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Abstract: Given the current and future threats to Asian elephants (Elephas maximus), maintaining a
sustainable ex situ population is crucial for the longevity of the species. Using Infrared Thermography
(IRT), thermoregulation of Asian elephants at low ambient temperatures was examined. Thermal
images were taken at 15 min intervals over 60–90-min observation periods, once weekly, during
January and February 2022. A total of 374 images were examined from 10 Asian elephants, which
varied from 1 to 56 years of age. Data from thermograms of the ear and body were interpreted in
view of weight, age and behavior. Variability in surface temperature was found most frequently in
the ears, occasionally presenting as thermal windows—areas with dense underlying blood supply
that aid in heat exchange. Thermal windows occurred most frequently in the distal, then medial,
regions of the ear. The pattern of appearance of thermal windows in the ear provides support that
the increase of blood flow is utilized as a method of warming. This preliminary study provides key
insight into Asian elephant thermoregulation, suggesting that the species may be more well-adapted
to lower ambient temperatures than previously thought.

Keywords: infrared thermography; Elephas maximus; thermal windows; age; behavior; weight;
ambient temperature

1. Introduction

Asian elephants (Elephas maximus) are threatened due to habitat loss and fragmentation,
human–elephant conflict, poaching and illegal trade [1]. Disruptions in social hierarchies
and decreased disease resilience, resulting from direct threats, threaten the populations
of remaining wild animals [2]. Further, climate change models predict that ~42% of the
habitat available to Asian elephants at present will be lost by the end of this century, due
to the combined effects of climate change and human pressure [3]. As a result, the Asian
elephant is classified on the International Union for the Conservation of Nature (IUCN)
Red List as “Endangered” [4,5].

Human activities have resulted in altered environmental conditions that are impacting
the demography and evolution of the Asian elephant, and many other species, globally [6].
In response to this crisis, an agreement was reached by the United Nations at the Kunming–
Montreal biodiversity summit in December 2022, with the goal to halt and reverse global
biodiversity loss by 2030. A recent publication assessing the efficacy of each target in
the Kunming–Montreal biodiversity framework found that the extinction risk for over
half (57%) of the world’s threatened species would not be reduced sufficiently without
targeted species-specific recovery actions, including ex situ conservation [7]. According to
the authors, focused interventions and increased attention on individual species is needed
when crafting solutions to address global biodiversity loss. Target Four was developed to
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address this need, noting that the recovery and conservation of species must include the
consideration of both in situ and ex situ conservation [7].

The African Lion Safari has had a program devoted to assisting in the conservation
of the Asian elephant since 1987. Given the species’ current status and new threats to the
wild population due to climate change, maintaining a sustainable ex situ population of
Asian elephants, such as the one found at African Lion Safari, will provide an assurance
population for the species’ long-term persistence [8]. In the continuing efforts to provide ex-
cellence in care and to assist in research that can benefit the conservation of Asian elephants,
African Lion Safari initiated research on thermoregulation patterns in Asian elephants in
2021, using Infrared Thermography (IRT). IRT is a non-invasive tool that detects surface
temperature distribution patterns [9]. It has been used to measure physiological changes
in humans and other warm-blooded animals, including in diagnosing disease, gaining
insight into reproductive processes, analyzing animal behavior and estimating individuals’
thermal states [10]. IRT has been used in several studies of African (Loxodonta africana) and
Asian elephants. Williams [11] measured heat loss by convection, radiation and conduction
on different parts of the elephant (body, legs, head, trunk, neck and ears). Phillips and
Heath [12] documented that convection and radiation from the ears alone could account
for 100% of the total heat loss in African elephants, with heat transfer being facilitated by
“thermal windows.” As defined by Šumbera et al. [13] and Mota-Rojas et al. [14], thermal
windows are body regions with a high density of blood vessels and arteriovenous anas-
tomoses close to the body’s surface in areas devoid of fur, which permits heat exchange
via vasoconstriction or vasodilation. The ears of both African and Asian elephants, while
differing significantly [15], can be defined under these criteria as thermal windows [12,16].
Further work by Weissenböck et al. [16] suggested that areas of the torso and limbs may also
function as thermal windows in Asian elephants. However, the work did not investigate if
these areas had the prerequisite underlying vascularization comprising a thermal window.

Elephants in the wild can experience a wide range of ambient temperatures, ranging
from 0 ◦C to 50 ◦C [17]. Similarly, ex situ populations are located in areas exhibiting a
wide range of environmental conditions. Given the temperature variation experienced
by the species in situ and ex situ, we sought to more closely examine the responses of
individual Asian elephants to varying environmental conditions using IRT. We present
findings on the thermoregulation of Asian elephants, in the context of the low ambient
temperatures experienced in southwestern Ontario. We were particularly interested in ear
surface temperature variation, imparting the sensitivity of the ear tissue in temperature
extremes [12]. Our results provide insight into the relationships between age, sex, weight,
and behavior, in terms of the surface body temperatures observed using IRT.

2. Materials and Methods

African Lion Safari, Cambridge, Ontario, Canada, (43.3410◦ N, 80.1801◦ W) currently
maintains a herd of 17 Asian elephants. Individuals are identifiable by unique physical
characteristics. A subset of the herd was monitored during a portion of their normal daily
routine, during which they roam throughout a 200 acre area consisting largely of woods,
with a stream, pond, and open fields. During the observation period, elephants made
their own choices in terms of their location in the study area and their activity. The weight
of each individual was monitored monthly. Elephant weights were obtained from each
individual and averaged over the study period.

Thermal images were obtained using a FLIR T540 thermal camera (Teledyne FLIR
Systems, Oregon) with a 24◦ lens. The camera was automatically calibrated, with an
infrared resolution of 464 × 348 pixels, and a spectral range of 7.5 to 14.0 µm. Emissivity
was set to 0.96, as is appropriate for this species [18]. Images were obtained weekly during
January and February 2022. Thermal imaging commenced after the elephants had left
their heated barns and been roaming in the 200 acre area for at least 30 min. During each
observation period, three lateral-view images of each elephant were obtained in succession
(10 s time period) every 15 min. Each series of three images for each individual at each
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interval was compared with the others, and the “best” image was chosen for analysis.
The “best” image was the one that most closely provided a fully perpendicular, full-frame,
lateral view, in which there were no elements obscuring the ear or body, such as the
appendages of other elephants or an individual’s tail. The distance at which the image
was obtained varied from 3.5 m to 10 m, depending on the size of the elephant, with the
goal of obtaining an image that filled the frame. The distance remained consistent for each
individual across all observational days. Images were analyzed using the FLIR Thermal
Studio Pro software (Teledyne FLIR LLC, 2021 Wilsonville, OR, USA).

Ambient temperature (Ta) was recorded using a DS 1923 iButton Hygrochron Tempera-
ture/ Humidity Logger ® (Maxim Integrated, San Jose, CA, USA), programmed to record data
hourly. Temperatures were recorded to the nearest tenth of a degree. Loggers were placed in
an outdoor location on the property, out of direct sunlight and away from other heat sources.

The behavior of each individual was categorized at each 15 min interval, to coincide
with the time at which the images were obtained. Behaviors were recorded as “eating”
(individuals had been and were eating in a stationary position prior to imaging), “moving”
(individuals had been moving immediately before or at the time an image was obtained) or
“drinking”. Behaviors characterized as moving included walking, running and playing.
All observations were recorded by the same observer to maintain consistency.

In each ‘best’ image, a polygon was drawn that encompassed the entire body or
ear, but excluded the outer edge of the body, in order to avoid background interference
bias (Figure 1). Within the polygon, the maximum surface temperature/pixel (TMax),
the minimum surface temperature/pixel (TMin) and average surface temperature across all
pixels (TAvg) were obtained. The mean ± standard error (SEM) of TAvg of the body, and ear
surface temperatures for each individual were calculated for each best image obtained at
each interval throughout the observation period. Images in which the difference between
TMax or TMin and TAvg was ≥5 ◦C, indicative of a potential thermal window, were included
in additional analyses. The ≥5 ◦C criterion was chosen, as it was the same as that used in
previous studies of thermal windows in elephants [16]. As solar radiation can influence
the surface temperatures obtained from thermal images [10], only images with consistent
environmental conditions throughout the observation period were used in further analysis.
Specifically, we utilized images that had the same environmental conditions throughout
the data collection day. All images analyzed for each individual were either taken in totally
overcast or totally sunny conditions, to avoid the difference in solar radiance going from
overcast to full sun observations within the same observation day.

The first step in identifying thermal windows was identifying when the ≥5 ◦C surface
temperature difference was characterized by a discrete area of increased temperature, oc-
curring in an area with the requisite underlying vascularization. When a potential thermal
window was identified, a polygon was drawn around the area of increased temperature.
The TAvg of the polygon encompassing the thermal window was obtained and then com-
pared to the TAvg of the polygon encompassing the remaining portion of the ear or body.
The percentage of the total surface area of the thermal window polygon within the polygon
encompassing the entire ear or body was calculated (Figure 2). The area of occurrence of
thermal windows in the ear (the only area in which we identified potential thermal windows)
was characterized as occurring in the proximal, medial or distal region of the ear, based on
patterns of underlying vascularization (Figure 3). A Chi-squared (λ) test was conducted to
determine if the thermal windows were occurring at random, among the analyzed regions.

The index of vasomotion (VMI), as described by Phillips and Heath [19], was calculated
for each individual in our study. VMI is a measure of an animal’s ability to control their surface
temperature, which was calculated using the equation VMI = 0.27717 + 0.27929log (weight
in kg) [19]. Phillips and Heath [19] used the equation to describe the ability of 29 species in
regulating their body surface temperatures, based on surface area to volume ratio, metabolic
production and thermal thresholds. We extended the use of VMI to investigate the extent
to which size variations (weight and surface area to volume ratio) could potentially affect
an individual Asian elephant’s ability to regulate its body temperature, as weight and size
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varies by degrees of magnitude between young and adult elephants (Table 1). As such,
we hypothesized that an individual’s thermoregulation would likely vary based on age,
similar to the variations observed among other species varying in size.
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Figure 2. Example of a thermal window in the ear of an Asian elephant J, (a) growing in size within 
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polygon. The total area of the thermal window was calculated as a percentage of the ear polygon. 

Figure 1. Images were analyzed in terms of both the body and ear. Polygons were drawn by hand
within FLIR Thermal Studio Pro software to delineate the ear (1) and body (2). TAvg, TMax and TMin

were derived for each polygon.

J. Zool. Bot. Gard. 2023, 4, FOR PEER REVIEW 4 
 

 

 
Figure 1. Images were analyzed in terms of both the body and ear. Polygons were drawn by hand 
within FLIR Thermal Studio Pro software to delineate the ear (1) and body (2). TAvg, TMax and TMin 
were derived for each polygon. 

 
(a) (b) 

Figure 2. Example of a thermal window in the ear of an Asian elephant J, (a) growing in size within 
a 15 min interval (b) on 11 January 2022. The thermal window is characterized by a temperature ≥5 
°C when compared to the surrounding tissue [16]. The thermal window(s) was delineated using a 
polygon. The total area of the thermal window was calculated as a percentage of the ear polygon. 

Figure 2. Example of a thermal window in the ear of an Asian elephant J, (a) growing in size within a
15 min interval (b) on 11 January 2022. The thermal window is characterized by a temperature ≥5 ◦C
when compared to the surrounding tissue [16]. The thermal window(s) was delineated using a
polygon. The total area of the thermal window was calculated as a percentage of the ear polygon.

Table 1. Demographic details of the Asian elephants observed in our study. Index of vasomotion
(VMI) values were calculated using the equation VMI = 0.27717 + 0.27929log (weight in kg) [19].

Individual Sex Age (years) Weight (kg) VMI

A Female 1 397 1.00
B Female 1 407 1.01
C Male 3 1132 1.13
D Female 6 1853 1.18
E Female 15 3337 1.26
F Male 22 4084 1.29
G Female 28 3860 1.28
H Female 37 2883 1.24
I Female 56 3346 1.26
J Female 54 3825 1.28
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Figure 3. Example of an ear, divided into proximal (1), medial (2) and distal (3) regions, based on the
approximation of blood vessels present in the ear in each location [15,16]. In this image, a thermal
window is evident in the distal portion of the ear.

3. Results

Data were obtained from 10 of the total 17 Asian elephants within the herd, who
varied from 1 to 56 years of age (Table 1), including two male and eight female elephants.
Weights ranged from 397 to 4084 kg (Table 1).

A total of 1131 thermal images were obtained from seven observation periods across a
six-week period (4 January 2022 to 15 February 2022). Of these, 374 images were used in
analyses. Observation time varied from 60 to 90 min/day, with a total of 575 min of observa-
tion combined across all individuals. Average ambient temperature during the observation
periods ranged from −9.4 to 4.0 ◦C (Table 2). Surface temperatures, as determined by IRT,
in both the ear and body were found to be quite variable. On any one observation day,
the greatest difference between TMax and TMin in a single elephant’s body varied up to
23.9 ◦C, and varied up to 29.4 ◦C within a single elephant’s ear. Average body surface
temperature was higher than that of the average ear temperature among all observation
periods (Figure 4). The pattern of variation between the mean surface temperature of the
body versus ear was similar among the observation periods (Figure 4).

Table 2. Summary of data collection and occurrence of thermal windows between 4 January 2022 and
15 February 2022, with ambient temperatures ranging from −9.4 to 4.0 ◦C.

Date
(Day Month Year)

Length of
Observation

Period (Minutes)

Average
Ambient

Temperature (◦C)

Individuals
Monitored (n)

Individuals with
Thermal Windows

(n)

Thermal
Windows

(n)

4 January 2022 90 2.6 5 0 0
11 January 2022 75 −9.4 5 2 4
18 January 2022 90 −2.8 10 2 7
25 January 2022 90 −7.3 10 1 2
1 February 2022 90 4.0 10 3 10
8 February 2022 60 −0.3 10 1 2

15 February 2022 75 −2.2 10 1 1
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Figure 4. Mean ± SEM surface temperature (Ts) of the body (•) and ear (�), obtained from 10 Asian
elephants (A–J) across all observation days, with mean ambient temperatures (Ta) ranging from
(−9.4 to 4.0 ◦C).
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TAvg of the body surface varied by ≥5 ◦C from TMin in 343 (92%) and from TMax values
in 231 (62%) of the images analyzed. The TAvg of the ear surface varied by ≥5 ◦C from TMin
in 339 (91%) and from TMax in 374 (100%) of the images analyzed. However, on further
examination, none of the images of the body with the ≥5 ◦C differential were found to
represent potential thermal windows, but instead could be attributed to other causes.
Conversely, several, large potential thermal windows were identified in the ear. In total,
five individuals appeared to develop thermal windows in the ear, with thermal windows
ranging in size from 2 to 33% of the total surface area of the ear (Table 3). Three individuals
had multiple occurrences of thermal windows within a single observation day. However,
only one individual developed more than one thermal window concurrently (Table 3).
No pattern was apparent that suggested a relationship between the occurrence of thermal
windows and ambient environmental temperature (i.e., the thermal windows did not
occur only on the coldest days) (Table 3). Thermal windows developed most frequently
(74%) in the distal region of the ear, and to a lesser degree (26%) in the medial region of
the ear (Table 4). No thermal windows were identified in the proximal region of the ear
(Table 4). A Chi-squared test revealed that the thermal windows occurred significantly
more frequently in the distal portion of the ear (λ2 = 2.9 × 10−5).

Table 3. Dates and environmental conditions on days when thermal window events were observed
in January and February 2022. Thermal windows were only found in individuals A, B, G, I and J (see
Table 1 for demographic information on these individuals). Thermal window events were defined
as per Weissenböck et al. [16], where the temperature differential between the thermal window and
surrounding tissue was ≥5 ◦C.

Observation
Date

(Day Month
Year)

Individuals
with Thermal

Windows

Average
Ambient

Temperature
(◦C)

Percentage of
Observations of Each

Individual with a
Thermal

Window (%)

Thermal
Window Surface

Area
(% of ear)

Temperature
Differential between
the Thermal Window

and Surrounding
Tissue (◦C)

11 January 2022

J

−9.4

Window 1 50 4 9
Window 2 6 7
Window 3 4–13 14–15

A
Window1 17 14 5

18 January 2022

J

−2.8
Window 1 71 2–9 12–16

B
Window 1 14 14 6

25 January 2022 I
Window 1 −7.3 29 12–22 5–6

1 February 2022

J

4.0

Window 1 71 3–33 8–14
G

Window 1 43 6 6
Window 2 2–4 6–10

B
Window 1 29 2–4 5–9

8 February 2022 A
Window 1 −0.3 40 6–10 5–8

15 February 2022 B
Window1 −2.2 17 23 8
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Table 4. Location of thermal windows observed in the ears of each of the five individuals (see Table 1
for a summary of demographics of each individual). If a thermal window extended into a second
region of the ear, the thermal window was counted as occurring in both locations. A Chi-squared test
revealed a statistically significant pattern of occurrence (λ 2 = 2.9 × 10−5), suggesting that thermal
windows most frequently developed in the distal portion of the ear.

Individual
Proximal Thermal

Windows
(n)

Medial Thermal
Windows

(n)

Distal Thermal
Windows

(n)

A 0 2 3
B 0 0 4
G 0 2 3
I 0 2 1
J 0 3 14

Total 0 9 25

The index of vasomotion ranged from 1.00 to 1.29, with the smallest/youngest elephant
(Elephant A) having the lowest VMI (1.00) and the largest (Elephant F) having the highest
VMI (1.29) (Table 1). In general, VMI increased linearly as individual age and weight
increased (Table 1).

Behavioral observations suggested that the younger individuals (Elephants A and B)
were more frequently active, being observed to engage in play/running/walking activities
during 45–56% of the monitoring intervals (Table 5). Older individuals were largely
observed eating in a stationary position (Table 5).

Table 5. Summary of the total intervals in which individual elephants engaged in varying behaviors
over the study period. Behaviors were recorded every 15 min, and coincided with thermography.

Individual Eating (%) Drinking (%) Moving (%)

A 55 - 45
B 44 - 56
C 56 3.0 41
D 58 - 42
E 100 - -
F 84 - 16
G 94 3.0 3
H 97 - 3
I 87 - 13
J 100 - -

4. Discussion

Research on thermoregulation in elephants has, to date, been largely focused on
African elephants [11,12,16,20,21], and on the development of thermal windows at higher
ambient temperatures. While no study specifically looking at the response of Asian ele-
phants to lower ambient temperatures was found, results suggest that elephants are able to
constrict blood flow to their ears as a means of conserving heat in these situations [12,16,18].
We used Infrared Thermography (IRT) to characterize and gain a better understanding
of the patterns of thermoregulation at lower ambient temperatures. Our data empirically
support what has been observed at African Lion Safari for nearly five decades: that Asian
elephants are comfortable during the time spent outdoors in colder temperatures. Patterns
of temperature variation among thermograms suggested that individuals were actively
adjusting temperatures in their ears, but not their body. We believe our data suggest that an
individual’s weight, age and behavior impacted the variations we noted in the appearance
of thermal windows among individuals. This is the first study to reveal that vasodilation,
specifically when presenting as the development of thermal windows, in Asian elephant
ears in lower ambient temperatures, is similar to that documented by previous studies as a
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response to higher ambient temperatures; however, these responses are often accompanied
by behaviours such as ear flapping [12,20,21]. Our research revealed that images should be
interpreted by taking into account numerous factors. This could include the analysis of
behaviors, such as ear flapping, that are important in thermoregulation, but also behaviors
such as choosing to stand in the sun versus the shade, which also impacts thermoregulation.
Doing so can help to gain a deeper understanding of both behavioral and physiological
thermoregulatory adaptations in Asian elephants.

A five degree variability between TAvg and both TMin and TMax was observed in
most of our images in both the body and ear. Behavior, solar radiation and underlying
physiological processes can all create significant variations in surface temperature [10,22].
Upon further examination of the images, all the variability between TMin and TAvg within
the polygons circumscribing the body was due to the presence of materials such as hay,
snow or hair. However, patterns were detected that were suggestive of a causal factor
for variations in TMax from the TAvg in images of both the body and ear, which could be
attributed to (1) increased blood flow (i.e., lactating mammary tissue) (2) surface area to
volume ratio considerations or (3) thermal windows. No discrete regions of increased
temperature that were indicative of thermal windows could be diagnosed on the body,
while several occurrences were found in the ear.

Physiologically, endotherms, which are animals with the ability to maintain a core
body temperature [23], produce both metabolic heat and waste, as well as work heat,
caused by muscle activity [23,24]. Thermoregulation occurs by both physiological and
behavioral mechanisms [23]. For mega-vertebrates [18], such as elephants, their large body
size creates unique thermoregulation considerations. Specifically, temperature exchange
with their surroundings is hampered by a low surface area to volume ratio, making it
difficult for these extremely large animals to adequately lose heat in high ambient tem-
peratures [16]. This is exacerbated even further, as they lack sweat glands to aid in heat
dissipation [25]. Conversely, their large body size is considered to be advantageous at low
ambient temperatures [26].

Endotherms will employ physiological mechanisms in conjunction with behavior [14]
to obtain thermal neutrality [27]. Behavioral thermoregulation is often species-specific and
associated with unique morphology [14,23]. For example, both African and, to a lesser
degree, Asian elephants will either fan or tuck their ears close to their body as a means
of dissipating or conserving heat, respectively [12,20,21]. Additionally, it is well-known
that elephants will vasoconstrict blood vessels in their ears as a primary response to lower
ambient temperatures [12,15]. The differential that we observed between the body and
ear surface temperatures suggests that vasoconstriction occurred frequently in the ear
throughout our study period (Figure 4).

The Index of Vasomotion (VMI), as described by Phillips and Heath [19], is a mea-
sure of a species’ ability to manage heat exchange with their environment. Results of
Phillips and Heath’s [19] research indicate that higher VMI values are associated with
heavier individuals and a greater ability to control their surface temperatures [19]. Smaller
individuals have lower VMI values and lesser control over their surface temperature.
Similarly, VMI values were lowest in the younger and smaller elephants, and increased
with age and size, with an overall linear relationship. Sexual size dimorphism in Asian
elephants prevented a complete linear association [28]. Thus, it would be expected that
smaller/younger elephants would have a greater need to employ behavioral or physio-
logical mechanisms for thermoregulation compared to larger/older elephants. However,
the degree to which specific physiological adaptations that would be employed would be
impacted by behavior—more physically active individuals would develop more metabolic
heat, and, thus, fewer thermal windows.

We believe that our data reveal that Asian elephants are actively thermoregulating by
producing thermal windows in their ears, in order to counter the potential adverse effects
of lower ambient temperatures. We found that the older/larger and younger/smaller
elephants both developed thermal windows. The greatest number of thermal windows was
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observed in one of the oldest elephants, conversely to what was predicted by VMI. However,
older elephants were more sedentary, and likely not producing the same degree of excess
metabolic heat as the younger elephants, which were more active (i.e., they were most
often observed to be walking, running or playing). Furthermore, it was anecdotally noted
that the older elephants kept their ears close to their body, consistent with heat-conserving
behavior observed in previous studies [21]. However, other physiological processes also
impact blood pressure and circulation in older elephants, as in older humans [29,30],
and additional research is needed to more fully understand inter-individual differences in
thermoregulation in older Asian elephants.

Thermal windows were found only in the distal and medial regions of the ear. Thermal
windows appeared in the distal region most often, and in some cases, they would extend
into the medial region, similar to that documented by Weissenböck et al. [16], in elephants
thermoregulating at warmer temperatures. The thermal windows we diagnosed that were
observed at lower ambient temperatures were not seen consistently. In most cases following
potential vasoconstriction, we believe the thermal windows are indicative of a physiological
mechanism, in which individuals supply warm blood to their extremities as a means of
warming their ears, as Phillips and Heath [12] theorized would be possible.

The development of thermal windows in the extremities of Asian elephants suggest
that this occurs as an adaptation similar to ‘counter-current’ heat exchange. The historic
range of the Asian elephant indicates that their habitats were once much more temperate
than they are today, suggesting that, historically, they may have needed to develop this type
of physiological adaptation, in order to survive in colder climates [5,26,31]. Counter-current
heat exchange is a physiological adaptation that has been observed in several mammal
species endemic to habitats with lower ambient temperatures, such as the beaver (Castor
canadensis) [32]. This adaptation is used in addition to morphological characteristics, such
as fur or a thick layer of fat, to enable an animal to survive in low ambient temperatures.
For example, in addition to their renowned pelt, beavers possess a counter current heat
exchange mechanism in their hind legs and tails. Arteries containing warm blood from
the body core are situated in the middle of superficial veins travelling from their legs and
tail [32]. The warm blood from the arteries prewarms the blood returning to the body’s
core from these extremities, thus mitigating both heat loss from extremities and cooling of
the core body temperature from cold blood returning to the heart [32].

The Asian elephant is the closest living relative to the woolly mammoth (Mammuthus
primigenius), sharing more genetic material with it than any other living animal [33]. This
relationship may also provide insight into our results. The woolly mammoth possessed
several morphological traits that adapted them to life in extremely cold environments [34].
These traits included long, thick fur, a marked layer of subcutaneous fat and prevalent
sebaceous glands that aided in insulation, as well as small tails and ears that helped to
reduce heat loss [34]. Research to better understand the molecular basis of the phenotypic
traits in woolly mammoth revealed other, less readily apparent, genetic adaptations to life
in the extreme cold [33]. To the best of our knowledge an assessment of the molecular
basis of thermoregulation has been restricted to extinct pachyderms. However, based on
these findings, a similar study focused on Asian elephants would likely reveal unique and
important insights.

Our findings have broadened the understanding of Asian elephant thermoregulation,
and empirically support that the species has a physiological mechanism of warming. How-
ever, additional research is needed to fully understand both the cause and the underlying
physiological basis behind the occurrence of thermal windows in low ambient tempera-
tures, in particular, how it varies among individuals. Future studies should include efforts
to quantify core body temperatures and correlate core body temperature with surface body
temperature. Additional physiological factors, such as blood pressure, should also be as-
sessed, as well as environmental factors, in particular relative humidity and solar radiation.
Our results suggest that studies should also include animals varying in age and size. While
our methodology is broadly used, future studies should also consider alternative analytical
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methods to identify deviations in minimum and maximum temperature from the average
in thermograms.

5. Conclusions

Our results suggest that the Asian elephant may be more well-adapted to lower
ambient temperatures than previously thought. Given the species history, it is plausible
that thermal windows are a physiological adaptation that was developed historically
to survive in colder climates, but which may also still remain relevant today, given the
temperature extremes found in situ. Given African Lion Safari’s large and diverse herd,
we were able to comment on the impact that age, size and behavior may have on the
development of thermal windows at lower ambient temperatures. Results suggest that
larger or more active elephants have a lesser need to utilize thermal windows as a warming
mechanism. Our data on age indicates that sex-specific differences in the size of adult
elephants prevents a strictly linear relationship in VMI, which can be used as a measure of
an individual animal’s ability to control their surface temperature. Our results can assist
with Asian elephant conservation both in situ, in light of climate change, and also ex situ,
as regards populations managed across different temperature gradients.
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