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Abstract. Body size of bison (Bison bison) declines with rising global temperature across the fossil record
and rising annual temperatures across the Great Plains, but what are the underlying drivers? Body size
depends on growth, which depends on maximizing net energy and nutrient flows for the production of tis-
sues at seasonal scales across the range of the species. We measured thermoregulation costs of body surface
temperature (°C) and heat exchanges (W and W/m2) of 350 adult and 345 adolescent Bison from 19 herds in
summer and winter along the Great Plains from Saskatchewan (52° N) to Texas (30° N). At the smallest
scale, daily body surface temperature increased with solar radiation and decreased with relative humidity
and wind speed, which is consistent with Kooijman’s dynamic energy budget theory. Total surface heat
transfer (W) increased with body mass (kg) at an exponent of 0.63 � 0.03, which is consistent with Sch-
midt-Nielsen’s principle of surface-area-to-volume ratios (b = 0.67). On an annual scale, growth (kg/yr) of
adolescent Bison decreased with increasing total surface heat transfer (W) during summer, which supports
Speakman and Kr�ol’s heat dissipation limit theory. On the largest scale, heat flux was weakly related to lati-
tude in summer and winter for adolescent Bison, which provides support for Bergmann’s rule and suggests
a role for local primary production along the Great Plains. Cooler summers are more optimal for Bison
growth because of reduced heat loads during the growing season. Rising temperatures are likely to con-
strain body size and productivity of Bison and other large endotherms in North America.

Key words: allometry; Bergmann’s rule; body size; climate change; dynamic energy budget; Great Plains; growth; heat
dissipation limit; thermogrammetry.
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INTRODUCTION

Body size of bison (Bison bison) has shrunk by
31% (Martin et al. 2018) with rising mean global
temperature since the last Ice Age, and over the
last 5 decades, body size of Bison has declined by
11–23% (Martin and Barboza 2020) with rising
mean annual temperature along the Great Plains
of North America, but what are the mechanisms
driving temperature response? Maximum body
size of endotherms depends on optimal growth
of individuals and thus populations. Optimal

growth depends on low costs of maintenance for
the efficient production of tissues, especially in
seasonal environments when food availability
and environmental demands constrain the
annual window for growth. High thermal loads
increase costs of body maintenance to balance
internal and external heat loads through ther-
moregulation, which ultimately reduces the
energy available for growth. Heat loads are mea-
sured by heat flux (W/m2) which measures the
exchange of thermal energy between an animal
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and their environment. Here, we describe heat
flux (W/m2) and total surface heat transfer (W) of
Bison as measures of thermal energy balance at
small timescales and growth at seasonal and
annual scales of time. Thermal balance is central
to four theories that attempt to explain the
change in body size of animals with warming
from small to large scales of organization, space,
and time:

1. Kooijman’s dynamic energy budget hypoth-
esis (Kooijman 2000, Kearney 2012)

2. Schmidt-Nielsen’s body surface-area-to-vol-
ume ratio (Schmidt-Nielsen 1970)

3. Speakman and Kr�ol’s heat dissipation limit
hypothesis (Speakman and Kr�ol 2010, 2011)

4. Bergmann’s rule (Bergmann 1847, Clauss
et al. 2013)

Kooijman’s dynamic energy budget theorized
that energy balances and thus micro-climates
and weather affected heat transfer and energy
use of animals on the landscape to ultimately
affect life history. Schmidt-Nielsen theorized
that allometric scaling of surface-area-to-volume
ratio (b = 0.67) increased heat retention as ani-
mals increased body size, which would favor
survival in cold environments for larger ani-
mals. Speakman and Kr�ol theorized that heat
dissipation limits to thermoregulatory costs
under rising heat loads limited reproduction
and growth and affects life history and body
size of animals. Bergmann’s rule predicts ther-
mal conservatism of animals for cooler climates
at higher latitudes will produce larger individu-
als within and across species than warmer cli-
mates at lower latitudes.

The theories of Bergmann and Schmidt-Niel-
sen emphasize selection for survival by reduc-
ing heat flux that results in a net loss of energy
from the body during extreme cold and pro-
longed winters. The theories of Kooijman,
Speakman and Kr�ol emphasize selection for
growth and reproduction by controlling exces-
sive heat flux during a short summer window
of food availability with heat waves and
drought. Bergmann and others predict that
environmental selection is driven from north to
south by winter bottlenecks in survival,
whereas Kooijman and others predict that envi-
ronmental selection is driven from south to

north by summer bottlenecks in production and
reproduction. All the above theories ultimately
are related to thermoregulation and heat
exchange. While the above theories are not
mutually exclusive, the integration of each may
help understand and better predict endotherm
response to a changing climate.
Thermoregulation is the cost of achieving heat

balance. Thermoregulatory processes usually
increase energy use by increasing heart rate and
blood flow (e.g., vasodilation and metabolism).
In hot weather, thermoregulation increases the
flux of body water because water is used for
evaporative cooling (e.g., panting and, to a lesser
extent for Bison, perspiration). In cold weather,
thermoregulation generates body heat (e.g., shiv-
ering, increasing metabolic heat production, and
muscular activity) and conserves core body heat
through control of blood flow to the periphery.
Thermoregulation affects the use of energy,
water, and nutrients such as electrolytes and
organic nitrogen, which ultimately affects resting
and foraging behaviors (Clarke 2017). High costs
of energy are associated with high levels of heat
transfer (e.g., thermal windows; Fig. 1) and are
quantified as heat flux (W/m2). Thermography
uses long-wave infrared radiation at 7.5–14 µm
to record thermal windows (FLIR Systems 2017).
We used a combination of photogrammetry and
thermography, known as thermogrammetry, to
quantify heat flux of Bison during both summer
and winter seasons along the Great Plains
(Fig. 2) from central Saskatchewan to southeast
Texas.
The Great Plains (Fig. 2) are predicted to warm

(IPCC 2013, Wuebbles et al. 2017)—winters are
more likely to shorten, but the longer summers
are likely to be hotter with more severe droughts
(Fawcett 2011, Cook et al. 2015, Cowan et al.
2017). Bison are resilient to short duration
extreme weather events such as blizzards, dry
spells, heat waves, or wildfires; however, chronic
droughts and warming may affect long-term life-
history traits (Martin and Barboza 2020). More-
over, anticipated warming and drying along the
Great Plains will shift the distribution of vegeta-
tion types by mid- and late-century to alter the
supply of digestible energy and digestible nitro-
gen available to Bison, native wildlife, and
domestic livestock (Tieszen et al. 1998, Craine
et al. 2015, Briske 2017).
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We use heat flux as an indicator of thermoreg-
ulatory effort to independently examine predic-
tions from four complementary theories
concerning body size and heat loads:

1. Kooijman (daily dynamic energy budget):
Total body surface temperature (°C) is dri-
ven by local weather conditions,

2. Schmidt-Nielsen (surface-area-to-volume
ratio): Total surface heat transfer (W) should
increase over body mass (kg) and that loga-
rithmic scaling of heat transfer and body
size is allometric, predicting that b = 0.67,

3. Speakman and Kr�ol (heat dissipation limit
affects growth): Growth rate (kg/yr) should
increase with decreasing total surface heat
transfer (W), and

4. Bergmann (latitudinal thermal conser-
vatism): Heat flux (W/m2) should increase
from winter to summer and from north to
south.

Finally, we test the general hypothesis that
body size of endotherms is an outcome of rein-
forcing thermoregulatory effects on growth from
immediate heat transfers to the body size eventu-
ally attained by the animal over several growing
seasons in the population, that is, if all theories
are supported, heat transfer processes spanning

temporal and organizational scale to consistently
drive body size.

MATERIALS AND METHODS

Study design
We measured thermal exchange and heat loads

of female Bison in adolescent (<3 yr) and adult
(≥3 yr) age classes that were growing along the
Great Plains. In addition to thermal information,
we also estimated body surface area (SA; m2)
and body mass (BME; kg) from body height (HE;
m) using photogrammetric techniques (Martin
and Barboza 2020). We observed Bison in 19
herds during the summer of 2017 from north to
south to measure Bison at the hottest time of the
year over 46 d from 26 June through 11 August,
spending 1 d for observations at each location
from Saskatchewan, Canada (52.2° N) to Texas,
USA (30.7° N). We returned to 16 herds in the
winter of 2017–2018 by traveling from north to
south to measure Bison at the coldest time of the
year over 38 d from 26 December through 2
February. Each of our locality visits represented
the typical seasonal conditions (Appendix S1:
Fig. S1). The three missed sites were excluded
from follow-up observations because two were
inaccessible due to blizzards (sites 1 and 2) and
all the Bison from a third site had been removed

Fig. 1. Side-by-side comparison of (left) a longwave forward looking infrared (FLIR) thermal spectrum image
(pseudocolor, lighter hues are hotter (i.e., thermal windows) and darker hues are cooler) and (right) a visible
wavelength spectrum photograph of the same adult male Bison in western Montana, summer of 2017. Emissiv-
ity = 0.94. Photo credit: Jeff M. Martin.

 ❖ www.esajournals.org 3 July 2020 ❖ Volume 11(7) ❖ Article e03176

MARTIN AND BARBOZA



from the range to enclosures because natural for-
age had been lost to an autumn wildfire (site 9).
Collectively, the sites represent a mix of manage-
ment by privately owned and non-governmental
organizations as well as state and federal

government agencies; the sites and their respec-
tive annual climate measures are presented in
Table 1.
Animal use and selection.—Studies were

approved for the use of animals by the
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Fig. 2. Map of the Great Plains and study sites in North America. Individual site numbers correspond with
Table 1. Shaded area is the Great Plains ecoregion from EPA ecoregions level I (https://www.epa.gov/eco-researc
h/ecoregions-north-america), and the 50-km buffer is to demarcate transitional zones between other neighboring
ecoregions. Historical bison range (thick solid black outline) is the pre-1870s’distribution of Bison traced and geo-
referenced from Hornaday (1889).
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Agriculture Animal Care and Use Committee
(AACUC study #2017-015A; Texas A&M Agri-
Life Research, College Station, Texas, USA) and
for the use of restricted imaging technology
under Technology Control Plan (TCP #17-02-007,
Texas A&M AgriLife Research). Bison grow over
several years to achieve asymptotic body size—
typically by 3 yr of age for females and by 5 yr
of age for males (Martin and Barboza 2020).
Environmental demands during growth of Bison
affect asymptotic body size. Although genetic
variation among bison herds exists, merely 1–2%
of height variation derives from genetic variation
(Musani et al. 2006, White and Wallen 2012, Licht
2017). Moreover, height and body mass are
tightly related and have little variation (Martin
and Barboza 2020), with 80–96% variation of
body mass explained by temperature and
drought; that is, large phenotypic variation is not
likely due to the existing small variations in
genetic makeup. Here, we focused primarily on
adolescent female Bison, between their birth and
their third year, because they shape the

foundation for subsequent generations and
cohorts of the population, but, when explicitly
stated, adults are included as a comparison
group for analyses. We categorized adolescent
Bison into the following age classes at each site:
calves (1 y > x), yearlings (1 y ≤ x < 2 y), and
twolings (2 y ≤ x < 3 y).

Thermography and photogrammetry techniques
Thermography: measure of heat exchange.—We

used a forward looking infrared (FLIR) thermal
imaging camera (FLIR T1030sc; FLIR Systems,
Wilsonville, Oregon, USA) with a 12° 9 9° lens
(f/1.2) for long distance thermography. Infrared
images (Fig. 1) had a fixed resolution of
1024 9 768 pixels. Camera and image calibra-
tions were necessary for accurate and precise
measures of heat exchange between each Bison
and their environment. Seasonally, Bison molt
their winter coats; therefore, there was a funda-
mental difference in the insulation factor, emis-
sivity (ɛ), and reflectance (q) between bare skin
of summer and woolly fur undercoat of winter

Table 1. Bison site number, name, sector, state/province, mean annual temperature (MAT; °C), and mean annual
precipitation (MAP; mm).

Site number Site name Sector State MAT MAP

1† National Bison Range, USFWS Federal MT 5.5 807.5
2† Montana Buffalo Gals Private MT 5.5 807.5
3 Flying D Private MT 4.5 547.2
4 Quill Creek Private SK 4.8 449.9
5 Long Ago Ranch Private WI 7.3 942.9
6 Rockie Hill Buffalo Private MN 7.5 958.2
7 777 Ranch Private SD 8.9 482.0
8 Wind Cave National Park, NPS Federal SD 7.1 554.0
9‡ Custer State Park, SDGFP State SD 7.1 554.0
10 Durham Ranch Private WY 7.7 391.9
11 Eagles Wing Private CO 8.0 463.0
12 Beaver Creek Private KS 11.7 521.3
13 Konza Prairie Biological Station, TNC NGO KS 12.4 855.3
14 Z Bar Ranch Private KS 14.0 720.3
15 Vermejo Park Private NM 9.0 405.3
16 Armendaris Ranch Private NM 14.4 250.6
17 Herring Ranch Private TX 15.7 465.6
18 Y Ranch Private TX 17.8 600.2
19 Lucky B Bison Private TX 19.3 1230.1

Notes: Abbreviations are USFWS, United States Fish and Wildlife Service-Department of the Interior; NPS, United States
National Park Service-Department of the Interior; SDGFP, South Dakota Department of Game, Fish, and Parks; and TNC, The
Nature Conservancy. State abbreviations are MT, Montana; SK, Saskatchewan; WI, Wisconsin; MN, Minnesota; SD, South
Dakota; WY, Wyoming; CO, Colorado; KS, Kansas; NM, New Mexico; and TX, Texas. Climate data are from NOAA (Vose et al.
2014, NOAA 2018).

† National Bison Range and adjacent private ranch, blizzard/snow storm prevented second visit in winter.
‡ Custer State Park had a fire in late 2017 (Legion Lake Wildfire), no repeat visit in winter.
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(see Appendix S1: Fig. S1). Emissivity values for
each image were seasonally calibrated to 0.94
for Bison skin in summer and 0.90 for their
woolly fur undercoat in winter. All measures,
calculations, and model assumptions are pre-
sented in Appendix S1: Table S5. Methods for
calibrating emissivity are presented in
Appendix S1: Table S6. A video example is pre-
sented in Video S1.

Photogrammetry: measure of body size.—We esti-
mated body size of Bison using photogrammetric
methods (Berger 2012, Martin and Barboza
2020). Calculating heat flux (W/m2) requires heat
exchange over surface area (SA; m2; Fig. 3). We
calculated surface area and body height using
standardized linear and area measures (Fig. 3) of
Bison in lateral view (Martin and Barboza 2020).
Optimal distance between animal and camera for
most accurate height representation of the ani-
mal was determined at and around 40 m (Martin
and Barboza 2020), but distance at or near 20 m
was optimal for pixel coverage and density of
body surfaces. We estimated body mass from
body height by applying known relationships of
direct measures of Bison body height to body
mass (Martin and Barboza 2020). Similarly, calcu-
lating growth rate (kg/yr) requires a measure of

body mass (BM; kg) over age (yr). To estimate
rate of growth per year (kg/yr), we averaged
body mass of twolings and calves for each local-
ity, took the difference, and divided by 2 for the
two-year age gap.
Thermogrammetry: measure of heat exchange and

body size of Bison.—We estimated heat flux (W/
m2) between Bison and their environment by
integrating thermographic and photogrammetric
data—thermogrammetry. We extracted thermal
information (e.g., temperature averages, stan-
dard deviations, minima, and maxima) of body
surface area using FLIR ResearchIR Max soft-
ware. Thermal data were exported for subse-
quent analyses to calculate net heat flux (W/m2).
We calculated total surface heat transfer (convec-
tive and radiative) using the heat calc functions
as part of the Thermimage package in R (Ther-
mimage, version 3.2.1; Tattersall et al. 2009, Tat-
tersall 2016, 2019; R version 3.6.1, 64-bit; R Core
Team 2019). However, sensible heat flux was not
included in Thermimage; we thus added this
term to the calculations because Bison are highly
insulated. Sensible heat is the non-evaporative
latent heat of the boundary and insulating layers
related total depth of fat cover, skin thickness,
and hair depth, as well as insulating characteris-
tics of the hair (i.e., not all hair is equal for insu-
lating; see Appendix S1: Eqs. 5 and 6). All heat
flux calculations were exported as a CSV file for
subsequent analyses in Stata. All parameters and
assumptions for calculations in heat calc and
Thermimage are presented in Appendix S1:
Table S5, and the modified Thermimage code is
available in the Data Access statement.
We focus on the torso of Bison in this study for

two primary reasons: (1) It is the effective ther-
mal window that is responsible for most of the
heat transfer of the heat produced from rumina-
tion and metabolism, and (2) efficient use of time.
(1) The torso is also the site where the dense cape
of hair is not present, enabling the large thermal
window; that is, the forequarters and head are
draped in a dense coat of long guard hairs that is
not shed seasonally and limits thermal exchange.
However, heat transfer from appendages and
horns should not be discounted (Nienaber 2009,
O’Brien 2020), which leads to the next point. (2)
Previous studies have captured full-body heat
transfers of animals such as muskoxen (Munn
et al. 2009) and sums of compartmentalized body

H

SA

E

Fig. 3. Schematic of estimating size and heat flux of
photographed Bison standing at rest in a perpendicular
plane to the camera. Double black arrows indicate the
estimated height (HE; m) from the highest point on the
curvature of the spine along the length of the forelimb
to the ground. The ellipse indicates the effective body
surface area (SA; m2) from the ischial tuberosity to the
base of the skull (posterior to the external auditory
canal, clearly demarcated in thermal images) and from
the dorsal plane to the ventral plane.
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parts (Tattersall and Cadena 2010, Tattersall et al.
2018), but we had captured 1995 thermal images
from the field, of those 779 were usable after
manual digitization. Computer automation of
certain BioImage informatics tasks including dig-
itizing whole body images or body parts would
increase efficiency of image processing but were
not developed for this study. We acknowledge
that proportional limb lengths to body height
and length are important for determining heat
displacement but were beyond the scope of this
study.

Heat flux is a negative value when energy is
emitted (i.e., heat transfer loss) from the animal
to the environment. Heat transfer increases with
surface temperature and solar radiant heat gain,
and decreases with wind, convective, and radia-
tive heat loss. Heat flux indicates that the animal
was expending energy on thermoregulation.
Heat transfer was calculated by converting mean
surface temperature (Ts; °C) of Bison to Watts of
thermal energy exchanged with their environ-
ments, including measures of ambient air tem-
perature (dry bulb; °C), body surface reflectance
(0–1), daily cloud cover (0–1), ground tempera-
ture (Tg; °C), incoming solar radiation (SE; W/
m2), wind speed (V; m/s), and convection coeffi-
cients (c, n, a, b, m) for forced and free convection
flow. Conductive thermal energy is ignored
because we only collected images of Bison in a
standing posture with the soles of their hooves
as the only contact with the ground. All heat flux
comparison is based on black body absorbers
(i.e., a perfect absorber of electromagnetic radia-
tion), in this case a black globe temperature (TBG;
°C). The surface of the animal was the skin or the
fur, which was always above ambient tempera-
ture and thus emitting radiant heat to the envi-
ronment when compared with an inert black
globe. Moving air convects heat from the animal
to the environment. To estimate isometric sur-
face-area-to-volume ratio, we fitted a regression
of total surface heat transfer (W) over estimated
body mass (BME). To test allometric scaling, we
fit a log:log regression of the log10 of the absolute
value of total surface heat transfer (log10|W|) and
log10 of estimated body mass (log10BME).

Computation and statistical analyses
All thermogrammetric information, locality

metadata, weather, and climate data were related

and analyzed in Stata/IC (version 16.0; 64-bit;
Stata, College Station, Texas, USA). We used
daily measures of weather and climate as vari-
ables for converting body surface temperatures
to thermal heat flux, as well as independent
terms in multilevel mixed effects models. For
mixed effects models, random effects were
included in the models as locality to account for
repeated measures of each site. Environmental
variable selection for each model was parsed
using the least absolute shrinkage and selection
operator (or lasso) package for Stata (Tibshirani
1996). Where appropriate, model fit was assessed
using either adjusted-R2 and root square mean
error of residuals (RMSE) for ordinary linear
regressions or k-fold cross-validation to report
the square of the correlation (pseudo-R2) and
RMSE for mixed effects models to describe
model fit and strength.

RESULTS

South of 43° N (e.g., South Dakota-Nebraska
border), adolescent Bison between the ages of
3 months and 3 yr (n = 214) have a smaller surface
area (7.8 � 2.1 m2), lower total surface heat trans-
fer (�221 � 78 W), lower body mass (271 �
94 kg), and more heat loss (�286 � 76 W/m2)
than their northern (n = 131) counterparts
(8.9 � 2.1 m2; �224 � 72 W; 324 � 105 kg;
�254 � 67 W/m2, respectively). Distance between
animal and camera averaged 22 � 11 m (n = 374;
ranging from 8 to 68 m). Average pixel size repre-
sented 0.034 � 0.038 m2 (ranging from 0.003 to
0.331 m2) of real-world size.

Body surface temperature
Body surface temperature of Bison averaged

38.4° � 4.5°C in summer (n = 351) and
17.1° � 16.6°C in winter (n = 428). Highest mean
body surface temperature in summer was 48.3°C
for two yearlings on a cloud-free day (0%), air
temperature 34°C, relative humidity of 35%,
black globe temperature 46°C, and calm wind
speeds of 3.2 m/s. Lowest mean body surface
temperature in winter was �55.3°C for one calf
on a mostly cloudy day (63%), air temperature of
�28.5°C, relative humidity of 100%, black globe
temperature �14.1°C, and mild wind speed of
1.2 m/s. Body surface temperature was above or
equal to average Bison body temperature (Tb) of
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38.4°C (Christopherson et al. 1979) in summer in
98 instances (or 67.1% of observations) and in
winter in 20 instances (or 8.8% of observations).
The upper limit threshold (ULT) likely ranges
between 30°C and 35°C, based on ULT values for
black Bos taurus and black Bos indicus, respec-
tively (Nielsen-Kellerman 2009). Body surface
temperature increased with black globe tempera-
ture (°C; i.e., solar energy) and with wet bulb
globe temperature (°C; i.e., effective temperature)
more quickly in winter than in summer (Fig. 4;
Appendix S1: Table S1).

Components of heat exchange
Seasonal body surface temperature was related

to heat flux (Fig. 5A). Heat flux comprised

radiative thermal energy (difference between
incoming solar gain and outgoing radiating loss;
Fig. 5B), convective thermal energy (Fig. 5C),
and sensible thermal energy (non-evaporative
insulation; Fig. 5D). Total surface heat transfer
was negatively affected by radiative heat in sum-
mer when the body surface was exposed to high
radiant loads from the environment. In winter,
total surface heat transfer was positively related
to radiative heat; that is, radiant heat from the
environment reduced total surface heat transfer
from the animal (Fig. 5B). Total surface heat
transfers were similarly affected by movement of
air on the body surface, albeit with a greater
effect in winter than in summer (Fig. 5C). The
greatest range of heat fluxes (W/m2) occurred in
winter among the youngest and smallest age
class. The greatest heat flux was estimated for a
calf in winter at �620.8 W/m2 when windy con-
dition provided the highest convective loss and
high cloud cover reduced radiative heat from the
environment. The smallest heat flux was esti-
mated from a calf in winter at �141.2 W/m2

when radiative heat from the environment was
low because of cloud cover and when convective
losses were high due to wind.

Heat transfer
Total surface heat transfer (W) from the effec-

tive thermal window surface of the torso of Bison
averaged �270 � 95 W (n = 694) across both
seasons; the most heat transfer was �589 W, and
the least was �21 W. Total surface heat transfer
(W) was linearly related to body mass of Bison
from 44 to 745 kg (mean 335 � 103 kg; Fig. 6,
upper). The relationship between total surface
heat transfer (W) and body mass (kg) was lin-
early related after transformation to logarithms
for the allometric relationship. The slope of the
log:log relationship between log10|W| and
log10BME was 0.63 � 0.03 log10|W|⋅log10 kg�1

(95% CI: 0.57–0.69; Fig. 6, lower), which was sig-
nificantly less than an isometric slope of 1.0 but
consistent with the expected slope of 0.67.
Results and supporting statistics for both isomet-
ric and allometric models are presented in
AppendixS1: Table S2.
Total surface heat transfer varied with annual

growth rates of calves and twolings (Fig. 7;
Appendix S1: Table S3). Observed total surface
heat transfer decreased from �340 to �207 W as
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box indicates upper limit threshold (ULT) for black Bos
taurus (30°C) and black Bos indicus (35°C). Horizontal
dashed gray line represents core body temperature (Tb)
for Bison bison (38.4°C). Cross-validation support metrics
using k(10)-fold: pseudo-R2 = 0.61, RMSE = 10.3,
N = 779 individuals, n = 19 groups by site. Random
effects (site) explained 0.26% of variance.
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annual growth increased from 41 to 126 kg/yr in
adolescent Bison.

Heat flux also declined with increasing lati-
tude in summer from �331.2 W/m2 at 30° N in
Texas to �263.5 W/m2 at 52° N in Saskatchewan
(Fig. 8). Latitudinal declines in heat flux were
more pronounced in winter than in summer
(Appendix S1: Table S4), that is, heat flux
decreased by 3.85 � 1.64 W/m2 in winter and by
3.08 � 1.66 W/m2 in summer with each degree
of latitude gained (Fig. 8).

DISCUSSION

We used heat flux (W/m2) and total surface
heat transfer (W) as measures of thermal
exchange between Bison and their environment
along a ~2500-km transect, from Saskatchewan
(52° N) to Texas (30° N) in summer and in winter.
We compared four body size theories using heat

flux as a common currency: Kooijman’s dynamic
energy budget, Schmidt-Nielsen’s surface area to
volume rule, Speakman and Kr�ol’s heat dissipa-
tion limit, and Bergmann’s rule.
Unseasonably warm winter days appear to

raise surface temperatures of Bison (Fig. 4). The
frequency of these warmer winter scenarios is
expected to increase in the coming decades
(Wuebbles et al. 2017), which may be stressful for
large animals that are well insulated with a
woolly underfur and a layer of subcutaneous fat.
Kooijman’s dynamic energy budget theory

predicts animals to have greater thermal loss in
short-term (daily) extreme weather conditions
such as high winds and extreme heat. Black
globe temperature represents the effect of incom-
ing solar radiation with ambient temperature,
whereas wet blub globe temperature represents
the effect of relative humidity and wind speed as
ambient temperature. Our data support
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Fig. 5. Components of total surface heat transfer (W) in Bison. (A) Body surface temperature (°C), (B) radiative
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fer (W), and (D) sensible heat transfer (W).
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Kooijman’s dynamic energy budget theory
(Figs. 4 and 5) because body surface tempera-
tures were directly related to radiative loads and
convective losses of energy. Schmidt-Nielsen’s
rule predicts that surface-area-to-volume ratio
decrease with increasing body size to slow heat
transfer from large animals. We found that
increasing body mass increased total surface heat
transfer in both an isometric and an allometric
fashion (Fig. 6). The isometric model predicted
greater heat transfer than was observed for the
smallest 5% of Bison (≤164 kg; �162 W vs.
�138 W), whereas estimates from the allometric
model were not significantly different; this was
tested by using a paired t-test of the observed
and predicted heat transfer values of the smallest
and the largest 5% (≥511 kg) of Bison. Speakman

and Kr�ol’s heat dissipation limit theory predicts
that production is suppressed when heat loads
from the environment and metabolism divert
energy to thermoregulation. Our data demon-
strate that growth of Bison is limited by heat
loads because the slowest annual growth rates
were associated with the greatest heat transfer
(Fig. 7). However, we acknowledge that the tem-
poral resolution of growth data is too large to
resolve the relationship of growth and excessive
heat loads within a growing season. Bergmann’s
rule predicts that selection favors large animals
at higher latitudes. The ability to retain heat in
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cold winters (sensu Schmidt Nielsen; Fig. 6) has
been invoked as an explanation for Bergmann’s
rule. Our data provide some support for thermal
conservatism, because heat flux from the smallest
5% of Bison (≤164 kg; �248 + 58 W/m2) was
greater than that of the largest 5% of Bison
(≥511 kg; �230 � 30 W/m2). However, Berg-
mann’s rule is also explained by summer growth
and the net primary production of food (Huston
and Wolverton 2011). Asymptotic size of Bison
on the Great Plains declines with high decadal
temperatures and droughts that suppress growth
of both the animal and the forages they consume
(Martin and Barboza 2020). In this study, high
annual growth rates were observed at high and
low latitudes at sites with mean annual precipita-
tion above 450 mm (Table 1; Fig. 7), which sug-
gests that growth is dependent on thermal
exchanges as well as forage supplies.

Our study of heat transfers in bison provided
support for all four theories of body size, which
suggests that body size is an outcome of consis-
tent effects across temporal and organizational
scales from instantaneous heat balance through
seasonal growth of this long-lived animal. Rein-
forcement between levels of organization multi-
plies the effect of body size of individuals in a
population on other ecological processes espe-
cially for large keystone species such as bison
that influence the composition of plant and ani-
mal communities in their ecosystem (White 1983,
Knapp et al. 1999, Beschta et al. 2020).

Conservation implications
Annual and seasonal mean temperatures are

expected to rise over the next eight decades, and
this will increase heat loads and thus increase nega-
tive heat transfer. Increasing negative heat transfer
will further decrease growth rates and likely alter
life-history traits (Martin and Barboza 2020) includ-
ing reproduction rates. Special conservation and
management considerations by organizations like
the IUCN-SSC Bison Specialist Group, conservation
NGOs like The Nature Conservancy, state and fed-
eral bison herd managers like the National Park
Service, and private bison herd managers will need
to be given to the central and southern Great Plains
where the number of extremely hot days (>32°C) is
expected to rise to 87 d/yr from 32 d/yr (Weatherly
and Rosenbaum 2017). Marginal habitats will also
challenge conservation plans in places like the arid

desert regions of the American southwest where
drought is expected to be persistent, lengthening,
and intensifying and expanding into new areas like
the central Great Plains (Cook et al. 2015).

CONCLUSIONS

Cooler summers are more optimal for Bison
growth because of reduced heat loads during the
growing season. Rising temperatures constrain
body size and productivity of Bison. We report
five key findings:

1. Daily measures of weather—wind speed,
heat index, solar radiation, relative humid-
ity—affect heat flux of endotherms season-
ally; our study supports Kooijman’s
dynamic energy budget hypothesis (Fig. 4).

2. Heat transfer is allometric with body size
(b = 0.63) and thus consistent with Schmidt-
Nielsen prediction of b = 0.67 (or the two-
thirds rule) that mass-specific heat transfer
declines with increasing body size (Fig. 6).

3. Annual growth declined with increasing heat
flux, which supports Speakman and Kr�ol’s
heat dissipation limit hypothesis (Fig. 7).

4. Winter and summer seasons appear to con-
form to Bergmann’s rule, where Bison conserve
heat in cooler-northern locations (Fig. 8).

5. The confirmation of the above four theories,
using heat flux as a common currency, sug-
gests that an integrated general theory of
thermoregulation could be developed with
additional studies of other taxa following
the framework put forth in this study.
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