conservation of organisms as variability and occur-

rence of extreme events in future decades are predicted

to increase (Meehl et al., 2000; Meehl & Tebaldi, 2004).

However, depending on the resolution of monitoring

and analysis of survival data, discrete events might not

be identified which could lead to erroneous conclusions

on the importance of various habitat components in

mitigating such events.

Although extreme cold ambient temperatures were

more important to survival during the course of our

study, these results should not preclude an understand-

ing in the importance of extreme heat when it comes to

the impacts of ECEs. For example, both Hovick et al.

(2014) and Carroll et al. (2015a,b) illustrate how extreme
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heat can influence space use of ground-nesting avi-

fauna during the breeding season. These extreme heat

events will likely become more important to survival

of nonbreeding individuals within the context of

future climate change (McKechnie & Wolf, 2010). Our

study site is predicted to have a four times greater fre-

quency in periods with ambient temperatures >35 °C
based on our results from the GCM with the greatest

predicted increase in ambient temperatures (Fig. 4d).

Similar trends are predicted for nearby rangelands, in

which operative temperatures of >50 °C are uniformly

predicted to occur across the landscape (Carroll et al.,

2016). Behavioral adaptations such as selection of fine-

scale microclimates can be crucial in buffering organ-

isms against environmental extremes (Scheffers et al.,

2014) and such adaptations may have precluded any

relationship with adult survival and extreme heat

events in our study. Variation in operative tempera-

tures within similar systems can be as great as 40 °C
under the same ambient temperature across the land-

scape (Carroll et al., 2015a,b). This suggests that ther-

mal conditions available to individuals across a

landscape are highly variable during periods of high

ambient temperatures and that microclimates may be

playing an important role in buffering thermal stress

and providing refugia. Furthermore, decreases in sur-

vival associated with extreme cold events may have

been related to decreased food availability. These peri-

ods of extreme cold coincide with an increased need

for food to maintain metabolic rates (Elkins, 2004), yet

food availability is most limiting during the late win-

ter period for Colinus virginianus (Errington, 1939).

Conversely, a shift in diets (arthropods and seeds)

during the summer (Stoddard, 1931) could have pre-

cluded decreases in survival related to extreme heat

events, as food resources are typically more abundant

during this period when compared to the winter per-

iod.

Model complexity and variable selection can affect

MAXENT performance during the model building process

(Warren & Seifert, 2011). Model complexity was a con-

cern when incorporating FRAGSTATS metrics and veg-

etation variables into our MAXENT modeling approach,

as the number of variables that could be included can

easily exceed 100 unique variables (Lustig et al., 2015).

However, we used previous published literature and

detailed knowledge of Colinus virginianus ecology to

help narrow the breadth of variables to decrease our

model complexity. There may have inevitably been

variables that could have contributed better to our

models; however even with our a priori, correlated

reduction (Dormann et al., 2013) and variable contribu-

tion approach, all of our models gave reasonable pre-

dictions based on AUC values (Swets, 1988) and test

omission errors. Only our two thermal extreme cate-

gories had test omission errors >0.20 (0.25 and 0.29);

however, these models also had the highest AUC val-

ues and still performed with reasonable predictions of

space use.

A consideration regarding the results of our study is

how long-term drought may have influenced the

response of Colinus virginianus to thermal extremes. As

mentioned before, at no time during the study was our

study area out of drought conditions. Colinus virginianus

have been shown to decrease in abundance (Bridges

et al., 2001) and may have lower vital rates during peri-

ods of drought when vegetation cover and food avail-

ability are potentially limited (Hern�andez et al., 2005;

Rader et al., 2007). Prolonged drought conditions can

influence individual’s fitness levels which can cause

long-term population declines (Cruz-McDonnell &

Wolf, 2016). Although some species may moderate their

behavior and space use in response to drought condi-

tions to buffer negative impacts on fitness levels, these

behavioral responses may not be enough to maintain

population persistence (Gibson et al., 2016). Projected

increases in ambient temperatures coupled with

increased frequency and intensity in drought conditions

(Cook et al., 2015) will likely lead to significant declines

in many avifaunal species because of increased water

requirements (McKechnie & Wolf, 2010). Although we

do not discredit that long-term drought on our study

site may have influenced the population of Colinus vir-

ginianus, our research was focused on the effects of

short-term weather rather than long-term events such as

drought or changes in climate. Furthermore, our focus

on short events may have precluded any detection of

lag effects of ECEs on Colinus virginianus. Lag effects can

have important implications on how populations

respond to ECEs across the annual cycle (Harrison et al.,

2011) and have been shown to exist in other Galliformes

(Anthony & Willis, 2009; Blomberg et al., 2014). Our sur-

vival analysis, which was focused on weekly responses

to thermal conditions, would not have detected long-

term lag effects in the population. However, if Colinus

virginianus were responding at the temporal scale of a

week with regard to these ambient temperature events

(which ranged from 0.08 to 12.8 h in length), our analy-

sis would have accounted for these responses. Inher-

ently our survival results are likely a best case scenario,

and survival responses to long-term extreme events

could be greater than the relationships we present here

(Dunbar et al., 2009). Yet, accounting for longer time

lags from chronic stress would inherently mask the dis-

crete and acute responses we tested for. We argue that

given future predictions on climate change (Kjellstr€om

et al., 2007), these acute effects will be more likely to

occur for many organisms.
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Disparity in the range overlap value between our

hottest and coldest ambient temperature categories

(0.38) helps emphasize the importance of heterogene-

ity in vegetation to facilitate tolerance of extreme

thermal conditions. Furthermore, the greater range

overlap values of the intermediate ambient tempera-

ture categories (range: 0.76–0.89) indicate that these

areas potentially act as ‘thermally neutral’ areas when

birds are not thermally stressed. However, our data

suggest that under periods of potential thermal stress,

space use of organisms can be restricted idiosyncrati-

cally at either ends of a temperature gradient. This

illustrates that cover should not be viewed as a stable

or stagnant component of an organism’s habitat and

that the variance in space use related to environmen-

tal gradients should not be ignored. Instead, our per-

ception of habitat for each species should account for

the spatiotemporal variation in behavioral patterns

and how these patterns are likely to change in the

future.

We argue that traditional methods of assessing

space use and survival across averaged conditions

and/or resources (e.g., season, year) are likely not

adequate particularly given the nonequilibrium nature

of these systems, and that the variability within these

systems is important for species persistence. For

example, ambient temperatures within the coldest

(<�15 °C) and hottest (>35 °C) categories occurred 1%

and 3.7% of the time during our study, respectively

(Fig. 4). This was associated with persistent events

with thermal extreme conditions lasting for a maxi-

mum of 12.8 hours and 11.6 hours for the coldest and

hottest ambient temperature categories, respectively.

However, it was these discrete events that constrained

space use and/or survival. An increased emphasis on

viewing cover for thermal refugia should be consid-

ered within the context of both weather variability

and global climate change. Ambient temperatures

within and beyond the hottest thermal category are

predicted to become more common within much of

the world. Furthermore, there is uncertainty in predic-

tions of daily temperature extremes based on climate

change models (Kjellstr€om et al., 2007). Daily maxi-

mum temperatures are typically underestimated and

daily minimum temperatures are overestimated (Kjell-

str€om et al., 2007), and more profound changes in

future daily extremes will likely have important

implications on the prevalence of ecological con-

straints if species are unable to adapt.
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Supporting Information

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

Table S1. Descriptive data on long term and study period weather conditions.
Table S2. Number of training and testing locations used for MAXENT analysis of Colinus virginianus space use across 12 ambient tem-
perature categories.
Table S3. List of variables used in MAXENT analysis for Colinus virginianus locations.
Table S4. Percent variable contribution of variables used to estimate Colinus virginianus space use across ambient temperature cate-
gories using MAXENT and 30 m resolution data.
Table S5. All pairwise comparisons of range overlap analyses for predicted usable space for Colinus virginianus across 12 ambient
temperature categories.
Figure S1. Percent usable space (� 1 standard error) for Colinus virginianus across a temperature gradient (°C)1 as determined
through MAXENT.
Figure S2. Histogram of predicted usable space of Colinus virginianus during ambient temperatures of �20 to �15 °C (blue) and 15–
20 °C (black) when corrected for sample size.
Figure S3. Percent time (minutes/month) occurring within ambient temperature categories (°C) during 2012–2015 compared
to future climate conditions as predicted by five general circulation models under a medium emission scenario (A1B) and projected
to the year 2080 at Beaver River WMA, Beaver County, OK, USA.
Figure S4. Percent time (minutes/month) occurring within ambient temperature categories (°C) during 2012–2015 compared to
future climate conditions as predicted by five general circulation models under a low emission scenario (B1) and projected to the
year 2080 at Beaver River WMA, Beaver County, OK, USA.
Figure S5. Percent time (minutes/month) occurring within ambient temperature categories (°C) during 2012–2015 compared to
future climate conditions as predicted by five general circulation models under a high emission scenario (A2) and projected to the
year 2050 at Beaver River WMA, Beaver County, OK, USA.
Figure S6. Percent time (minutes/month) occurring within ambient temperature categories (°C) during 2012–2015 compared to
future climate conditions as predicted by five general circulation models under a medium emission scenario (A1B) and projected to
the year 2050 at Beaver River WMA, Beaver County, OK, USA.
Figure S7. Percent time (min month�1) occurring within ambient temperature categories (°C) during 2012–2015 compared to future
climate conditions as predicted by five general circulation models under a low emission scenario (B1) and projected to the year 2080
at Beaver River WMA, Beaver County, OK, USA.
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