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Abstract 

Although the influence of environmental variation on energy balance of endotherms 

is well understood, the degree to which climate directly constrains energy available for 

reproduction in large mammals has received comparatively little attention. We used a 

combination of biophysical and algorithmic modeling to examine the impact of temperature 

variation on rates of metabolism and water loss of lactating and non-lactating female grizzly 

bears, Ursus arctos. Our goal was to understand the conditions in which warm temperatures 

constrain activity (both timing and intensity) and to quantify the relative importance of 

regulatory behaviors for maintaining heat balance. We used the mechanistic modeling 

software Niche Mapper to predict energetic costs incurred by female bears in early and late 

summer under current (measured) climatic conditions, as well as under conditions predicted 

by the IPCC (i.e., 2.5o-C increase in mean temperature). When bears were allowed access to 

“bathtubs” (i.e., pools of cool water) to facilitate cooling they were able to maintain 

homeothermy under a wider range of conditions throughout the summer, especially under 

simulated climate warming. The relative benefit of bathtubs was greater for lactating females 

because of the additional endogenous heat generated by lactation. Our results suggest that 

behavioral mechanisms for minimizing costs of thermoregulation are likely to play an 

important role in the ecology of grizzly bears at the southern extent of their range under 

current conditions, and that increasing temperatures have the potential to constrain energy 

allocated to reproduction by grizzly bears. To explore this possibility further we used an 

algorithmic modeling approach to evaluate the relative influence of costs imposed by the 

thermal environment on the spatial distribution of female grizzly bears. We developed a 

Genetic Program to predict the relative contribution of a suite of environmental variables to 
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the distribution of lactating and non-lactating female bears in the Greater Yellowstone 

Ecosystem Grizzly Bear Recovery Zone. Although our model results did not indicate that 

variation in the thermal environment is a more important determinant of grizzly bear 

distribution than other environmental factors under current climatic conditions, they did show 

that spatiotemporal variation in costs of thermoregulation have a greater influence on the 

distribution of lactating than non-lactating female bears. This result is consistent with 

predictions of the Heat Dissipation Limit Theory and has important implications for the 

distribution and performance of grizzly bear populations in the GYE as the earth’s climate 

continues to warm.   
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Chapter 1: Climatic Constraints on Energy Balance and Behavior of 

Grizzly Bears 

 

Abstract 

Although the influence of environmental variation on energy balance of endotherms 

is well understood, the degree to which climate directly constrains energy available for 

reproduction in large mammals has received comparatively little attention. We used a 

biophysical model to examine the impact of temperature variation on rates of metabolism and 

water loss of lactating and non-lactating female grizzly bears, Ursus arctos. Our goal was to 

understand the conditions in which warm temperatures constrain activity (both timing and 

intensity), and to quantify the relative importance of regulatory behaviors for maintaining 

heat balance. We used the mechanistic modeling software Niche Mapper to predict energetic 

costs incurred by female bears in early and late summer under current (measured) climatic 

conditions, as well as under conditions predicted by the IPCC (i.e., 2.5o C increase in mean 

temperature). When bears were allowed access to “bathtubs” (i.e., pools of cool water) to 

facilitate cooling, they were able to maintain homeothermy under a wider range of conditions 

throughout the summer, especially under simulated climate warming. The relative benefit of 

bathtubs was greater for lactating females because of the additional endogenous heat 

generated by lactation. Our results suggest that behavioral mechanisms for minimizing costs 

of thermoregulation are likely to play an important role in the ecology of grizzly bears at the 

southern extent of their range under current conditions, and that increasing temperatures have 

the potential to constrain energy allocated to reproduction by grizzly bears.  
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Introduction 

Climate directly affects energy balance of endothermic animals by determining the 

costs (i.e., metabolic rate and evaporative water loss) of maintaining homeothermy (Porter et 

al. 2000, 2002). Although the magnitude of those costs varies widely among species and 

habitats, the Heat Dissipation Limit Theory (HDLT; Speakman and Król 2010a) posits that 

allocation of energy to growth and reproduction by endotherms is governed more by their 

capacity to dissipate heat than by their ability to harvest energy from the environment. Even 

at basal levels a considerable amount of heat is generated as a byproduct of normal metabolic 

processes (McNab 2002), and when environmental temperatures are warm this heat must be 

dissipated to maintain a stable core temperature. Reproduction (i.e., gestation and lactation) 

and activity (e.g., traveling or foraging) further increase endogenous heat production, and 

thus the amount of energy that can be devoted to growth, reproduction or activity is 

constrained by the capacity of endotherms to dissipate that heat, even if energy supplies are 

effectively unlimited (Król and Speakman 2003a, b; Król et al. 2003; Speakman and Król 

2010a,b).  

Because endogenous heat production increases markedly during gestation and 

lactation (Speakman and McQueenie 1995, Urison and Buffenstein 1995, Bowers 2009), 

climate may impose greater constraints on energy expenditure by female that male mammals. 

Indeed, this difference may have contributed to the evolution of sexual size dimorphism in 

some species (e.g., European red deer; Post et al. 1999). Limitations on the ability of female 

mammals to dissipate heat generated by reproductive processes have important implications 

for female fitness, and thus population performance, in a warming climate. Increasing the 

environmental heat load experienced by female mammals will likely decrease their ability to 
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devote energy to reproduction, thereby decreasing milk production and subsequent offspring 

body mass and/or litter size (Johnson and Speakman 2001, Król and Speakman 2003a,b; Król 

et al. 2003).  

In addition to constraints imposed on reproductive investment, high environmental 

temperatures may limit the timing or duration of physical activity. Like gestation and 

lactation, activity increases the production of endogenous heat that must subsequently be 

dissipated, and previous studies have demonstrated that high environmental temperatures can 

constrain activity of some mammals (e.g., Belovsky 1981, Creel et al 2016, Hall and 

Chalfoun 2018). Such constraints are likely to become even more pronounced across a wider 

variety of taxa as average global temperatures continue to rise.  

Grizzly bears (Ursus arctos) are an iconic mammal in western North America. Yet, 

management of grizzly bears is often fraught with controversy, as is evidenced by the 2017 

decision by the U.S. Fish and Wildlife Service to remove grizzly bears from the endangered 

species list, followed by the quick reversal of that decision by a federal judge in 2018. As 

part of the process for considering grizzly bears for delisting, the U.S. Fish and Wildlife 

service evaluated the relative contribution of food resources (i.e., quality, availability and 

distribution of key food resources) to the stability of grizzly populations in the lower 48 

States. In contrast, the potential for climate change to influence behavior and/or performance 

of grizzly populations by increasing costs of thermoregulation and activity has received little 

attention (although some researchers have examined the relationship between temperature 

and activity levels; MacHutchon et al. 1998, Fortin et al. 2013, McLellan and McLellan 

2015). As the climate warms, bears may experience new constraints on behavior, such as the 

need to limit diurnal activity to reduce exposure to solar radiation (Ward et al. 1999). 
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Understanding how much of an increase in temperature is necessary to begin imposing such 

constraints is critical for future conservation and management of grizzly bears. 

Large-bodied animals like grizzly bears have smaller surface-area-to-volume ratios 

and thicker boundary layers than their smaller-bodied counterparts. As a result, larger 

animals are more limited in their ability to dissipate heat. This biophysical first principle 

suggests that as temperatures continue to rise, grizzly bears may be forced to invest more 

resources (i.e., energy and water) into regulating their body temperature, especially near the 

southern extent of their range. Although some of this regulation can be accomplished 

physiologically, bears also have the ability to alter their behavior, particularly as they move 

across large landscapes. Behavior often serves as an important buffer against environmental 

variation (Huey et al. 2003, Long et al. 2014), and large mammals can regulate their 

exposure to costs imposed by the thermal environment through a variety of behavioral 

mechanisms. One example of such behavior in bears is the use of “bear bath tubs” (i.e., pools 

of cool water) to lower their body temperature during summer months in the Greater 

Yellowstone Ecosystem (Sawaya et al. 2017). Nevertheless, the relative importance of 

behavioral thermoregulation in grizzly bears is poorly understood. Understanding how and to 

what degree environmental temperature constrains behavior and energy balance of grizzly 

bears could provide important insights into potential responses of grizzly bears to climate 

warming. 

Our objective was to understand the extent to which climate (i.e., environmental 

temperature) constrains behavior (e.g., timing and duration of daily activity) and energy 

balance of grizzly bears by determining costs of thermoregulation across a range of 

temperatures and activity levels. Specifically, because grizzly bears are large-bodied 
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endotherms with relatively small surface-area-to-volume ratios, thick boundary layers, and 

thick coats of insulating fur, we hypothesized that: (H1) Grizzly bears will be forced to 

invoke behavioral and/or physiological mechanisms of thermoregulation (e.g., the use of 

shade or water) to sustain relatively low levels of activity throughout much of the active 

season, but especially when environmental temperatures peak during summer; (H2) Because 

of the additional heat loads created by lactation, female grizzly bears that are lactating will be 

subject to greater energetic constraints than non-lactating females under the same 

environmental conditions; (H3) Warming temperatures predicted by models of climate 

change over the next century will increase costs of thermoregulation and limit the hours of 

the day during which female grizzly bears can successfully thermoregulate. 

 

Methods and Materials 

Thermodynamic modeling  

We estimated costs of thermoregulation experienced by grizzly bears in a variety of 

different scenarios using Niche Mapper (Porter et al. 2002, Porter and Mitchell 2006, Natori 

and Porter 2007). Niche Mapper is a mechanistic model based on biophysical first principles 

that estimates the metabolic and hydric costs of maintaining homeothermy under a given set 

of environmental conditions by solving the energy balance equation (Porter and Gates 1969) 

for the species being modeled (Porter et al. 1994, 2010). Niche Mapper consists of two 

submodels: a microclimate model and an endotherm model. These two submodels integrate a 

suite of data on the model animal and its environment to predict hourly rates of water loss 

and metabolism necessary to maintain a constant body temperature (Porter et al. 2002, Natori 

and Porter 2007, Huang et al. 2013, Long et al. 2014). 
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The microclimate submodel uses empirical data supplied by the user to calculate 

hourly profiles of temperature, wind speed, humidity, and solar radiation during the 

“average” day within a user-specified time interval (often a week or a month, although any 

time interval can be used). The model assumes that this average day is representative of all 

days within the user-specified temporal window; therefore, the length of the time interval is 

typically chosen to ensure that this assumption is reasonable without requiring undue 

processing time. The accuracy of Niche Mapper’s environmental model has been widely 

tested and validated across a range of ecosystems (Porter et al. 1973, Mitchell et al. 1975,  

Fuentes and Porter 2013, Kearney et al. 2014).  

We parameterized the microclimate model using data from a HOBOware weather 

station and data logger placed along the perimeter of the captive grizzly enclosure at the 

Washington State University Bear Research, Education, and Conservation Center 

(WSUBRECC) during summer (May through September), 2018. The weather station 

recorded temperature, wind speed, and relative humidity at 5-min intervals. We obtained data 

on daily cloud cover from a public database hosted by WeatherUnderground 

(https://www.wunderground.com/). Daily minima and maxima for each variable were 

averaged over the course of each week during the summer, and those average extrema were 

then used by the microclimate model to calculate profiles for each variable during an average 

day of that week. In addition, to estimate costs of thermoregulation in a warming climate, we 

re-parameterized the microclimate submodel with temperature data that aligned with 

predictions of  the IPCC PCP8.5 model for the middle of the 21st century (i.e., we added 

2.5oC to our empirical measurements of average high and low temperatures).  
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The endotherm submodel integrates various properties of the animal that influence 

rates of heat and mass transfer (e.g., fur depth, pelt reflectivity, metabolic rate, etc.; Natori 

and Porter 2007; Long et al. 2014) in concert with vegetation characteristics and the output 

from the microclimate model; together, output from the endotherm and microclimate 

submodels define the animal’s thermal environment (Appendix A). In order to solve the 

energy balance equation for the animal at each time step the animal is allowed to 

thermoregulate both behaviorally and physiologically. The model assumes a “best-case 

scenario,” and first allows the animal to perform a series of behavioral responses (i.e., 

seeking shade) before resorting to physiological responses (i.e., panting or sweating) that 

invoke a metabolic or water cost. The model allows the animal to engage in thermoregulatory 

behaviors as soon as net heat gain would result in increased internal temperature without 

intervention. When energy and/or water must be expended to maintain heat balance, these 

costs are reported as hourly estimates by the model. Hourly estimates are then integrated into 

an estimate of the total costs incurred by the animal at the location being modeled during an 

average day. Multipliers of basal metabolic rate can also be used to account for different 

levels of physical or reproductive activity (e.g., lactation).  

To parameterize the endotherm model we obtained pelt and body measurements from 

5 adult female bears at the WSUBRECC. We measured hair length and fur depth with a 

digital caliper. Fur density (hairs per cm2) was calculated from samples shaved from each 

bear. We measured the area of the shaved patch using a digital caliper and counted the 

number of hairs in 5 subsamples from the total shaved sample. We then weighed each 

subsample to establish the relationship between subsample weight and number of hairs, and 

estimated the total number of hairs in the full shaved sample as a function of its weight. 
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Finally, we estimated fur density by dividing the estimated number of hairs in the shaved 

sample by the area of the shaved patch. Grizzly bears have two fur types, guard hairs and 

underfur. We used underfur measurements for parameterizing the endotherm model, because 

our analyses revealed that the coat was comprised of 96.8% underfur hairs by count, and thus 

the role of the pelt in heat transfer likely was dominated by the underfur. The width of each 

hair was determined by photographing individual hairs under a microscope at 100x 

magnification and then measuring the width using ImageJ software (available from the 

National Institute of Health Research Services Branch; https://imagej.nih.gov/). We 

measured pelt reflectivity across a range of wavelengths (350 -2500 nm) using an ASD 

portable spectrophotometer and integrated the resulting curve to estimate total pelt 

reflectivity. All measured parameters were averaged across individuals, and additional 

parameters were obtained from the literature (Appendix A). All animal handling was 

approved by the Institutional Animal Care and Use Committee at the University of Idaho 

(protocol #IACUC-2018-21). 

We quantified energetic costs of activity (i.e., locomotion) using five captive adult 

grizzly bears housed at the WSUBRECC. We measured rates of oxygen consumption by 

each bear while it walked on a treadmill within a metabolic chamber at differing speeds and 

inclines (range of speeds = 1.6 – 4.3 km/h; range of inclines = -20 – 20%). We then used the 

resulting data to determine an appropriate range of activity multipliers (i.e., increases in 

energy expenditure above basal metabolic rate (BMR) to account for varying levels of 

activity) to use when parameterizing Niche Mapper (Appendix A). Under normal conditions, 

a bear traveling from a resting place to a known food source travels at ~3.6 km/h (Craighead 

et al. 1976, Shine et al. 2015). Therefore, we used the proportional increase in energy 
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expenditure above BMR experienced by a bear walking at that speed (56%) as the multiplier 

for modeling an active bear (inactive bear = BMR, active bear = 1.56 x BMR). 

To investigate the relative importance of “bath tubs” as a strategy for 

thermoregulation by bears, we conducted several simulations in which bears were given the 

option to submerge up to 100% of their body and 80% of their neck in cool (ground-water 

temperature ~14oC) water to achieve heat balance through convective and conductive 

cooling. To evaluate the importance of bathtubs relative to other behavioral cooling 

mechanisms, access to shade (up to 100%) was included in the comparative simulations We 

also examined the impact of lactation on heat balance of female bears by using an additional 

energetic multiplier (1.52 x BMR; Gittleman 1989) to account for heat generated at peak 

lactation. 

We used Niche Mapper to compare costs of thermoregulation among bears during 

summer (May – September) in the following scenarios: 1) lactating females at rest versus 

active, and with or without access to bathtubs; 2) non-lactating females at rest versus active, 

and with or without access to bathtubs; and 3) the same scenarios described in (1) and (2) 

with a 2.5oC increase in temperature minima and maxima to simulate the effects of climate 

warming.  

 

Results 

During early summer (mid-May), predicted metabolic rates of non-lactating, inactive 

female bears were unaffected by diel variation in environmental temperature (i.e., bears were 

able to maintain heat balance without the need to thermoregulate behaviorally or 

physiologically; Error! Reference source not found.). In contrast, to keep from overheating 
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during the hottest hours of the day (roughly 10:00 to 16:00 hrs), lactating females required 

water (i.e., access to “bath tubs”) to thermoregulate behaviorally (Fig. 1-1); access to shade 

alone was insufficient for cooling. During late summer inactive bears of both reproductive 

classes were predicted to overheat during some portion of the day in the absence of water, 

even with access to shade (Figure 1-2). However, when bathtubs were available for 

thermoregulation, both lactating and non-lactating female bears were able to achieve heat 

balance (Figure 1-2).  

In both early and late summer, the ability to sustain high levels of activity (and 

associated levels of metabolic heat production) differed between reproductive classes and 

was influenced by access to water. In early summer, non-lactating females were able to 

successfully dissipate the heat produced by a high level of activity (i.e., travel at 3.6 km/hr; 

1.56 x BMR) during only 16 hours of the day (mostly at night and during crepuscular hours; 

Error! Reference source not found.) even when water was available for cooling. Access to 

water was still important, however, and allowed non-lactating females in early summer to 

maintain ~85.8% of the target activity level without overheating during the remaining 8 

hours of the day (1.29 x BMR; Error! Reference source not found.). The importance of 

water for thermoregulation was even greater for non-lactating females during late summer. In 

the absence of water, non-lactating females were predicted to overheat during the hottest four 

hours of the day, but were able to sustain up to 84.6% of the target activity level during those 

hours when water was available for cooling (1.28 x BMR; Fig. 1-2).  

Lactating female bears were unable to sustain a high level of activity during any hour 

of the day in early or late summer. The maximum sustainable level of activity for lactating 

females during either period was 89.3% of the target rate (1.34 x BMR; Figs. 1-1 and 1-2), 
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which suggests that the increased heat produced by traveling at 3.6 km/h cannot be 

effectively dissipated by lactating female bears in early or late summer, regardless of access 

to water (Error! Reference source not found. andFigure 1-2). Access to water did, 

however, facilitate a higher level of activity (1.12 x BMR in early summer and 1.10 x BMR 

in late summer), and effectively prevented overheating during the hottest part of the day in 

both early and late summer (Figs. 1-1 and 1-2).  

For both reproductive classes, temperature increases predicted under climate change 

reduced the number of hours in which bears could achieve heat balance while inactive by up 

to 55.1% (range = 0.2 – 55.1%; Fig. 1-3). However, the effect of climate warming on time 

available for activity was modulated by the availability of water for cooling (Fig. 1-3). In the 

absence of water, the proportion of the day during which inactive, non-lactating females were 

able to achieve heat balance was <100% for most of the summer, and declined to as low as 

54% in July and August (Figure 1-3). However, when water was available to facilitate 

cooling, non-lactating females were able to achieve heat balance 24 hrs/day throughout the 

summer by thermoregulating behaviorally under current climate conditions, and during most 

of the summer even under future climate conditions (Figure 1-3).  

Constraints imposed by climate warming were more pronounced for lactating than for 

non-lactating female bears. Although access to water increased the proportion of the day 

during which heat balance could be achieved by up to 37.5% under current climate 

conditions and by up to 54.2% in future climate conditions, lactating females were still at risk 

of overheating for up to 9 hrs/day during a large portion of the summer (roughly from July 9 

to September 3).  
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Discussion 

Access to water played an important role in reducing predicted costs of 

thermoregulation for both lactating and non-lactating female bears during summer. Bears 

were allowed to seek shade in all of our simulations, and thus the frequent use of water by 

simulated bears when it was available suggests that shade alone was rarely sufficient for 

maintaining thermoneutrality on warm days. These results support our first hypothesis that 

bears will frequently be forced to invoke behavioral mechanisms of thermoregulation during 

summer, even at relatively low levels of activity. In addition, our results are consistent with 

observed patterns of behavior in bears, particularly near the southern extent of their range. 

For example, Sawaya (2016) reported that American black bears regularly immersed 

themselves in water sources to thermoregulate, and that this behavior steadily increased in 

frequency as summer progressed, peaking when temperatures were highest. Similarly, Pigeon 

et al. (2016) reported that grizzly bears at higher latitudes in Canada increasingly favored 

habitats with denser canopy cover as temperatures increased during summer. Our analyses 

provide mechanistic insight into these observations, and suggest that energy allocation by 

female grizzly bears during summer may already be constrained to some degree by climate.  

Our second hypothesis, that lactating female bears are subject to greater climatic 

constraints on energy balance because of the increased heat generated by lactation, also was 

supported. Even at relatively low temperatures in early summer, lactating females were 

limited to lower levels of activity than their non-lactating counterparts, and temperature 

increases predicted under climate change exacerbated this trend. This suggests that female 

grizzly bears may be faced with tradeoffs in energy allocation that are consistent with 

predictions of the Heat Dissipation Limit Theory (Speakman and Król 2010a), and with the 
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generally slow life-histories of large-bodied endotherms (Speakman and Król 2010b). 

Indeed, our results indicate that the production of additional endogenous heat during lactation 

likely imposes serious constraints on the level of activity attainable by a female bear. Such 

constraints could reduce population performance not only by limiting investment in 

reproduction, but also by limiting the ability of females to optimize (with respect to factors 

other than the thermal environment) their movements and distribution on the landscape, 

particularly when summer temperatures are at their zenith.  

As global temperatures continue to rise, direct effects of climate on bears are likely to 

become even more pronounced. Our results suggest that although grizzly bears will be able 

to buffer themselves behaviorally against such effects to some extent, female bears near the 

southern extent of their range may already be approaching the limits of those abilities. In our 

models, increasing temperatures predicted under climate change decreased the proportion of 

the day during which heat-balance was achievable for both non-lactating and lactating female 

bears, supporting our third hypothesis. A reduction in the mean number of daily hours when 

activity is possible may have important consequences for grizzly bears, which are largely 

diurnal and crepuscular during summer even under current climatic conditions (Fortin et al. 

2013). For example, fewer hours available for foraging could reduce energy intake, further 

exacerbating climatic constraints on growth and reproduction.  

The nature of predictions generated by Niche Mapper must be carefully considered 

when interpreting our results. The model predicts metabolic rates at an hourly time step, 

which assumes that the model animal is sustaining the specified activity level for the entire 

hour. The ability of a bear to dramatically increase its activity for short periods (e.g., 

sprinting to capture a prey item) and then to subsequently recover is not accounted for. Thus, 
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our results are most appropriately interpreted as estimates of the relative cost of activity at 

different times of the day and under different conditions (i.e., lactating vs. non-lactating, 

access to water or not, current vs. future climate). 

Our results have important implications for population performance of grizzly bears 

in a warming climate. The potential for rising temperatures to directly constrain energy 

allocation to growth and reproduction by endotherms has not been evaluated for most species 

(Speakman and Król 2010a), including grizzly bears. Yet, responses of endotherms to 

climatic variation are highly variable across taxa, and thus mechanistic, species-directed 

approaches will be critical for understanding and predicting effects of climate change on 

distribution and performance of wildlife populations (Fuller et al. 2016). Our results suggest 

that climatic modulation of costs imposed by the thermal environment likely is an important 

driver of grizzly bear behavior and energetics, and that relative importance of the thermal 

environment to grizzly bear ecology is likely to increase as the climate continues to warm.  
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Figures 

Figure 1-1. Predicted hourly metabolic rates (W) from Niche Mapper for lactating and non-lactating female bears at low (BMR) and 

high  (1.52 x BMR) activity levels during an average day from May 7 to May 13, 2018 at the Washington State University Bear 

Research, Education, and Conservation Center in Pullman, Washington, USA. Blue lines represent predicted metabolic rates when 

bears have access to “bath tubs” (i.e., pools of ~14oC water) for cooling, and black lines represent predicted rates in the absence of 

bath tubs. Basal metabolic rate is denoted by a dashed grey line. Predicted metabolic rates that drop into the shaded portion of the 

graph below BMR denote conditions in which the bear is predicted to overheat. The second Y-axis denotes the percentage of the target 

metabolic rate for sustaining high activity levels (1.52 x BMR) that is attainable in the modeled scenario. 
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Figure 1-2. Predicted hourly metabolic rates (W) from Niche Mapper for lactating and non-lactating female bears at low (BMR) and 

high  (1.52 x BMR) activity levels during an average day from September 27 to October 3, 2018 at the Washington State University 

Bear Research, Education, and Conservation Center in Pullman, Washington, USA. Blue lines represent predicted metabolic rates 

when bears have access to “bath tubs” (i.e., pools of ~14oC water) for cooling, and black lines represent predicted rates in the absence 

of bath tubs. Basal metabolic rate is denoted by a dashed grey line. Predicted metabolic rates that drop into the shaded portion of the 

graph below BMR denote conditions in which the bear is predicted to overheat. The second Y-axis denotes the percentage of the target 

metabolic rate for sustaining high activity levels (1.52 x BMR) that is attainable in the modeled scenario.  
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Figure 1-3. Predicted percentage of the day between May 7 and October 3 during which inactive non-lactating and lactating female 

bears are able to achieve heat balance in both current climate conditions and under the 2.5o-C temperature increase predicted by the 

IPCC R8.5 over the next 100 years. Blue lines represent predicted percentage of the day that bears are able to achieve heat balance 

when they have access to “bath tubs” (i.e., pools of ~14oC water) for cooling, and black lines represent predicted percentage of the day 

that they can achieve heat balance in the absence of bath tubs. 
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Chapter 2: The Relative Impact of Thermal Environment on the 

Distribution of Female Grizzly Bears 

 

Abstract 

Species distributions are predicted to change as global temperatures warm, but the 

relative importance of the various mechanisms driving those changes (e.g., direct versus 

indirect effects of climatic variation on energy balance) remains poorly understood. We used 

a combination of biophysical and algorithmic modeling to examine the impact of temperature 

variation on the distribution of lactating and non-lactating female grizzly bears, Ursus arctos, 

in the Greater Yellowstone Ecosystem Grizzly Bear Recovery Zone, USA. Our goal was to 

evaluate the relative importance of spatiotemporal variation in costs of thermoregulation as a 

determinant of grizzly bear distribution. We used the mechanistic modeling software Niche 

Mapper to map thermoregulatory costs across the landscape, and then incorporated those cost 

predictions, along with a suite of other environmental variables, into a Genetic Program that 

determined the relative importance of each variable for predicting the distribution of GPS-

collared bears. Although environmental variables such as elevation and human disturbance 

were important for predicting the presence of both lactating and non-lactating female bears, 

our model did not identify variation in the thermal environment as a strong driver of female 

bear distribution. However, variation in the thermal environment was relatively more 

important for predicting the distribution of lactating than non-lactating female bears, likely 

due to the increase in endogenous heat production associated with lactation. Our results are 

consistent with other studies that have highlighted the role of human disturbance in 

determining the distribution of bears, and with predictions of heat dissipation limit theory in 
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that variation in the thermal environment appears to impose greater constraints on the 

ecology of lactating than non-lactating female grizzly bears. Relative importance of the 

thermal environment to female bears in general, but especially to lactating females, is likely 

to increase as the climate continues to warm, which may have important implications for 

performance of grizzly bears in the Recovery Zone. 

 

Introduction 

The earth’s climate is warming at an unprecedented rate (Braconnot et al. 2012, IPCC 

2013, IPCC 2014), and understanding the effects of climate change on ecosystem processes 

is one of the most pressing challenges faced by modern ecologists. One of the most striking 

effects of climate change on terrestrial ecosystems is the alteration of species distributions 

(Pimm 2008, Heller and Zavaleta 2009, Moritz and Agudo 2013), and such effects have been 

demonstrated extensively across multiple taxa (Jetz et al. 2007, Colwell et al. 2008, Garcia et 

al. 2012, Alamgir et al. 2015, Aryal et al. 2016, Mukul et al. 2019). Climate determines the 

fundamental niche of endothermic species at the most basic level by dictating the conditions 

in which it is possible to maintain homeothermy (Hutchinson 1957, as discussed in Kearney 

and Porter 2004). Accordingly, climate change can fundamentally alter the potential of a 

landscape to provide suitable habitat for a species if temperature extrema or other climatic 

variables begin to drift outside the boundaries of a species’ fundamental niche.  

The use of niche modeling as a tool for predicting how species’ distributions will 

respond to environmental change has increased dramatically in recent years (Brown et al 

2016, Martinez-Minaya 2018). Critics of this approach contend that the correlative nature of 

most niche models, although informative in the context of current conditions, limits the 
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ability of those models to accurately forecast responses to future climate scenarios (Dawson 

et al. 2011, Araujo and Peterson 2012) and provides little insight into the potential for 

behavioral, plastic, or genetic responses to climate change (Davis et al. 1998, Jeschke et al. 

2008). Mechanistic niche models help to overcome these limitations by explicitly considering 

the capacity of species to buffer themselves against negative effects of climate change 

through behavioral, morphological, and/or physiological means (Kareiva et al. 1993, 

Helmuth et al. 2005, Kearney and Porter 2009).  

One important mechanism by which climate change directly affects the distributions 

of endothermic animals is by determining the energetic costs (i.e., metabolic rate and 

evaporative water loss) of maintaining homeothermy, and thus the amount of discretionary 

energy available for growth and reproduction (Porter et al. 2000, 2002). The Heat Dissipation 

Limit Theory (HDLT; Speakman and Król 2010) posits that the capacity of endotherms to 

dissipate heat imposes a greater constraint on energy allocation to growth and reproduction 

than their ability to harvest energy from the environment. Endotherms generate considerable 

heat as a byproduct of normal metabolic processes (McNab 2002), and to effectively 

maintain a stable core temperature this heat must be dissipated to the environment. 

Furthermore, endogenous heat production increases during reproduction (i.e., gestation and 

lactation) and activity (e.g., traveling or foraging), and thus high environmental temperatures 

may constrain the ability of endotherms to invest energy in those functions even if energy 

supplies are effectively unlimited (Porter and Gates 1969; Król and Speakman 2003a, b; Król 

et al. 2003; Porter and Kearney 2009; Speakman and Król 2010a, b). For these reasons, 

climate warming may have more pronounced effects on female than male endotherms, which 

has important implications for population dynamics and performance in a warming climate. 
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The implications of HDLT are particularly salient for large mammals in the face of a 

warming climate. In contrast to smaller species, large-bodied mammals can accumulate high 

internal heat loads because their smaller surface-area-to-volume ratios and thicker boundary 

layers limit rates of convective heat and mass loss to the environment (Porter and Gates 

1969, Porter and Kearney 2009). This biophysical first principle suggests that large animals 

may be forced to invest disproportionately more resources into regulating body temperature 

as environmental temperatures continue to rise. 

One large mammal of conservation concern is the grizzly bear (Ursus arctos). 

Current grizzly bear populations in North America range from northern Canada and Alaska 

(latitude 74o) through the northernmost part of the western conterminous United States, with 

isolated populations as far south as Yellowstone National Park (latitude 43o) (although 

historic distributions ranged as far south as Mexico [latitude 22o] and included much of the 

western United States; COSEWIC 2012). Like most large mammals, grizzly bears have slow 

life histories; female grizzlies typically reproduce for the first time between 4 and 7 years 

old, and the average interbirth interval is 2.6 years (litter size is usually two cubs; Ferguson 

and McLoughlin 2000; Schwartz et al. 2006). Although the inverse relationship between 

body size and the pace of life is well known, Speakman and Król (2010b) recently suggested 

that limits to heat dissipation may be the mechanism underlying this trend; if endotherms are 

constrained by their maximum ability to dissipate heat, and heat loss is fundamentally 

surface-based, then the low surface-area-to-volume ratio of large mammals likely limits their 

ability to dissipate the additional heat generated by reproduction, leading to a slower life 

history (Speakman and Król 2010b). 
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Previous investigation of the determinants of grizzly bear distribution have focused 

on the role of food resources and the perception of risk (Nielsen et. al 2010). Similarly, 

studies of the potential impacts of climate change on grizzly bears have focused mostly on 

predicted changes in the distribution of food resources (i.e., indirect effects of climate 

change; Roberts et al. 2014). The potential role of human disturbance in limiting the 

distribution of grizzly bears also has been evaluated (e.g., grizzly bears have been shown to 

alter their behavior to avoid high-traffic roads; Northrup et al. 2012; Apps et al. 2006). To 

date, however, no studies have used mechanistic niche models to evaluate the relative 

importance of spatiotemporal variation in costs of thermoregulation as a driver of grizzly 

bear distributions. The goal of our study was to evaluate the influence of energetic costs 

imposed by climate on the distribution of grizzly bears in the Yellowstone National Park 

Grizzly Bear Recovery Zone (GRZ) relative to other factors already known to influence bear 

distribution. In accordance with that goal we test the following hypotheses: (H1) The 

landscape-scale distribution of grizzly bears in the GRZ will be influenced more by 

spatiotemporal variation in the thermal environment than by habitat type or human 

disturbance, particularly during the warmest summer months; (H2) Because of the additional 

heat generated by lactation, costs of thermoregulation will have a relatively greater influence 

on the distribution of lactating than non-lactating females. 

 

Methods and Materials 

Study area 

We modeled potential determinants of grizzly bear distribution in Yellowstone 

National Park (hereafter YNP) and the surrounding Grizzly Bear Recovery Zone (hereafter 
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GRZ; latitude 44, longitude -110; Error! Reference source not found.; U.S. Fish and 

Wildlife Service 1993). The GRZ surrounds YNP and includes Grand Teton National Park, 

in combination with both National Forest and private lands. In 2007 the grizzly bear 

population in the GRZ was estimated to number between 490 and 629 individuals, of which 

275 were estimated to be females with cubs of the year (Haroldson 2008, Kamath 2015). The 

population is estimated to be near its carrying capacity based on survival rates of young and 

the proportion of the population comprised by adult bears (Haroldson 2008). More than 3 

million people visited YNP in 2007, resulting in >40,000 user nights at backcountry sites, the 

majority of which occurred between May and September when bears were active (Gunther 

2008). Maximum temperature recorded at the Parker Ponderosa/Gus’s Gulch weather station 

in West Yellowstone (elevation 2,032 m) in summer (May through August) was 84o F in 

2007 and 81o F in 2008. Elevations in the park range between 1,610 and 3,462 meters.  

Animal location data 

To train and validate models of grizzly bear distribution in the GRZ we used GPS 

collar data from 14 resident (i.e., ≥95% of locations occurred within YNP) female bears 

obtained during summers of 2007 and 2008. Additional details on capture and handling of 

grizzly bears can be found in Peck et al. (2017) and were based on methods developed by 

Blanchard (1983).  All animal handling was approved by the Institutional Animal Care and 

Use Committee at the University of Idaho (protocol #IACUC-2018-21). 

Energetics modeling: Niche Mapper 

We estimated costs of thermoregulation experienced by grizzly bears in a variety of 

different scenarios and habitats using Niche Mapper (Porter et al. 2002, Porter and Mitchell 

2006, Natori and Porter 2007). Niche Mapper is a mechanistic model based on biophysical 
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first principles that estimates the metabolic and hydric costs of maintaining homeothermy 

under a given set of environmental conditions by solving the energy balance equation (Porter 

and Gates 1969, Mathewson and Porter 2013) for the species being modeled (Porter et al. 

1994, 2010). Niche Mapper consists of two submodels: a microclimate model and an 

endotherm model. These two submodels integrate a suite of data on the model animal and its 

environment to predict hourly rates of water loss and metabolism necessary to maintain a 

constant body temperature at a specific location and time (Porter et al. 2002, Natori and 

Porter 2007, Huang et al. 2013, Long et al. 2014). A landscape-scale permutation of Niche 

Mapper can be used to predict costs of thermoregulation for each pixel in a landscape during 

a user-specified temporal window.  

The microclimate submodel uses climate data supplied by the user to calculate hourly 

profiles of air temperature, wind speed, humidity, and solar radiation 2 meters above the 

ground during the “average” day within a user-specified time interval (often a week or a 

month, although any time interval can be used). The model assumes that this average day is 

representative of all days within the specified temporal window; therefore, the length of the 

time interval is typically chosen to ensure that this assumption is reasonable without 

requiring undue processing time. The accuracy of Niche Mapper’s environmental model has 

been widely tested and validated across a range of ecosystems (Porter et al. 1973, Natori and 

Porter 2007, Huang et al. 2013). 

To parameterize the microclimate model for the GRZ we used publicly available 

climate data. We obtained air temperature (monthly averages of daily minima and maxima) 

and elevation data  (800-m resolution) from the PRISM Climate Group at Oregon State 

University (http://www.prism.oregonstate.edu/normals/), which reports 30-year norms for the 
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period 1981 to 2010 (Daly et al. 2008). Cloud cover data (percentages) were obtained from 

the EarthEnv datasets (https://www.earthenv.org/cloud), which use twice-daily MODIS 

satellite images integrated over 15 years (2000 to 2014) to generate monthly average cloud 

cover estimates (Wilson and Jetz 2016). We estimated relative humidities using a model 

subroutine that calculated daily relative humidity as a function of daily temperature range 

and a constant mass of water in the air. We obtained canopy cover data from the National 

Land Cover Database 2011 USFS Tree Canopy cartographic data 

(https://www.mrlc.gov/data/nlcd-2011-usfs-tree-canopy-cartographic-conus; Wickham et al. 

2014). We used percent canopy cover as a measure of percent shade in each pixel (Long et 

al. 2014), with location-specific estimates of error used to specify the minimum and 

maximum potential values at each pixel. 

The endotherm submodel integrates various properties of the animal that influence 

rates of heat and mass transfer (e.g., fur depth, pelt reflectivity, metabolic rate, etc.; Natori 

and Porter 2007; Mathewson et al. 2016, Long et al. 2014) in concert with vegetation 

characteristics and the output from the microclimate model; together, output from the 

endotherm and microclimate submodels define the animal’s thermal environment (Table 1). 

In order to solve the energy balance equation for the animal at each time step the animal is 

allowed to thermoregulate both behaviorally and physiologically. The model assumes a 

“best-case scenario,” and first allows the animal to perform a series of behavioral responses 

(i.e., seeking shade) before resorting to physiological responses (i.e., panting or sweating) 

that invoke a metabolic or water cost. When energy and/or water must be expended to 

maintain heat balance, these costs are reported as hourly estimates by the model. Hourly 

estimates are then integrated into an estimate of the total costs incurred by the animal at the 
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location being modeled during an average day. Multipliers of basal metabolic rate can also be 

used to account for different levels of physical or reproductive activity (e.g., lactation). 

To parameterize the endotherm model we obtained pelt and body measurements from 

5 adult female bears at the Washington State University Bear Research, Education, and 

Conservation Center (hereafter WSUBRECC). We measured hair length and fur depth with a 

digital caliper. Fur density (hairs per cm2) was calculated from samples shaved from each 

bear. We measured the area of the shaved patch using a digital caliper and counted the 

number of hairs in 5 subsamples from the total shaved sample. We then weighed each 

subsample to establish the relationship between subsample weight and number of hairs, and 

estimated the total number of hairs in the full shaved sample as a function of its weight. 

Finally, we estimated fur density by dividing the estimated number of hairs in the shaved 

sample by the area of the shaved patch. Grizzly bears have two fur types, guard hairs and 

underfur. We used underfur measurements for parameterizing the endotherm model, because 

our analyses revealed that the coat was comprised of 96.8% underfur hairs by count, and thus 

the role of the pelt in heat transfer likely was dominated by the underfur. The width of each 

hair was determined by photographing individual hairs under a microscope at 100x 

magnification and then measuring the width using ImageJ software (available from the 

National Institute of Health Research Services Branch; https://imagej.nih.gov/). We 

measured pelt reflectivity across a range of wavelengths (350 -2500 nm) using an ASD 

portable spectrophotometer and integrated the resulting curve to estimate total pelt 

reflectivity. All measured parameters were averaged across individuals within each sex, and 

additional parameters were obtained from the literature (Appendix 1). 
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To investigate the relative importance of “bath tubs” as a strategy for 

thermoregulation by bears, we conducted several simulations in which bears were given the 

option to submerge up to 100% of their body and 80% of their neck in cool (~14oC) water to 

achieve heat balance. We also examined the impact of lactation on heat balance of female 

bears by using an additional energetic multiplier (1.52 x BMR; Gittleman 1989) to account 

for heat generated at peak lactation. 

At the landscape scale, Niche Mapper conducts simulations on a pixel-by-pixel basis. 

For each pixel, the microclimate submodel conducts simulations based on environmental 

conditions specified by the user for that location and time. The microclimate model assumes 

the animal occupies the center of the pixel, and the endotherm submodel is then run for each 

pixel. Spatiotemporally explicit model predictions are assembled into a raster to generate a 

map of the energy cost landscape (Porter et al. 2002, Long et al. 2014, 2016, Zhang et al. 

2018), with the value for each pixel representing the total predicted cost of the animal 

remaining at each location over the course of the average day.  

Additional predictors of grizzly distribution 

To evaluate relative importance of the thermal environment as a driver of grizzly bear 

distribution in the GRZ, we obtained data on several additional covariates with demonstrated 

potential to influence grizzly bear behavior and distribution. As a measure of human 

occupancy we used the 2010 U.S. Census Bureau Home Density layer 

(http://www.census.gov/geo/maps-data/data/tiger-data.html) and the calculated distance to 

major roads and highways. We obtained a map of land cover types from the 2011 National 

Land Cover Data for Conterminous United States database 

(https://catalog.data.gov/dataset/nlcd-2011-land-cover-conerminous-united-states), which 

http://www.census.gov/geo/maps-data/data/tiger-data.html
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separates land cover into 20 distinct categories according to vegetation type and patterns of 

land use. Data on distance to perennial streams and rivers was obtained at a resolution of 

1:24,000 from the National Hydrologic Dataset from the USDA Natural Resources 

Conservation Service Geospatial Data Gateway (https://gdg.sc.egov.usda.gov). We used the 

Normalized Difference Vegetation Index (calculated from Landsat images of peak greenness) 

to quantify spatial variation in greenness in the GRZ from June 15 – July 15 in 2013 and 

2015 (https://earthengine.google.com/datasets/).  

Genetic Program Analysis 

To evaluate relative importance of the thermal environment as a determinant of 

grizzly bear distribution we used a Genetic Programming model (Koza 1996) that was 

conceptually grounded in the Genetic Algorithm for Rule-set Prediction (GARP). GARP 

models predict species’ distributions by iteratively improving a rule set applied to empirical 

data on species presence (Stockwell et al. 1992). This method is uniquely suited to ecological 

modeling due to its ability to explore and make predictions from noisy, high-dimensional, 

and discontinuous datasets, even with no background knowledge of the system, and it 

typically outperforms multivariate analyses with these types of data. Our Genetic Program 

expanded on GARP with a slightly more complicated design. Rules were defined as the 

range of possible values for a variable (see “rule nodes” in Fig 2-4) and were combined into 

unions and/or intersections (see “relation nodes” in Fig 2-4) to form a single descriptive 

statement that was represented within the program as a tree structure made up of nodes (see 

“individual” in Fig 2-4). The descriptive statement was then tested for accuracy in predicting 

grizzly bear presence on the landscape using a combination of known presence data (i.e., 

GPS collar locations) and pseudo-absence data (background sampling). Each descriptive 

https://earthengine.google.com/datasets/
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statement was then treated as an “individual” within a list of such statements, which together 

comprised the “population.” The accuracy of each descriptive statement served as the 

measure of its “fitness”. The entire population was then iteratively subjected to a 

“reproduction” event in which the most fit individuals (i.e., descriptive statements, see Fig 2-

4) reproduced to form new individuals through crossover and mutation (descriptive 

statements traded rules and individual rules/linkages were stochastically altered) to form a 

new population. Over many successive generations, a best individual emerged, resulting in a 

descriptive statement that was maximally accurate for predicting grizzly bear presence, and 

facilitating direct interpretation of the relative importance of each covariate in the context of 

the role played by that covariate in the final rule set. Evolutionary parameters for the 

algorithm are detailed in Appendix 2. 

We partitioned our data to facilitate comparison of the influence of different 

environmental covariates across reproductive classes (lactating versus non-lactating female) 

and through time (months of the summer, May through September). Background data were 

generated across space as well as across time. 

Model Exploration 

To estimate significance of each parameter, we ran the Genetic Program 15 times and 

calculated the percentage of occurrences of each parameter in the final rules for each best 

individual for each population. Because the nature of an algorithmic analysis is stochastic, 

standard statistical measures of significance for the method do not exist. We conducted a 

series of validation analyses of our Genetic Program, including comparison with three 

standard analytical approaches used for binary classification analyses; logistic regression, 

linear discriminant analysis, and quadratic discriminant analysis.   
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Results 

Predicted spatiotemporal variation in costs of thermoregulation experienced by 

grizzly bears at the landscape scale differed markedly between lactating and non-lactating 

females (Figs. 2-2 and 2-3). We used predicted metabolic rates from Niche Mapper as a 

measure of the relative probability of a bear overheating at some point during the day. The 

relative probability of overheating increased during the hottest parts of the summer (e.g., 

July; Figs 2-2 and 2-3). Importantly, however, when bears were allowed access to water to 

cool behaviorally, relative probabilities of overheating were greatly reduced. The proportion 

of the landscape in which bears were predicted to be at risk of overheating was consistently 

higher for lactating than for non-lactating females, and this difference was most pronounced 

in the hottest part of the summer regardless of whether water was available for cooling.  

Because bears in the GRZ do, in fact, have access to water for cooling (Sawaya et al. 

2016), we used the predicted cost maps from Niche Mapper in which water was assumed to 

be available as covariates in our Genetic Program for predicting grizzly bear distribution. The 

final descriptive statement evolved by our Genetic Program indicated that the most important 

predictors of the distribution of non-lactating female bears were elevation (elevations 

between 2,266 and 2,696 meters were most predictive of presence) and/or a combination of 

elevation and distance to roads or highways (locations with elevation between 2,266 and 

2,749 m and distances between 3,522 and 27,881 m from roads were most predictive of 

presence; Table 2-1). The predictors in the most accurate description of the distribution of 

lactating female bears were a combination of elevation and minimum daily temperature 

(locations with elevations between 2,184 and 2,495 m and with mean minimum temperatures 

between -2o and 5.5o C were most predictive of presence) and/or distance to streams or rivers 
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(locations with distances between 2,995 and 3,896 m from streams and rivers were most 

predictive of presence; Table 2-1). The accuracy of these descriptive statements for 

predicting presence of non-lactating and lactating grizzly bears in 2007-2008 was 74.56% 

and 81.93%, respectively (Table 2-1). 

The relative importance of covariates, thermal and otherwise, for predicting bear 

distribution differed between non-lactating and lactating females. The most frequently 

occurring variables in distribution models for non-lactating female bears were distance to 

roads (28.6% of rules) and elevation (25.7 % of rules; Table 2-2). For lactating female bears 

the most frequently occurring variables were elevation (28.4% of rules) and variables 

associated with air temperature (minimum daily temperature 8.1% of rules, maximum daily 

temperature 16.2% of rules, and predicted metabolic rate 10.8% of rules; Table 2-2). Land 

cover type was included in 8.6% of rules for predicting the distribution of non-lactating 

bears, but in only 4.1% of rules for predicting the distribution of lactating bears (Table 2-2). 

NDVI did not occur in any predictive rules (Table 2-2). 

The Genetic Program consistently had a higher confusion-matrix accuracy than 

traditional modeling approaches (Table 2-3). A logistic regression model with all available 

covariates returned accuracies of 71.18% for lactating bears and 63.39% for non-lactating 

bears (Table 2-3). The linear discriminant analysis had accuracy rates of 64.95% and 63.18% 

for lactating and non-lactating females, respectively, and predictive accuracy of the quadratic 

discriminant analysis was 73.55% and 58.91% for lactating and non-lactating females, 

respectively (Table 2-3). 
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Discussion 

Our results suggest that under current climatic conditions, spatiotemporal variation in 

the thermal environment is not a more important predictor of grizzly bear distribution than 

other environmental factors, which does not support our first hypothesis. Instead, our 

analysis showed that distance to roads and elevation were consistently more important 

predictors of the distribution of females bears. This could be due in part to the large amount 

of human disturbance in the Yellowstone ecosystem. Multiple studies have shown that 

grizzly bears avoid roads and human developments, and that they will alter their behavior in 

response to human disturbance (e.g., Boyce and Waller 2003, Martin et al. 2010). Similarly, 

elevation is often negatively associated with human disturbance (Apps et al. 2004, Martin et 

al. 2010), and positively associated with two important food resources for grizzly bears in the 

summer and fall; whitebark pine nuts (Pinus albicaulis) and army cutworm moths (Euxoa 

auxiliaris) in the Yellowstone ecosystem (French et al. 1994, Fortin et al. 2013), which may 

help to explain the role of elevation in our modeling results.  

Although the thermal environment was not the dominant predictor of grizzly bear 

distributions in our Genetic Program, variables related to temperature did occur with greater 

relative frequency in the predictive rules for lactating than for non-lactating female bears. 

Indeed, the best descriptive statement evolved by our model for lactating female bears 

included maximum temperature as a predictor, whereas the best descriptive statement for 

non-lactating female bears did not. This supports our second hypothesis and suggests that 

variation in costs imposed by the thermal environment plays a greater role in dictating the 

distribution of female bears when endogenous heat production increases during lactation. 

This result is consistent with predictions of the heat dissipation limit theory (Król and 
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Speakman 2003a,b; Król et al 2003; Speakman and Król 2010b), which predicts that activity 

of lactating female endotherms is limited by their ability to dissipate the additional 

endogenous heat produced during lactation. Moreover, these results have important 

implications for population performance of grizzly bears. If capacity for heat dissipation is 

reduced when ambient air temperatures are high, female bears may be forced to allocate less 

energy to lactation as the climate warms (Król et al. 2003). 

Temperatures in the GRZ are predicted to increase by 2.5oC (IPCC 2014) over the 

next century as a result of climate change. Given that the thermal environment already has a 

greater influence on the distribution of lactating than non-lactating female bears, warming 

temperatures could force lactating females to make more pronounced tradeoffs in habitat 

selection. For example, as temperatures increase, lactating female bears may be forced to 

utilize habitat with lower-quality food resources if that habitat provides reduced 

thermoregulatory costs, a pattern already reported in herbivores (Long et al. 2016). Such 

tradeoffs may prove especially costly during late summer, when temperatures often peak and 

food resources are critical for bears in hyperphagia. 

Our results also highlight the importance of bathtubs to female bears in the GRZ. The 

availability of bathtubs dramatically increased the amount of habitat predicted to have a low 

relative probability of overheating for both non-lactating and lactating bears. Thus, the use of 

bathtubs could make a much greater portion of the landscape available to bears during the 

hottest parts of the year. This suggests that the distribution of bears may sometimes be 

limited to areas where bathtubs are present, a hypothesis that is consistent with previous 

findings for black bears in the area (Sawaya et al. 2016). 
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Two advantages of using a Genetic Program are 1) that it requires no model tuning, 

and 2) that accuracy is not influenced by collinearity among variables. Thus, there are no 

limitations on which or how many variables can be considered. A Genetic Program also 

eliminates variables that have a negative impact on the response, so it does not require 

comparison of multiple permutations of covariates. Instead, it can complete the entire 

selection and tuning process with the entire suite of variables. The predictive strength of our 

model was higher than that of more traditional statistical approaches for predicting animal 

distributions. Although it is possible that a more accurate logistic regression, LDA, or QDA 

could be developed for our data, fitting such models would require greater attention to 

variable selection, collinearity, overdispersion, and other assumptions that do not apply to 

our algorithmic approach. A Genetic Program is also equally suitable for multi-model or 

highly clustered data because of its ability to link rules together with an “or” relation, and it 

often produces a relatively accurate result with no preliminary segregation of data.  

One limitation of our approach is that our analyses did not capture the specific times 

during which bears were physically present at the locations being modeled. Average daily 

energetic costs (i.e., the output from Niche Mapper) may not be as effective a predictor of all 

bear locations over the course of a month as hourly estimates of cost. Indeed, other studies 

have reported diel variation in bear distribution and activity (Moe et al. 2007, Pigeon et al. 

2016). Nevertheless, because our models included the full range of variation in energetic 

cost, the relative importance of energetic cost should remain consistent independent of time. 

Algorithmic modeling relies on stochastic processes to identify patterns in data, and 

thus descriptive statements generated by this approach will vary with each run of the model. 

The accuracy of any given descriptive statement, however, is deterministic, and so 
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consideration of many possible descriptive statements lends credibility to the relative 

importance of a single result. Our genetic program was designed to prioritize interpretability 

of results; given the tradeoff between accuracy and interpretability it is possible that a more 

accurate predictive result could have been obtained through additional tree complexity (i.e., 

greater height and more nodes) and runtime approaching infinity. However, comparisons of 

our model with traditional approaches suggest our models were sufficiently optimized given 

the data that were used to fit them. 

Our results have important implications for population performance of grizzly bears 

in a warming climate. The potential for rising temperatures to constrain grizzly bear 

distributions by limiting energy available for growth and reproduction has not been 

previously evaluated. Yet, responses of endotherms to climatic variation are highly variable 

across taxa, and thus mechanistic, species-directed approaches will be critical for 

understanding and predicting effects of climate change on distribution and performance of 

wildlife populations (Fuller et al. 2016). Our results suggest that climatic modulation of costs 

imposed by the thermal environment likely plays an important role in grizzly bear behavior 

and energetics, and that relative importance of the thermal environment to grizzly bear 

ecology is likely to increase as the climate continues to warm. 
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Figures 

Figure 2-1. Map of our study area, which encompassed the Grizzly Bear Recovery Zone 

(yellow boundary) and Yellowstone National Park (red boundary) in the western U.S.A.  
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Figure 2-2. Map of predicted metabolic rates (kJ/d) necessary for non-lactating female bears to maintain homeothermy in the Grizzly 

Bear Recovery Zone, U.S.A., including Yellowstone National Park (YNP; outlined in black). Basal Metabolic Rate (BMR) is denoted 

by a white bar on the legend. As predicted metabolic rates drop below BMR the relative probability of overheating during at least 

some portion of the day is predicted to increase. 
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Figure 2-3. Map of predicted metabolic rates (kJ/d) necessary for lactating female bears to maintain homeothermy in the Grizzly Bear 

Recovery Zone, U.S.A., including Yellowstone National Park (YNP; outlined in black). Basal Metabolic Rate (BMR) is denoted by a 

white bar on the legend. As predicted metabolic rates drop below BMR the relative probability of overheating during at least some 

portion of the day is predicted to increase. 
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Figure 2-4. Example of a descriptive statement tree (“individual”) made up of rule and relation nodes. Rule nodes are represented by 

blue boxes and relation nodes are represented by yellow boxes. The interpretation of the tree is given on the right side of the figure. 

Possible relation nodes include “AND,” “OR,” “AND NOT,” and “OR NOT.” Possible rule nodes include all possible ranges of user 

supplied variables (variables for this analysis are detailed in Chapter 2 methods). 
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Tables 

Table 2-1. Final descriptive statements evolved from the Genetic Program for predicting the 

distributions of lactating and non-lactating female grizzly bears in the Grizzly Bear Recovery 

Zone, U.S.A., including Yellowstone National Park, and their corresponding accuraciesa.  
 

Lactating  Non-lactating 

If (elevation is between 2,184 and 

2,495 m and daily minimum 

temperature is between -2o and 5.5o C) 

or distance to streams or rivers is 

between 2,995 and 3,896 m, lactating 

female bears are present. 

If elevation is between 2,266 and 

2,696 m or (distance to roads or 

highways is between 3.522 and 

27.881 km and elevation is between 

2,266 and 2,749 m), non-lactating 

female bears are present. 

aAccuracy of the final descriptive statement for lactating and non-lactating female bear 

distributions was 81.93% and 74.56%, respectively. 
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Table 2-2. Relative importance of variables from the Genetic Program analysis, calculated as 

the percentage of model runs (n = 15) in which the Genetic Program selected the variable as 

a predictor in a final best individual (i.e., descriptive statement tree; Fig. 2-4) that was more 

than 65% accurate. 

 

Variable Relative Importance 

  Lactating Non-Lactating  

Elevation 28.38% 25.71% 

Maximum daily 

temperature  16.22%   2.86% 

Percent cloud cover 14.86%   2.86% 

Metabolic rate (kj/d)  10.81%   5.71% 

Minimum daily 

temperature   8.11%   7.14% 

Distance to Stream or 

River    5.41%   2.86% 

NLCD   4.05%   8.57% 

Distance to forest 

edge   4.05% 10.00% 

Census Home Density   4.05%   5.71% 

Percent shade   2.70%   0.00% 

Distance to Road or 

Highway   1.35% 28.57% 

NDVI   0.00%   0.00% 
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Table 2-3. Traditional modeling approaches used to predict species distributions, and their 

corresponding accuracies for predicting bear presence based on our empirical dataset. All 

models were fit using the entire suite of variables supplied to the Genetic Program to 

facilitate direct comparison across methods. Accuracy rates are based on 10-fold cross 

validation and were calculated for both non-lactating and lactating female bears.  

 

Modeling approach Accuracy  

  Lactating Non-lactating 

Logistic Regression; 71.18% 63.39% 

Linear Discriminant Analysis 64.95% 63.18% 

Quadratic Discriminant Analysis 73.55% 58.91% 
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Appendix 1 Parameters for Niche Mapper and their associated sources. 

Table A-1. List of parameters for the mechanistic model Niche Mapper, and their associated 

values and sources. 

Parameter Source Value 

Body mass Seasonal estimates from  

Schwartz et al. (2014)a 

99 – 135 kg 

Percent body fat Seasonal estimates from 

Schwartz et al. (2014) 

13 – 27.5 % 

Animal density Weighted average based on 

body composition (Schwartz et 

al. 2014) and density of bone, 

muscle, fat, and viscera (from 

Warren Porter) 

1033.6 kg/m3 

Basal metabolic rate Estimate based on standard ¾ 

power function as reported in 

Savage et al. (2004) 

107 W 

Pelt reflectivity (350 

– 2,500 nm) on the 

dorsal and ventral 

surfaces of the head, 

neck, torso, and legs 

Measured from captive bears at 

Washington State University 

Bear Research, Ecology, and 

Conservation Center 

(WSUBRECC) with field 

spectrophotometer 

Example: torso, dorsal .430, 

ventral .29 

Pelt depth and hair 

length 

Measured from captive bears at 

WSUBRECC, once in May and 

once in September. Validated 

with Brown (1942) 

31.4 – 75.9 mm / 

52.9 – 82.8 mm 

BMR multiplier for 

lactation 

Jenness et al. (1972),Prentice 

and Prenctice (1988), Gittleman 

(1989) 

1.52 

Thermal conductivity 

of flesh 

Valvano et al. (1985) and 

Natori and Porter (2007) 

0.4 – 2.8 W/mC 

Oxygen extraction 

efficiency 

Schmidt-Nielsen (1997) 25% 

Bmr multiplier for 

activity 

Measured from captive bears at 

WSUBRECC during treadmill 

trials and doubly labeled water 

trials. Speed estimates for 

activity based on IUCN (1974) 

1.56 
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Configuration factors Warren porter, personal 

communications 

Between animal and sky = 0.5; 

between animal and ground = 

0.3 

Soil thermal 

conductivity 

Estimated from Abu Hamdeh 

and Reeder (2000) 

.35 W/mC 

Substrate reflectivity Averaged across multiple 

vegetation types (Matthews 

1984) 

26% 

Substrate density  Estimated from common rock 

data available onlineb 

2650 kg/m3 

Substrate specific 

heat 

Estimated from common rock 

data available onlineb 

837 J/kg-K 

Substrate longwave 

infrared emissions 

Sellers 1965 90% 

Animal average 

height 

Measured from captive grizzly 

bears at WSUBRECC 

100 cm 

Percent shade Estimated as percent canopy 

cover from the National Land 

Cover Database 

WSUBRECC and 

GRZ 1 – 100% 

Cloud cover Historic weather data available 

at weatherunderground.com 

WSUBRECC 0 – 54.3%; 

GRZ 0 – 100% 

Air Temperature Recorded at 5 m by a weather 

stationc in WSUBRECC and 

sourced from PRISM Climate 

Group at Oregon State 

University 

WSUBRECC 1.40 – 33.92 oC; 

GRZ -10.14 – 29.72 oC 

aSources cited in Appendix A are available in Chapter 2 Literature Cited 
bCommon rock data obtained from: (1) http://www.engineeringtoolbox.com; and (2) 

aahttp://www.edumine.com/xtoolkit/tables/sgtables.htm. 
cWeather station at WSUBRECC located at 46°43'50”N, 117°8'33”W 
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Appendix 2 Genetic Program parameters 

Table A-2. List of evolutionary parameters used to define the Genetic Program algorithm, 

along with their implementation details and the value for each. 

      

Parameter Explanation Value 

Population 

size 

The number of individuals evaluated each generation 500 

Generations The number of populations iteratively subjected to a 

reproduction event 

50 

Mutation 

rate (per 

node) 

The probability that a given node within a tree (individual) is 

subjected to mutation. If a branch node is mutated, it is changed 

to a new linkage (and, or, and not, or not), each with probability 

.25. If a leaf node is mutated, it either has its variable reassigned 

(based on n possible variables in the model, each with 

probability 1/n), its minimum value adjusted (by a value drawn 

from a uniform distribution centered at 0 with a range of 40), or 

its range adjusted (in the same manner as the minimum value), 

each with a probability of 1/3 

0.04 

Crossover  The probability that a crossover event occurs between two 

reproducing individuals 

1 

Elitism The probability that the best individual from a previous 

population asexually reproduces to the next generation (without 

mutation or crossover) 

1 

Tournament 

Size 

A sample of the population (taken with replacement) taken to 

select two parent trees from which to create an individual in the 

next generation 

3 

 


