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ABSTRACT
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ENCLOSURES
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An animal’s ability to find thermal comfort can be can be limited within a zoo enclosure.
This creates a need to design comfortable microclimates for the animal within their enclosure
space. This is an exploratory study intended to investigate the relationships between an
elephant’s movements throughout their space and the microclimatic conditions within its
zoological enclosure. By outlining an understanding of microclimates and how they are affected
by the landscape combined with knowledge of elephant behaviours it will be possible design or
plan for microclimatic use within zoo enclosures. Observational data were collected from five
Asian elephants (Elephas maximus). The movements of the elephants were monitored along
with the use of microclimates within their enclosure. Thermal regulatory movements involving
microclimatic use typically involved water and shade use, however evidence suggests that the
animals were also avoiding terrestrial radiation from some of the gunite walls. It is important
that animals are given the opportunity to find microclimates within the space to regulate their
body temperature. Designing landscapes that incorporate microclimates within their habitats is
crucial to the welfare and health of zoo elephants.
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Chapter 1- Introduction
Animal welfare has become an important topic of discussion over the past few decades.
On a global scale over 26 billion animals are housed on farms, in aquariums and zoos (Mason,
2010). With public Interest to view exotic animals in zoological exhibits, it is certain that these
institutions will not be diminishing anytime soon. While designers often think about the
importance of pedestrian traffic moving through the parks and the look of the enclosures, it is
also important to acknowledge that the animals’ health and comfort can be affected through
enclosure design. Imperative aspects for enclosure design are to aid in the simulation of an
animal’s social, physical and behavioural needs and create welcoming microclimates in order to
obtain thermal comfort within the space.
An animal’s ability to find thermal comfort can be can be limited within a zoo enclosure.
This creates a need to design comfortable microclimates for the animal within their enclosure
space. Landscape architects are becoming key agents within interdisciplinary design teams and
new and innovative ideas for zoo enclosure design should begin to take it a step further. Not
only designing to create “a natural looking” habitat, but also gain an understanding for what the
animal’s thermal, social and behavioural wants and needs are and therefore become able to
respond to these needs through design.
When creating outdoor spaces for people, designers take into consideration the effects that
environmental elements have upon users. To be considered successful a space must achieve
certain goals including: social stimulation, functionality, physical attractiveness and thermal
comfort (Brown, 2010). These same goals should be applied to the design of enclosures for nonhuman animals.

2
The first three are goals typically for making practical and attractive enclosure designs as
well as visitor settings (Coe, 1985). However, there is little evidence that the fourth criteria, that
of thermal comfort, is considered in the design of outdoors spaces.
Thermal comfort is a state in which a warm-blooded animal is in thermal equilibrium with
their environment; that is, the same amount of energy is being received by the organism as is
being lost, creating a “balance between heat production and heat dissipation” (Aschoff, 1982;
Kinahan, 2007a,560). Thermal equilibrium can theoretically be achieved in any season on any
given day through modifications to the organism’s physical environment to create appropriate
microclimatic conditions (Brown, 2010). Microclimatic landscapes can be natural or designed.
For example, a row of coniferous trees alongside a road might provide shelter from cold winter
winds, while a deciduous tree beside a picnic table can provide shade from the sun on hot
summer days. These are microclimates where people feel thermally comfortable and the more
comfortable they are in a space, the more likely they will linger. Designing for thermal comfort is
something that many people often take for granted, not realizing the planning and
measurements that went into a designed space in order to keep the wind or the sun’s rays to a
minimum or maximum depending on the time of year.
As suggested humans are not the only species that use microclimates to thermally regulate
their temperatures. Thermal comfort is a basic survival requirement for many animals including
large and small mammalian species, reptiles, and even insects.
White-tailed deer (Odocoileus virginianus) use eastern white-cedar (Thuja
occendentalis) trees as protection from the wind during cold North American winters. The
terrestrial radiation emitted by the cedar trees acts almost like a blanket for the deer (Brown,
2010). The Five-lined Skink (Eumeces fasciatus), is a small, smooth-bodied lizard native to
eastern North America, whose habitat varies in Ontario, Canada (Cameron, 2007). The skink
regulates its thermal comfort by settling under leaf litter and course debris found in the
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deciduous forests in Southern Ontario. In Central Ontario it seeks refuge among rock outcrops
within basalt, limestone and granite of the Canadian Shield (Cameron, 2007). The rocks not only
provide coverage from predators and the harsh environmental winds, but also allow for basking
in the warm sun (Cameron, 2007). Another species that has been shown to utilize microclimates
is the Karner Blue Butterfly (Lycaeides melissa samuelis). Butterflies are generally very sensitive
to their environments, preferring warm temperatures and low winds speeds (Brown, Kenny, &
Corry, 2011). Even a slight change in the microclimate can affect the thermoregulation of the
species a great deal. Not only do the butterflies prefer certain microclimatic conditions, but the
plants that they live within and feed upon do as well. Both the wild blue lupine (Lupinus
perennis; the only plant which karner blue caterpillars can eat (Services, 2011) and the karner
blue are sensitive to different gradients of light and shadow (Brown, Kenny, & Corry, 2011).
In the spring 2011, an unpublished test was performed by animal science students from
the University of Guelph, to determine whether the substrate within a marsupial zoo enclosure
was affecting the health and well being of the animals. For the interest of the keepers and staff,
the students recorded thermal images of the clay substrate within a marsupial or wallaby and
western grey kangaroo (Macropus rufogriseus and Marcropus fuliginosus) enclosure. The test
took place after the keepers noticed a high mortality rate and a lack of activity from the animals
during certain parts of the day. After analyzing the thermal images it was noted that the
temperature of the clay substrate was extraordinarily hot throughout parts of the day. Over the
next year the keepers and staff made changes to the clay substrate adding red sand. Recently
the keepers reported back to the students and explained that the difference in substrate has
lowered the animals mortality rate (Personal communication with Denise Lukas, 2012).
Incorporating microclimatic tools within zoo design might add to the success of an
enclosure. Creating microclimates within enclosures can give species these opportunities to find
thermal comfort. If a thermal equilibrium cannot be achieved within the confined area, it might
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have detrimental effects on the health of the species. Animals must acquire a regulatory balance
between heat loss and heat gain, in order to avoid the effects of hyper or hypothermia (Brown
2010). Whether designing for a polar or warm climate species, animals need to have
opportunities to thermally regulate their body temperature to avoid implications which may be
critical to their health and well being.
African elephants (Loxodonta africana) are the largest living land mammals, Asian
elephants (Elephas maximus) who are on average smaller than African elephants are the focus
of this study (Table 1). Due to an elephant’s large size it was initially thought that it would be
difficult to design and incorporate microclimates into their zoo enclosures that would be useful
to them. An elephant’s thermal comfort is dependent on their energy budget. How much
energy or heat is gained through (external) solar and terrestrial radiation and (internal) their
metabolism, in combination with how much energy or heat is lost from the four pathways of
heat loss; convection, radiation, evaporation and conduction (Brown and Gillespie, 1995;
Kinahan, 2007a; Phillips and Heath, 1992; Williams, 1990; Wright and Luck, 1984) .
The goal of this research is to explore the relationships between an elephant’s
movement and behaviours throughout its space and the microclimatic conditions within its
zoological enclosure in a warm climatic zone. The hypothesis of this study is that elephants will
use microclimates to thermally regulate their body temperatures in order to maintain a balance
of heat production and heat dissipation. As air temperature and solar radiation increase, the
amount of time spent performing thermal comfort behaviours will rise making the use of
microclimates more important to the elephants.
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Chapter 2 – Literature Review
2.1 Elephants and Heat Balance
There are two species of living elephants, the Asian elephant (Elephas maximus) and the
African Elephant (Loxodonta africana) (Lillywhite, 1987). Both Asian and African elephants are
warm blooded mammals, making their thermal comfort important to their basic survival. Both
species gain heat internally from their metabolism and externally from solar and terrestrial
radiation. They lose heat through a combination of four thermal pathways; convection,
conduction, evaporation and radiation (Brown 2010; Brown and Gillespie, 1995; Williams 1990).
An elephant has a constant input and output of energy or heat. If a regulatory balance between
heat loss and heat gain cannot be achieved then the animal will experience hyper or
hypothermia (Brown, 2010; Phillips and Heath, 1992; Williams, 1990; Wright and Luck, 1984).
The implications of hyperthermia or heat stress can be critical to the animal’s health and well
being.
It is assumed that elephants like most other mammals maintain relatively stable core
body temperatures that vary slightly at all environmental temperatures (Kinahan et al, 2007b).
In order to initiate heat exchange a gradient must be present between the animal’s skin
temperature and the environmental temperature (Tracy, 1972). If the ambient air temperature
is lower than the surface temperature of the animal then the elephant is more likely to lose heat
to the environment (Tracy, 1972). Increasing the difference between the air temperature and
the surface temperature will create a greater heat loss from the animal to the surrounding
environment (Kinahan et al, 2007b). In the same way if the ambient air temperature increases
the heat dissipation from the elephant will decrease (Kinahan et al, 2007b).
Therefore, employing physiological and behavioural methods to initiate and aid in heat
transfer from the elephant to the surrounding environment is significant for an elephant’s
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energy balance (Laforest et al, 2011; Schotsman, 2008). Disturbances in these thermoregulatory
behaviours ( for example shade use, water use, dust bathing, ear flapping) can also contribute
to hyperthermia, having critical effects on the animal. Using behavioural and physiological
methods, elephants have evolved to regulate their core body and surface temperatures in order
to avoid heat stress (Kinahan, 2007a; Schotsman, 2008; Williams, 1990). In a natural habitat
animals will use behavioural options to maintain a balance between their heat gain and heat
loss (Gates, 1980).
However, zoological enclosures for larger mammals may limit the range of thermoregulatory
behaviours that would be available to them in the wild (Langman, 1996).
It is possible that through the design of different microclimates in an enclosure, it could
help the animals when they are faced with challenges associated with thermal comfort by
addressing different pathways of heat gain and loss.

2.1.1 General Understanding of Elephants and Their Size
The African elephant is on average larger than the Asian species (Table 1), however
despite their size difference, the impact of heat transfer affects both species in similar ways
(Williams, 1990). Being from the same ancestral family they share many similarities, but are
distinguished by subtle differences.
An elephant’s enormous size (Size Averages, Table 1) can cause difficulties when it is
trying to transfer heat. Similar to other warm blooded creatures an elephant’s metabolic heat
production is balanced with their body mass (Kinahan et al 2007b). Their body morphology
creates a small surface to volume ratio, which means their core body mass is much larger than
the surface area available to transfer their heat (Williams, 1990). In order for the animal to
output its energy or excess heat, they demand physiological and behavioural thermoregulation
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methods (Speakman, 2010). Therefore, they will be able to regulate their core body and surface
temperatures through these adaptation methods (Laforest et al., 2011).

Table 1. Elephant and Habitat Averages. Loxodonta Africana - Weight and Height (Laursen, 1978), Habitat and Air
Temperature (Kinahan, 2007a). Elephas maximus Weight, Height and Habitat (Shoshani, 1982), Air Temperatures
(Besenthal, 2011).

Weight
(converted from kg)

Height
(shoulder height)

African Elephant

Asian Elephant

Loxodonta africana

Elephas maximus

Male

Female

Male

Female

6,000 kg
(13,200 lbs)

3,232 kg
(7,125 lbs)

5,400 kg
(12,000 lbs)

2,720 kg
(6,000 lbs)

3.20 to 4.00 m
(10 to 13 ft)

2.20 to 2.60 m
(7 to 8.5 ft)

3.20 to 3.43 m
(10 to 11 ft)

2.24 to 2.54 m
(7 to 8 ft)

Environment
/Habitat

sub- saharan, savannas to deserts

forest- grassland

Natural
Environment Air
Temperature

air temperature variations 8° to 50° C
(46 °- 122°F)

air temperature variations 0° to 40°C
(32° - 104°F)

2.1.2 Energy Budget of an Elephant focus on Asian Species (Elephas maximus)
In order to understand an animal’s thermal comfort, one must first understand an
animal’s energy budget and its interaction with the environment. Body temperature and
thermal comfort are considered to be a “balance of heat production and heat dissipation” and
are dependent on how much heat an animal absorbs and how they get rid of it (Kinahan, 2007a,
pg 560). An animal’s energy budget is a combination of this heat loss and heat gain.

2.1.3 Heat and Energy Gain
Elephant’s energy production is reliant on of their internal metabolism (digestion,
growth and exercise) and the external radiation they absorb from shortwave solar radiation and
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long wave terrestrial radiation that is emitted from other elephants, rocks, trees and man-made
objects (Brown and Gillespie, 1995).

2.1.4 Heat and Energy Dissipation
There are four main thermal pathways (conduction, convection, evaporation and
radiation) of heat loss to consider when looking at the thermal budgets for an elephant
(Williams, 1990). Both species use these pathways to thermally regulate their body and surface
temperatures in order to avoid heat stress (Table 2, Figures 1 and 2). Convection and radiation
account for 86% of an elephant’s total heat loss, making these pathways reasonably important
to the overall heat transfer process (Williams, 1990).

Conduction
Conduction is the exchange of heat between two objects, occurring when the animal
makes physical contact to cooler surfaces in order to lose heat (Brown and Gillespie, 1995,
Schmidit-Nielsen, 1975). Conduction through the animal’s feet to the cool ground may
contribute to less than 2 % of the elephant’s total heat loss (Williams, 1990). However, when the
animal leans against a cool surface or lies on the ground at night this might contribute to
additional heat loss through conduction.

Evaporation
Evaporative cooling occurs when water on the animal’s skin absorbs enough heat to
evaporate into a vapour form, consequently pulling excess heat away from the body and
lowering the skin temperature of the elephant (Brown and Gillespie, 1995). With a higher air
temperature and lower humidity level there is more space available in the air to evaporate the
heat from the skin. When the air temperature and relative humidity are high there is little
capacity for the water to evaporate from the skin (Brown and Gillespie, 1995). An increase in the
air movement around the animal will accelerate evaporation while high humidity will decrease it
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(Widowski, 1998). Since elephants do not have any physiological means to lubricate their skin
(unable to sweat, because of the absence of sweat glands), they require their skin to be wetted
regularly (Spearman, 1970, Lillywhite, 1987). An elephant’s skin has been found to be
permeable to water, making evaporative cooling a significant component for heat dissipation
(Schotsman, 2008; Wright and Luck, 1984). Evaporation and behavioural thermoregulation are
the two primary thermoregulatory strategies used to avoid hyperthermia (Langman, 1996).
Evaporation accounts for only 20-30% of total heat loss in most species, however since
elephants cannot sweat their total evaporation only accounts for approximately 12% of their
total heat loss (Langman, 1996; Williams, 1990, Benedict, 1936). Controversially, other studies
have stated that transepidermal evaporation can meet up to 75 % of an elephant’s total overall
heat loss (Phillips and Heath, 2001; Wright and Luck, 1984). This is a considerable amount more
than the 12% of total heat loss author Williams (1990) attempted to validate. Either way the
amount of water that is evaporated from the elephant’s skin surface contributes a sizable
amount to its heat transfer.

Convection
Convection and radiation are the main thermal pathways for an elephant to achieve a
balanced heat transfer. According to Williams (1990) study of heat transfer in elephants,
convective heat transfer can contribute to 48.8% of their total heat loss. Heat dissipation
through convection takes place when cool air moves across the animal’s body. The increased
movement of air due to wind, around the animal’s body enhances convective heat loss
(Widowski, 1998). An elephant can create forced convection by flapping their large ears; by
doing this they are able to move cool air over their skin surface (Schotsman, 2008).

Radiation
Radiation not only produces energy and heat, but can also be a substantial way for the
elephant to lose heat. Most environmental heat gain comes from direct shortwave solar
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radiation from the sun (Widowski, 1998). Terrestrial (longwave) radiation is emitted from
objects within the enclosure (natural- trees, rocks, wood; human -made- gates, gunite; and
other elephants). Objects within the habitat emit this radiation towards the animal, causing it to
experience heat gain when in proximity to objects (Brown, 2010). Depending on the colour and
material, objects can give off different amounts of longwave terrestrial radiation (Langman,
1996). Elephants also emit longwave radiation into the atmosphere and to other objects within
the enclosure, in order to promote heat loss. When the surrounding area is cooler then the
surface temperature of the animal the radiant heat will be emitted into the surrounding space
(Widowski, 1998). Shortwave radiation is emitted towards the earth from the sun. This will
facilitate heat gain towards the elephant and landscape (Brown and Gillespie, 1995).
Williams (1990) described the heat transfer pathways values for both species of
elephant that were explained it the pervious sections, these values are displayed in table 2. It is
important to note that the values outlined by Williams (1990) study were recorded at an air
temperature of 12.6 °C and at different air temperatures these values might fluctuate.

Table 2. Thermal Budgets of African and Asian Elephants. Study conducted at an air temperature of 12.6°C.
Percentages are based on total heat lost (Williams,1990).
Heat Transfer
Pathways

Conduction

African Elephant
( Loxodonta Africana)
% Total heat loss and
Wattage (W)
1.7, 32.1

Asian Elephant
(Elephas maximus)
% Total heat loss and
Wattage (W)
1.6, 37.4

Evaporation

12.0

12.0

Convection

37.5

36.9

Radiant

48.8 , 948.9

49.5 , 1134.0

NOTE: The statement made describing that 75% of heat loss is from evaporation was taken from a
different study (Phillips and Heath, 2001; Wright and Luck, 1984).

2.1.5 Balance of Heat Transfer
The balance between heat gain and heat loss was defined by Gates (1980) who developed an
equation to describe the relationship between heat loss and heat gain in species (Campbell and
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Norman, 1998, Gates, 1980; Langman, 2003; Langman, 1996). Gates’ original equation for
species is as follows:

M + Qa = Qr + C+ Eb + Er + X + K

where (M) Standing Metabolic Rate + (Qa) Total Absorbed Solar Radiation (Shortwave) and
Terrestrial Radiation (Longwave) = (Qr) Terrestrial radiation emitted by animal + (C) Heat loss by
Convection + (Eb) Heat Loss by respiration + (Er) Heat loss by sweating + (X) heat loss or heat
gain by storage + (K) Heat Transfer by conduction to the ground.
Since elephants do not use evaporation through sweating, heat loss by sweating (Er)
signifies heat loss from evaporation of water after swimming or hose play.

Like conduction and evaporation, radiant and convective heat loss occurs with the help
of physiological and behavioural methods. Evaluation and knowledge of the animal’s energy
budget and behaviours will provide an understanding for the thermal needs of the species. This
will allow designers to respond to these needs through design creating comfortable
microclimates for the animals.
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Thermal Pathway Figures

Figure 1. Thermal Pathways, Asian elephant Elephas maximus. (Williams, 1990).

Figure 2. Thermal Pathways African elephant, Loxodonta africana. (Williams, 1990).

Note: In figure 1 and 2 these values are specific to Air temperatures at 12.6°C and might
increase or decrease at different air temperature and solar radiation values.
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2.1.6 Physiological Methods of Heat Dissipation
Microclimatic design of outdoor habitat can influence the use and affect a species’
physiological and behavioural thermal needs. Physiological thermoregulations methods use
biological means in order to facilitate heat transfer. For example, when people get hot they
sweat and when they get cold they shiver. These are natural physiological processes that a
human body does when experiencing any form of heat stress. Heat stress is brought on by over
exposure to environmental elements causing an animal’s body temperature to fluctuate. When
the core body temperature gets to hot the animal will begin to experience heat stress. If the
body’s temperature cannot be regulated through thermoregulatory behaviours then the animal
might experience hypothermia (excessive loss of heat) or hyperthermia (overheating). A
relationship is present between the four thermal pathways and the physiological methods in
elephants (convection is enhanced with ear flapping, radiant heat loss through adaptive
heterothermy). The physiological characteristics are more difficult to encourage through design
because they are a morphological quality. However, through proper enclosure and microclimatic
design it is possible to support these physiological behaviours. Before designing enclosures to
assist an elephant’s physiological behaviour, it is important to have a general knowledge of what
they are and how they work.

Ear Flapping
African and Asian elephant’s ears are made of highly vascularised tissue that causes
them to act like thermal windows (William , 1990; Buss and Estes, 1971; Wright and Luck, 1984;
McKay, 1973 ). Both species of elephants have been documented using their ears in
thermoregulatory capacity, increased ear flapping established forced convection over the
elephant’s body on hot days, with low cloud coverage and that lacked a breeze (Gailis et al 2010,
Buss and Estes, 1971; McKay, 1973). Through forced convection the animal flaps its ears in
conjunction with a rise in ambient temperature (Buss & Estes, 1971). By performing this action
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they are able to cool down the surface temperature of the body and specific blood vessels in the
ears dilate. Once dilated the blood cools down and is pulsed through the body to promote heat
loss (Phillips and Heath, 1992, Laforest et al., 2011). The African elephant has much larger ears
than the Asian species (Laforest et al, 2011). Through ear flapping and forced convection the
African elephant is able to dissipate 20.1 % of its total heat from its neck area, whereas the
Asian elephant only dissipates 2.5% from its neck area (Williams, 1990).

Adaptive Heterothermy
Adaptive heterothermy (Figure 3) is another physiological method that elephants may
use to dissipate their excess heat. Adaptive heterothermy is when the body reduces the need
for evaporative cooling by storing body heat throughout the day; this causes the animal’s core
body temperature to rise in combination with the increasing ambient air temperature and solar
radiation (Schotsman, 2008). After storing the heat throughout the hottest parts of the day, the
elephant will actively radiate its excess heat into the cooler night sky (Laforest et al, 2011;
Besenthal et al, 2011). Elephants studied at the Toronto Zoo showed a significant increase in
body temperature during the hot points of the day, when there was a higher ambient air
temperature; this was then followed by the dissipation of its heat at night decreasing the
anima’ls core body temperature (Schotsman, 2008). Outgoing long wave radiation is emitted
nocturnally into the atmosphere and the elephant cools its surface and core body temperature
down to a comfortable level (Williams, 1990). Results suggesting that Asian elephants use
adaptive heterothermy were inconclusive and are in discussion (LaForest et al., 2011). The
process would be similar for both species of elephant, yet the central site for dissipation is
different. The African elephant releases most of its heat through its large vascular ears, while in
thermal images the Asian elephants trunk was viewed to be the central area for heat dissapation
(Gailis et al., 2010; Laforest et al, 2011).
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In order to provide support for adaptive heterothermy through design it is probably best
to keep over head enclosures well ventilated and open to the night sky. If an enclosure obstructs
the heat’s pathway from the elephant to the sky, the possibility of hyperthermia becomes much
higher (Finegan, 2011)

Adaptive Heterothermy Figures

Figure 3. Example diagrams of Adaptive heterothermy. Erin Crawford 2012.
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2.1.7 Behavioural Thermoregulation
Behavioural thermoregulation is how an elephant uses a space in order to maintain its
thermal comfort. Things like shade use, water use and dust bathing are all categorized as
behavioural thermoregulation methods. Heat is transferred from different pathways and is
achieved through different behavioural activities. These behavioural needs are able to be met
through microclimatic design; however it is essential to recognize when, where and how
elephants use these behavioural methods in order to find thermal comfort. Shade and water
use are the main methods used by elephants as behavioural methods. Dust bathing has possible
thermal objectives and can most likely be included into enclosure design.

Shade Seeking
Wild and captive elephants have been documented to increase shade use associated
with increases in air temperature. Shade-seeking behaviours have been recognized in the both
species of elephant (Gailis et al, 2010, Hiley, 1975 ). The effect of shade-use on heat stressed
elephants is more gradual and delayed compared to the immediate cooling effects of water
(Besenthal et al., 2011). Solar radiation during the day can increase skin temperature
dramatically; in order to reduce the additional heat load from the sun, elephants will look for
shade (Kinahan, 2007b). The importance of different types of tree canopy cover in the enclosure
can contribute to thermal comfort and behaviours of the elephants (Kinahan, 2007b), because
different species of trees have different solar radiation transmissivity ranges (Brown & Gillespie,
1995). The range of canopy coverage will vary throughout the season and it is important to pick
tree species that thrive within the climatic zone (Brown & Gillespie, 1995). Understandably,
there will be concerns with dietary needs, safety and well-being of the elephants when using
real foliage within the animal’s enclosure. Artificial shade structures that are impermeable
would possibly be a more practical and suitable substitute. Using different materials for the
artificial shade structures will hopefully provide different levels of transmissivity ranges.
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Water Use
Previous research has directly related water wallowing, spraying (taking water in their
trunks and spraying it on their backs), and swimming to an elephants thermoregulatory
behaviours in order to cool down (Chevalier- Skolnikoff and Liska, 1993). Since elephants do not
possess sweat glands they are not able to provide their skin with biological sweat and instead
use water and mud from their habitat (Lillywhite, 1987). Wild elephants have access to water
even during the dry season. If there is no water to be found on the land surface elephants will
use their trunks to dig for it or will withdraw regurgitated water from their throats that they
store in case of emergency (Lillywhite, 1987). When water begins to evaporate from the
elephant’s skin, it decreases its surface temperature and reduces heat stress by way of
evaporative cooling (Kinahan, 2007a). Evaporative cooling is an important way for an elephant
to obtain thermal comfort and can account for up to 75 % of the elephant’s overall heat loss
(Phillips & Heath, 1992; Wright & Luck, 1984). As the ambient air temperature becomes higher,
water use behaviours become more frequent, having instantaneous effects on the surface
temperature of the skin (Besenthal et al., 2011). Thermal imagery from Gailis et al. (2010)
showed a significant difference in the skin temperature on the skin surface of an elephant that
had just gone swimming and the skin temperature on one that had not. As the elephant’s skin
dried, the thermal images (Figure 4) showed that the surface temperature was still cooler due to
evaporative cooling than the elephant that did not partake in water use (Gailis et al., 2010). Not
only is water important for evaporative heat transfer, but it is also needed to promote
epidermal hydration and to maintain the skin’s permeability and pliability (Lillywhite, 1987).
Elephants within zoological enclosures must be given the opportunity to swim, bathe or be
sprayed on a daily basis in order to promote evaporative cooling and skin hydration.
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Figure 4. Thermal image of Elephant water use. Gailis 2010.

Dust Bathing
In a recent study elephants did not perform dust bathing behaviour until the air
temperature rose above 13 ° C (55°F) (Rees, 2002). However, another study on Asian elephants
at Busch Gardens in Tampa, Florida, noted that they did not find a correlation between the
ambient air temperature and dust bathing. The study stated that dust bathing had different
effects on the body, trunk and ear surface temperatures, either increasing or decreasing skin
temperature and at times displaying no variation at all (Besenthal et al., 2011). Therefore, a
direct correlation between thermoregulation and dust bathing has not been proven, though it
has been suggested the dust acts like a sunscreen, an insect repellent and a general skin care
product (Rees, 2002). When the dust is a light colour (lighter then the skin colour of the
elephant) it acts as a sunscreen protector from the solar radiation (Schotsman, 2008). Even
though the direct involvment of dust bathing on thermoregulation is still unclear this behaviour
may still be important to the well being of the animal.
“Behavioural thermoregulation, which involves avoiding sunlight or visible light
(shortwave radiative heat gain) and seeking microclimates with low surface temperatures and

19
thereby avoiding longwave radiative heat gain, is the most important thermoregulatory strategy
for most species” of mammals (Langman, 1996, 404).

2.2 Microclimatic Design Tools and the Landscape
An outdoor environment can be designed to be thermally comfortable for almost any
weather condition at any time of the year (Brown, 2010). Design can have substantial effects on
the sun, wind, humidity and air temperature therefore creating a comfortable or uncomfortable
space (Brown 2010).
A microclimate is established by the prevailing climatic conditions of an area and the
objects (natural and built) within the landscape. Microclimate is affected by solar and terrestrial
radiation, wind, air temperature and precipitation in a small outdoor space (Brown and Gillespie,
1995). Designing to incorporate microclimates for zoo animals depends on the specific animal’s
needs and what climatic conditions they prefer.
Creating a comfortable microclimate depends on minimizing or maximizing heat gain or
heat loss within the space. In a natural habitat a species uses its behavioural options to establish
and maintain a balance between heat loss and heat gain (Gates, 1980; Langman, 1996).
Zoological enclosures for large mammals are often not as diverse as their natural habitats and
therefore cannot offer the same range of behavioural options that are available in nature
(Langman, 1996). Incorporating microclimates within enclosure design can assist the behaviours
needed to stimulate thermal pathways of heat gain and heat loss.
It is important to note the significance of designing a wide variety of microclimates in
order to accommodate the individual preferences of the species. Providing ambient gradients
throughout an animal’s enclosure is crucial in order to meet an individual’s thermal needs (Coe,
2009). Consideration must be given to how the design elements of the enclosure can affect the
animal’s heat balance. Individual animals will display distinct thermal behaviours during
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different environmental situations (Young, 2010). For example, Young (2010) discovered that
individual lions (Panthera leo) and tigers (Panthera tigris altaica) at The Toronto Zoo in Ontario,
Canada occassionally prefered different microclimates than the others. The study looked at four
large cats: two lions and two tigers. Each distinct species shared many thermal similarities with
its partner; however each cat also had individual thermal preferences. The two tigers favoured
different shaded areas at certain points of the day, one being in the den (a solid shade mass, low
or no breeze) and the other under trees (transmissitive, slight breeze) (Young, 2010). This
suggests that there is a need to design different shade locations with a variety transmissivity
ranges for the benefit of individual animals. Other microclimate preferences will differ
depending on the individual animal such as solar and wind exposure. For instance, some people
enjoy lying on the beach soaking up the rays of sun, whereas others will not be thermally
comfortable without a light shade or a cooling breeze. Consequently, designers should take into
consideration distinct thermal needs of each animal.
Designing and adding objects into the enclosure in the proper locations will create wind
breaks or tunnels, shade and cooler surfaces. Knowledge of the animal’s behavioural and
thermal needs as well as a respectable understanding for microclimatology and the climate of
the area are essential to the success of the enclosure space.
It is important to understand how placing an object within enclosure can affect the
climate (Brown, 2010). Position and orientation of a tree, wall or even the slope of the ground
plane can affect the microclimate of the space.

2.2.1 Slopes and Solar Exposure
As the sun moves through the sky throughout the day a slopes relationship to it and the
amount it is heated are continuously changing (Brown, 2008). In the northern hemisphere
south facing slopes are more perpendicular to the sun’s rays and therefore receive a higher
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intensity of radiation making them hotter. This will in turn cause more moisture to evaporate
making south facing slopes warmer and drier (Brown, 2008). North facing slopes on the other
hand are further from the perpendicular rays of the sun and therefore will receive less radiation,
this generally causes north facing slopes to be moist and much cooler (Brown, 2008) (Figure 5).
Within enclosure design in a hotter climate one would assume that creating north facing
slopes will allow the animals to not gain heat as quickly as they would in an south facing
enclosure.

Figure 5. Slope Exposure and Orientation. (Brown, 2008).

2.2.2 Designing and Terrestrial Radiation
The types of surroundings within an enclosure affect the balance of heat. Since the
ground and built structures have different abilities to hold absorbed heat or radiate it away
(Widowski, 1998). Terrestrial radiation can also influence a space and have significant effects on
the effects microclimate within it (Brown and Gillespie, 1995). An example outlined by Brown
and Gillespie (1995) describes the effects that black asphalt has on the microclimate as opposed
to white concrete. The asphalt absorbs solar radiation throughout the day, whereas the white
concrete will reflect more radiation than it absorbs. Into the later afternoon and evening the
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black asphalt will feel warmer and radiate the heat that it has absorbed through the day. The
white concrete will feel cooler because it has held less heat throughout the day. This would be
similar if an enclosure used a darker coloured substrate opposed to a lighter coloured one.
Colour can have extreme effects on the microclimate and thermal comfort of an
enclosure. Langman (1996), conducted a study at the Audubon Zoo in New Orleans, Louisiana,
on the sea lion enclosure. The study looked at the enclosure before and after renovations took
place. The renovations made darkened the gunite walls and added shade structures. The
darkened gunite decreased the shortwave reflection in the shaded microclimates reducing the
heat load towards the sea lions. However, the darker gunite in the direct sunlight absorbed
radiation causing the surfaces to heat faster, therefore sustaining higher surface temperatures
for longer throughout the day.
Depending on the colours used on the surfaces within the enclosure, it is possible to
reduce the amount of terrestrial radiation and shortwave reflectance to establish microclimates.

2.2.3 Design for Wind
By taking observations on wind direction and speed, possible design methods can be
established to help channel the winds through the space. This will promote convection to help
the animals cool down during hotter periods of the day. Placing wind breaks (walls, foliage, etc.)
at other points in the enclosure will reduce the wind channels, creating warmer microclimates
on cooler days. Elements within a landscape can affect the wind in different ways.
Characteristics of objects that affect the wind are the size, location, orientation, porosity and
proximity. The effect that landscape elements have on wind cannot be determined in
confidence if they can only be hypothesized (Brown and Gillespie, 1995). Moving air or wind
facilitates convective and evaporative heat loss, carrying heat away from people and buildings
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(Widowski, 1998; Brown and Gillespie, 1995). Wind can be manipulated through design and
modified through elements in the landscape (Brown and Gillespie,1995).

2.2.4 Designing and Humidity
The rate of evaporation depends on the amount of moisture that is already in the air. A
high amount of water in the air increases the percentage of humidity (Widowski, 1998). A higher
level of moisture in the air reduces the rate of evaporation and can therefore make the animal
feel hotter or less cool (Beat the Heat, 1998). By increasing the air movement through a space
it is possible to affect humidity levels and cool down the space (Brown and Gillespie, 1995).
Thermal pathways can help to determine microclimate locations and whether or not the
use of these spaces can help with the design and placement. The physiological and behavioural
characteristics used by elephants for thermoregulation of their core body temperature and
surface temperature relate to the design components of elephant enclosures. Microclimates
that maintain elephant thermal comfort will be positively correlated to elephant’s use of
enclosure spaces. Through design and manipulation of landscape elements microclimates can
be created to benefit the elephant’s thermal comfort.

2.3 Zoo Design for Thermal Comfort
When designing environments for zoo animals the criteria that a designer will consider are
similar to what they would be for people. The space should be socially stimulating. It should be
visually attractive for the park guests who want to see the animals in a naturalistic and attractive
setting. The design should be functional for the particular species and visitors and of course it
must be thermally comfortable for the animals (Coe, 1985). Trainer and keeper needs must also
be taken into consideration when designing zoo enclosures. To help simplify and aid daily tasks
like manure removal, feeding and training activities. By understanding how an elephant
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thermally regulates its temperature, designers are able to take into account how zoological
enclosures can be designed to enhance an elephant’s thermal comfort.
Shade structures create a microclimate that reduces the solar radiation the animal will
receives from the sun and can provide a thermally comfortable space. Essentially, shade reduces
the solar heat load from the sun which makes you feel cooler, but it cannot decrease the air
temperature. There are many elements that can influence the success of an artificial shade
structure, such as the height, orientation and overall design. Several roofing materials were
tested to determine heat loads on domestic livestock (Bond, 1961) and Asian elephants (Vanitha
et al. 2010). Metal, wood and other non-porous material were found to be very effective at
minimizing solar heat gain. However, it was essential to allow a lot of space for ventilation and
to paint the under layer a darker colour to minimize reflectance (Bond, 1961). Coconut frond,
straw or hay reflected heat from the outside and allowed for air to pass through, however these
shade structures did not always stand up to inclement weather (Bond, 1961; Vanitha et al,
2010). Positioning and orientation of the shade structure can change the cast shadow
increasing or decreasing the amount of shade present at different times of the day. When the
sun is directly above the structure, a flat roofed shade structure will have the same size of
shadow as the roof, whereas a sloped roof has a larger vertical component and will move the
shadow across the ground as the sun moves through the sky (Widowski, 1998). Significance is
placed on the orientation of the shadow being cast to ensure that the shadow size during the
hottest part of the day allows enough space (Widowski, 1998).

2.3.1 Family Units and Natural Social Behaviour
Both Asian and African elephant’s family unit or herd in the wild is made up of adult
females (who are related to one another) and their male and female calves, ranging from
newborn to their early teens (Shoshani, 1992). Females are born into the herd for life whereas
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males will strike out independently when they reach sexual maturity (Sukumar, 1989; Shoshani,
1992). Family units are managed by a dominant female known as the matriarch (Sukumar,
2003). In a wild herd the matriarch is usually the oldest elephant due to the herd’s matrilineal
composition. In a zoological setting this is not necessarily the case, the matriarch, will have a
strong, domineering personality to keep the others in line (Personal Communication with Busch
Gardens, Tampa elephant trainers, 2012). Social rank is distinguished throughout the herd
placing each elephant in a different role, depicting a pecking order throughout the group
(Personal Communication with Busch Gardens elephant trainers, 2012). Elephants are very
good communicators, by using low frequency auditory rumbles, touch and visual signs elephants
can communicate with one another. Older elephants will often discipline younger ones by
kicking, trunk-slapping or pushing/nudging the, so that they learn what is right, what is wrong
and who is in charge of the situation (Shoshani, 1992). In the wild an average family unit is made
up of around eleven animals, but herds can range anywhere from two to thirty animals
(Shoshani, 1992).

2.3.2 Encouraging Natural Social Behaviours in Zoos
The Association of Zoos and Aquariums (AZA) are a non profit organization that is
dedicated to the advancement of zoos and aquariums (AZA, 2009). The AZA accredits zoos for
following and abiding by the management and care standards that they have laid out. Zoos and
aquariums are recommended to follow a set of guidelines in order to meet AZA’s standards for
the design of living environments, social groupings, health and husbandry of the species within
the zoo (AZA, 2009). Each species has a different set of standards that are encouraged to be met
regarding enclosure size and space, food and water, social requirements, enrichment needs,
cleanliness and more. The AZA’s (2011) Standards for Elephant Management and Care require a
minimum of three female elephants, two males or three elephants of mixed gender in an
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enclosure. Elephants that are housed alone without the social interaction from other’s can
become depressed and lonely. AZA (2011) recommends that once a male elephant reaches the
age of six, they should be housed separately, but still be able to have constant interaction and
open lines communication with the other elephants.
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Chapter 3 - Methods and Materials
3.1 Study Animals
The primary subjects for this study were five Asian elephants (Elephas maximus) living at
Busch Gardens, Tampa, Florida. The herd at Busch Gardens is made up of all females. Each
elephant had different distinguishing features that made deciphering them easy (Table 3).
Elephants are highly social creatures, each one has its own personality traits and live as a herd.

3.1.1 Busch Gardens Tampa Elephants Social Position
The herd of elephants that presently reside at Busch Gardens Tampa have been
together for 35 – 40 years. However, the only blood relationship within the herd is between
Elephants C and K who are mother and daughter. Due to the lack of matrilineal composition
within the herd Elephant T (Figure 6a) is the matriarch of the herd and is not the oldest
elephant. At the time of the study her age was approximately 44 years old. Several times a day T
would show dominance towards the other four elephants (some more than others). Forms of
dominance included T opening her mouth, lifting her trunk and placing her tusks on the other
elephant’s back. She also placed the top of her head on another’s side and pushed. Elephant
trainers at Busch Gardens Tampa stated that often they will see T following or chasing S around
the enclosure perimeter in order to show S who was boss. Low frequency rumbling was often
heard slightly and on one occasion I witnessed T pulling on elephant R’s tail. The other elephants
would avoid not having an exit route out of a situation when T was around.
The other elephants were generally submissive to T. She had first choice of food, water,
shade, enrichment treats and trainer interactions (however the trainers were very good at giving
each elephant equal attention).
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Elephant S and R (age 43, Figure 6b) received the most attention from T. S the oldest
elephant (age 45, Figure 6c) being second in command was constantly subjected to T’s
dominance. This was most likely to make sure that S knows who is in control and would not out
rank T. All the elephants were brought from the wild when they were young except for K. K
(Figure 6d) who is 22 years old is the only present elephant that was born in the zoo. Being the
youngest elephant she climbed her way up the social ladder as she got older. Her mother C (age
41, Figure 6e) raised her in the habitat and just like wild elephants the rest of the herd helped
raise her as adoptive mothers or aunts. Since she has been in the zoo since birth it seems as
though T has a special place for K and they get along quite well. Understanding the social
behaviours and interaction between the elephants during this study could have consequences
on the behavioural observations and the results.
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Figure 6a. Elephant , Matriarch . 2012

Figure 6c. Elephant S. 2012

Figure 6b. Elephant R. 2012

Figure 6d . Elephant K, Daughter. 2012.

Figure 6e. Elephant C, Mother.. 2012
Figure 6. Images of Elephants Taken in May and June of 2012. Erin Crawford
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Elephant Designation
Table 3. Elephant Designation Chart. Personal Communication with Busch Gardens Tampa Elephant Training Staff.
May- June 2012.

Elephant

Social Rank

Age

Distinguishing features

Other Notes

Elephant T
Image 1a

Matriarch ,
1st

44

Very little tail hair,
largest tusks and ears, scar
on side, Protruding backbone,
One of the tallest elephants,

Maintains the social order of
the herd by possible
displacement of others from
water and shade, Letting them
know she is in charge.

Elephant R
Image 1b

4th

43

Shortest elephant, no tail hair,
Broad features, shorter broad
trunk, one teat longer than
the other

Often mistaken for the baby
of the herd, loves to eat,
referred to as the foodie,
loves to swim.

Elephant S
Image 1c

2nd

45

Darkest skin (when not
covered in mud), long
eyelashes, short stubby tail
with no hair, One of the
tallest elephants

Since Elephant S is ranked 2nd
she is often displaced or put in
line by Elephant T, often
moved from the shade and
water or chased around the
enclosure. Noisiest elephant

Elephant K
Image 1d

3rd

22

Lots of tail hair, ears fold
backwards

Elephant C
Image 1e

5th

41

Large depigmentation patch
between eyes, second most
tail hair, ears fold forwards

Elephant C's Daughter, Only
elephant Born at Busch
Gardens, very active, A great
problem solver and assertive
personality, very social
towards trainers and all the
other elephants
Elephant K's Mother, Laid
back and submissive in
enrichment , but loves to
investigate, often found near
the interaction gate, often
carries branches and objects
in trunk and on her head,
attempts to manipulate twigs
and sticks with her trunk.
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3.2 Location and Climate
Tampa Bay is located on the central west coast of Florida. Data collection began in mid
May and finished at the beginning of June 2012

.
Figure 7. Eastern United States, Location of Tampa Florida. Google Maps (2012).

Figure 8. Tampa Bay, Location Of Busch Gardens Tampa. Google Maps 2012.

In May the daily average maximum air temperature is 31°C (88 °F) , with an average low
of 20 °C (68° F). Daily Rainfall and precipitation averages 139 mm (5.4 inches), with prevailing
easterly winds. June marks the beginning of the rainy season in Tampa, humidity levels rise
(Personal communication).
Average temperatures in June range from highs of 32°C (89.6°F) to lows of 23°C (73.4°F).
Precipitation averages 163 mm (6.6 inches). See table 4.
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Table 4. Monthly Average Temperature and Rainfall Data for Tampa Bay, Florida.
(History, 2012.www.theweathernetwork.com)

Month
May
June

Temperature
(High/Low)
31°C / 20 °C
(87.8 °F/68.0° F)
32°C / 23°C
(89.6°F/73.4°F)

Rainfall

Prevailing Winds

139 mm
(5.4 inches)
163 mm
(6.6 inches)

East
East

3.2.1 Existing Enclosure
The elephant enclosure is situated in the centre of Busch Gardens Tampa, in the Nairobi
Section of the park (Figure 9). The elephants are housed in a circular outdoor environment,
surrounded by dark brown- red gunite walls and a dry moat, the substrate on the ground is light
sand (Figure 10). In the lower east corner of the habitat is an elevated bridge which runs over
top of the enclosure, the bridge provides shade which is seldom used. The elephants are able to
walk under the bridge to access the lower parts of the enclosure. The bridge has been put in
place to accommodate a jeep safari ride (Rhino Rally) that runs in the park. During the time of
study, the jeep-like cars would pass over top of the bridge and down through the centre of the
enclosure where it would disappear through a tunnel and reappear on the other side of the
pool.
Walking south within the enclosure and out from under the bridge, there is an upwards
slope entering into the south area where the elephants are most visible to the guests. A water
drinker which is constantly pumping water is built into the gunite against the outer edge of the
habitat. Within this space several objects are securely positioned into the landscape. Several
vertical logs stick out of the substrate at varying heights. A few large rocks and a large horizontal
tree truck (nicknamed by the trainers as “Stumpy”) sit in the center of the space. The objects act
as footrests, scratching posts and enrichment opportunities for the elephants. The public
observation area is located to the south side of the habitat.
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Between the elephants and public is a grassy area which is used by the trainers to
interact with the elephants and the public; a dry moat separates the trainers from the
elephants. A large shade sail provides the elephants with shade throughout the morning and
early to mid afternoon. A temporary water feature is hooked up to the side of the shade sail and
provides a much appreciated moving water feature for the elephants. On the other side of the
shade structure is a mud wallow; the wallow began as a hole in the substrate that had been dug
by the elephants. The trainers filled the hole with water to create a well used mud puddle.
The addition of a new Elephant Interaction Area (EIA) and observational deck allows the
public to get close to the elephants and the trainers. A large metal interaction gate separates
the public and trainers from the elephants for safety reasons. Elevated above the west side of
the enclosure is a overlook with several large broadleaf trees (species unknown). The trees
provide dappled shade within the enclosure in the later part of the afternoon. The overlook
provides a safe pathway that is used by the trainers to access the EIA and the elephant’s barn
which has been coined “Pachyderm Palace”. A large gate and entrance to Pachyderm Palace is
located in the North West corner of the habitat.
Passing by the entrance and continuing north east through the enclosure, there is a
slight slope up to the top of a hill. The gunite walls on the hill are quite tall and could possibly
provide privacy and shelter for the elephants. The other side of the hill slopes downwards to an
open flat area, to the left of this space is the elephant’s pool. To the right of that is the path
which will lead back under the bridge. Along the sides of the enclosure, cut into the gunite were
passageways called creeps, these allowed for grazing hoof stock animals to wander into the
elephant enclosure. The lower half of the habitat from the hill to the bridge (including the pool
area) is rarely used by the elephants. During observations the only witnessed time that the
elephants used this space was during a heavy rainfall and when enrichment items were set out.
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During heavy rainfalls a large amount of water would accumulate underneath the bridge
area. At the time of the study, the water would dissipate quickly down a drain located at the
edge of the gunite. However, prior to the study the drain had been clogged with sand and debris
and allowed the water to accumulate for several hours. This standing water provided the
elephants with a splash puddle that was used often. The most used space in the enclosure was
the west side to the south east corner. A majority of the elephant’s time was spent in these
spaces.
Slopes and Gunite Heights
Slopes within the enclosure are slight and never too steep. High and low points in the
enclosure can be seen on Figure 11. Heights of gunite walls were measured with a measuring
tape. Heights of walls 2.4 meters (8 feet) and higher are approximated to the nearest inch
(figure 12).

Elephant
Enclosure

Figure 9. Busch Gardens, Tampa, Elephant Enclosure Location. seaworldparks/BuschGradens-tampa.com (2012)
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Figure 10. Study Space Elephant Enclosure at Busch Gardens Tampa. Busch Gardens, Tampa, Florida. (2012)

NOTE: See Appendix A for enclosure photos.

Figure 11. High points, low point and slopes within the elephant habitat.
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Figure 12. Gunite Heights within the Busch Gardens Tamap Enclosure.

3.2.2 Observed Use of the Enclosure
The hill and lower area of the enclosure were seldom used at all. Of course there were
exceptions to this, Elephant K, would occasionally rest in the shade under the bridge (Figure 13
a). Elephants T and S were infrequently spotted doing laps around the enclosure, always with T
following closely behind S. This was thought to be an act of dominance from T towards S. On
May 28th, 2012 a brief lightning storm accompanied by a sudden down pour of rain had the
elephants running to the pool. Three out of the five elephants were observed taking a swim
during the rain event. This was the only time that the elephants were seen using the pool (Figure
13 b). The elephants spent most of their time on the west side and the south side of the
enclosure. Several possible factors might contribute to why this is. These are the areas that the
trainers have access to; this is where the elephants are fed and where they perform enrichment
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activities. When the elephants did enter the north- east side of the habitat they were often out
of view of the observers and their activities could not be recorded. However, when they were in
this portion of the enclosure they were always exposed to direct shortwave radiation and could
not use methods of behavioural thermoregulation.

Figure 13 a. Elephant K using shade under bridge.

Figure 13 b. Elephant standing by pool post rain.

On several occasions the elephants were witnessed digging the substrate for dust and
mud bathing purposes. There were several locations which the elephants seemed to favour, one
next to the drinker and in the mud beside the shade structure. Both these locations had access
to water. Elephant R would often be seen digging the substrate against the far wall under the
shade sail and along in a spot that was shaded for most of the afternoon next to the EIA. The
shaded substrate in these two areas was relatively cooler than the substrate located in the
direct sunlight.

3.2.3 Care and Husbandry
The elephants lived on the enclosure day and night. Only during severe weather were
they taken inside Pachyderm Palace at night. If the air temperature was expected to drop below
10°C (50°F) or if there was a suspected storm or inclement weather conditions, then elephants
would be given access to the barn as well as the habitat during the night. If the air temperature
fell to 5°C (40°F) the elephants were moved into the barn over night.
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“Elephants exposed to temperatures below 5°C (40°F) for longer than 60 minutes must
be monitored hourly to assess the potential for hypothermia. If needed to prevent hypothermia,
supplemented heat, an area of direct sunlight protected from wind/precipitation, access to
indoor barn stalls or other options for thermal management must be provided for the elephants
” (AZA, 2011, 1).

The elephants are taken into the barn and off exhibit two times a day. The first is in the
morning from approximately 7:00 am to 9:30am when the outdoor enclosure is cleaned of any
manure and food and a few enrichment items are set out for the elephants. The elephants were
let back into the habitat one at a time. Usually by 10:30 – 11:00am all five elephants were back
in the habitat. The elephants were removed from the habitat again around 1:40pm for
enrichment set-up. The trainers set up toys and treats (palm leaves, popcorn, branches and a
variety of fruits and vegetables) for the elephants to find (Figure 14, a and b). Upon return the
elephants then had to maneuver through objects and toys in order to find the treats. Each
observation day the enrichment items were set up at the south end of the enclosure across from
the public viewing area. However, on June 6th, 2012 the items were on the north side of the
enclosure, around the pool. During any of the trainer interaction periods, the trainers would
display their training techniques, speak to the public, throw the elephants hay and treats and
spray water from hoses for the elephants. Enrichment, trainer talks and interaction took place
several times a day, 11:30 am, 2:30pm and 5:30pm.
Natural enrichment and behaviours are encouraged and supported at Busch Gardens
Tampa. Communication and interaction amongst the elephants were observed and not
interrupted by trainers. This was to allow the elephants to interact with each other in the most
natural way possible without interruptions from outside species. This benefitted the results of
this study, because it allowed natural behaviour amongst the elephants without disturbing
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communication between them. If the natural social behaviours between the elephants were
disturbed by outside influences it could have possibly skewed their thermal comfort behaviours.

Figure 14 a. Trainers on habitat finishing enrichment Set-up

Figure 14b. Elephant K Doing enrichment activities

3.3 Data Collection
Data collection took place over a 25 day period, resulting in a total 7 complete days of
observations. The observation days were selected by random to ensure there were an adequate
number of overcast and sunny days.





7 days total
2 sunny days, Mixed wind and calm
2 Overcast days with rain
3 variable weather days , variable sun and clouds, rain and wind

3.3.1 Behavioural Observations
Behavioural observations (Figure 16 ) began when the first elephant emerged from the
barn (this was usually Elephant S) around 9:30 – 10:00 am. Observations ended when the
trainers came out to do their last interactive talk around 5:30pm. On May 26 th, 2012 (day 4)
behavioural observations did not begin until 12:00pm, due to an elephant validation project.
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Observations were taken every minute and recorded what the elephant was doing for the
majority of that minute. All types of behavioural activities were recorded. For the safety of the
researchers and to reduce stress on the animals, all behavioural observations took place from
outside the enclosure, mainly from the Elephant Interaction Area’s viewing deck (Figures 15a, b,
c and d). At no time did any manipulation of the animals take place.

Figures 15 a. Observation during rain event .

Figure 15c.Observing elephant’s behaviours in Shade.

Figure 15 b. Behavioural and climatic data collection.

Figure 15 d. Climatic and Behavioural observations

41

th

Figure 16. Behavioural Observation data collection sheet from May 24 , 2012.

The average amount of uninterrupted (no trainer interaction or appearances by trainers)
observation time per day was 3.5 to 5.5 hours per day. During this time the elephants
performed their normal thermal behaviours when no trainers or external enrichment
opportunities were present. Trainers performed interactive talks 3 times daily. At 11:30 am and
5:30pm the trainers would interact with the elephants and park visitors for approximately 30
minutes. For 45 minutes to an hour (1:40 to 2:30 pm) the elephants were taken off habitat, in
order for the trainers to set up their outdoor enrichment. Inside the barn the elephants were
given food and water-play opportunities. The elephants were then brought back on habitat
around 2:30pm and the trainers performed an hour long interactive demonstration with the
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elephants and the park visitors. Behavioural data were collected during trainer interaction
including when trainers were standing or walking around the outside of enclosure (not
interacting with elephants). However, the elephant’s behaviour was influenced significantly by
the presence of the trainers. Therefore, any data when trainers were present around the
enclosure were eliminated from the final analysis, this ended up accounting for approximately
1.5 hours per day.
Along with the behavioural observations, observers noted the elephant’s position and
orientation on a map of the enclosure whenever the elephant moved from one spot to another
and stood for an extended period of more than 5 minutes. This included when the elephant
repositioned the orientation of its body and when locomotion took place. The position and
orientation were marked by arrows in the approximate direction and position that the elephant
was standing. The arrows were distinguished by placing the time beside it. On a separate chart
observers would record the time, what the elephant was doing and whether it was in the sun or
shade (Figures 17 and 18).
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Figures 17 and 18. Behavioural observations orientation and proximity map, with corresponding notes.
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3.3.2 Guidelines and Terms
A set of guidelines were given to each trained observer in order to ensure that each one
recorded the same behavioural data for each elephant. The main reason for behavioural
observations was to determine how much time was spent performing thermal comfort
behaviours versus other activities, where these thermal comfort behaviours occurred within the
habitat and what kinds of activities are performed. NOTE: See Appendix B for Blank
Observational Data Sheets.
Behavioural Activities of Interest:


Standing and Locomotion – were mutually exclusive meaning only one could
happen at a time.



Wet body – if the elephant’s skin appears wet to the naked eye. (This was not
mutually exclusive).



Swimming – In the pool, water level up to the elephant’s mid section.



Wallow – In the pool, water above knees.



Hose Play (T for Trunk)- Actively wetting self with water from garden hose.
From shade sail hose or trainer. Mark with a T if the elephant is taking water
(from drinker) and actively spraying it on herself.



Mud-wallow – Using water and mud from puddles and ground to wet its body.



Eating – Exclusive to eating hay.



Drinking- Taking water with trunk and spraying into its mouth.



Trainer interaction - when trainers are present around enclosure.



Enrichment – Elephants are engaged with objects or items within the enclosure
or if the elephants are engaged with trainer interaction (paying attention to
trainers).
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Other Behaviours:
Mark any other behavioural activities with a note and mark the minute the activity took place.


Urination – The elephant releases a stream of urine.



Defecation – The elephant has a bowel movement.



Social Interaction with another elephant- pushing or touching another
elephant (with head or trunk), vocalization (low rumbles or trumpets), and any
other interaction with each other (that may affect any thermal activities) or any
other notable behaviour.

Contexts of Interest:
The context was recorded to help identify where the elephants stood in relation to solar
radiation.


Shade – If the elephant is in an area where its body is covered by a shadow from
an object.



Head Only – If only their head is in shade. Meaning from base of trunk to the
neck.



Body only – If only a majority of their body is in shade. At least a quarter of their
body.



Sun- when the animal’s body is in full sun.



Cloud Coverage – When a cloud passes over the sun to create overcast
conditions and eliminate shadows (i.e., when there are no shadows).

NOTE: The category of sun was eliminated from observation after the pretest on May 21st (day 1)
. It was redundant to be marking shade and sun; from then on it was assumed that when shade
was not marked the elephant was in the sun. Cloud coverage was eliminated after May 21 st(day
1). Observers found it difficult to watch elephants as well as cloud coverage. This resulted in
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each observer had different detailed data for cloud coverage. Cloud coverage was moved to the
responsibility of the
climatic data recorder and can be reviewed by looking at the photographs taken every minute
by the time lapse cameras.
Events of Interest:
Events were difficult to monitor and many times events would occur without the
knowledge of the observer. For this reason no event data were used in the analysis.


Dust Bathing – The elephant actively picks up sand from the substrate and flings
it onto its back, sides or head.



Hay (Bathing)- The elephant actively takes hay and flings it onto its back, side or
head.



Other – The elephant takes any other (not sand or hay) materials and flings it
onto its back, sides or head.



Ear Flapping – flapping of ears in a constant motion for least 5 seconds.

Note: Dust bathing and hay (bathing) were the only events that occurred that were recorded.
The elephants often took hay and placed it on their backs, as well as left over enrichment
objects such as branches, palm leaves and fruit. Occasionally an elephant would be spotted with
an apple or sweet potato resting on its back. Ear flapping which happened on a constant basis
could not be monitored precisely.

3.3.3 Materials and Tools
Time-Lapse Project Camera WSCA-05 - Time lapse photography was used to record
observations of where the elephants spend time and whether these locations relate to
microclimatic conditions. Two Time-Lapse Project Cameras WSCA-05 were mounted in positions
that covered the area where the elephants spent the majority of their time. The cameras were
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able to capture the elephants’ movements and behaviours throughout the enclosure as well as
collect any cloud coverage data on variably cloudy days. Any behavioural observation
discrepancies could be verified by reviewing the time lapse data during the analysis portion of
this study.
KESTREL 4000 Pocket Weather Tracker - Microclimate recording methods include taking
measurements of the climatic conditions using a Kestrel 4000 Pocket Weather Tracker. The
Kestrel 4000 is designed to read and measure the environmental air temperature (°C), wind
speed (m/s), humidity (%). To accurately determine wind direction, a homemade wind sock was
fashioned out of a plastic produce grocery bag and a wooden stick.
Radiation Thermometer -Thermal Leak Detector (Black and Decker) - A Thermal Leak
Detector was used to determine the surface temperatures (°C) of inanimate objects (gunite,
concrete wall, sand substrate, metal gate, logs and rocks) within the enclosure.
Due to a calibration issue with the solar radiation meter that was on site during
observations, solar radiation was instead calculated based on the time of year and location
(Table 5) (Brown and Gillespie, 1995).

3.3.4 Microclimatic Measurements
Climatic or meteorological data (Met Data) were taken every 5 to 15 minutes (Figure 19
a and b). This was the ideal outcome, however occasionally due to constant changes in the
elephants behaviours or climatic events (for example rain) a measurement was missed. This
resulted in a minimum recording of data every 30 minutes. Met data included measuring any
climatic factors that may affect the elephants’ thermal comfort.


Air Temperature (°C) ( Kestrel 4000 Pocket Weather Tracker)



Wind Speed (m/s) ( Kestrel 4000 Pocket Weather Tracker)



Relative Humidity (%)( Kestrel 4000 Pocket Weather Tracker)
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Solar Radiation (W/m²) (Li-250A Light Meter with Li-200SL pyrometer
sensor)

Climatic readings were measured and recorded from outside the enclosure on the public
observation deck. Extra precautions were taken to ensure accurate and reliable data. The
observer made sure to keep the Kestrel in a shaded area and out of direct sunlight. This
guaranteed there was no direct solar radiation influencing the final air temperature. During any
rain events the Kestrel was safely stored in a ventilated, waterproof bag. Getting the Kestrel wet
could result in inaccurate humidity readings.
To measure wind speed it was essential to point the wind meter in the direction the wind was
coming from, this was done by using a homemade wind direction device.

Figure 19a. Windsock to measure wind direction.

Figure 19b. Data collection using windsock and Kestrel.

3.3.5 Data from Inside the Enclosure
Observation from inside the enclosure was allowed when the elephants had been taken
off habitat. Two researchers were usually present during the enclosure walks, one to take the
measurements and one to record the data. With aid of the Kestrel 4000 Pocket Weather Tracker
Air temperature, humidity and wind readings were recorded at several different locations within
the enclosure. Thermal readings of the gunite walls, the interaction gate and the rocks and
stump were taken using the Thermal Leak Detector (Black and Decker).
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During each walk through the enclosure it was important to return to the same locations
where data were collected on the previous walk. This was to ensure that data were collected
from the same points in the enclosure in order to collect valid information.
The total amount of microclimatic data that were collected within the enclosure were,


May 21st,2012 8:31am to 9:10am – Sunny Morning: Air temperature, Humidity, Wind
direction, Wind speeds and Gunite and Surface Temperatures.



May 21st, 2012 2:09pm to 2:43pm – Sunny Afternoon: Air temperature, Humidity, Wind
direction, Wind speeds and Gunite and Surface Temperatures



May 28th, 2012 – 2:00pm – Overcast Afternoon: Air temperature, Humidity, Wind
direction, Wind speeds and Gunite and Surface Temperatures



May 30th, 2012 8:00am – Overcast Morning: Air temperature, Humidity, Wind direction,
Wind speeds and Gunite and Surface Temperatures

3.4 Data Analysis
3.4.1 Considerations
Several considerations were taken into account during the method and analysis portion
of this study. Various factors and variables had to be addressed in order to establish valid and
reliable data and results. Different behaviours performed by the elephants and certain outside
factors could contribute to reasons why thermal activities were or were not being performed.
These factors often took precedence over any form of thermal comfort behaviour.
Metabolic and nourishment activities, eating and drinking always took top priority.
Often the elephants would pick up hay and other food items and carry it over to shade to
accomplish both thermal activities and satisfy their hunger (Figures 20 a and b). When forms of
dominance or other social behaviours were displayed by the elephants, thermal comfort
seemed to become a secondary action. This was noted within the study, whenever dominance
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or social behaviours were displayed by one or all of the animals it was noted and this time was
not included for in the data analysis. Another area of discretion was during times that trainers
were present around the enclosure. The elephants seemed to have a sixth sense when it came
to interaction with their trainers. As soon as the trainers appeared and were in view, the
elephants would stop everything including thermal comfort activities, to get attention. Trainer
presence around the enclosure was marked as trainer interaction, the trainers did not
necessarily have to be interacting with the elephants, but if they could be seen it was recorded.
However, if the elephants were not paying attention to the trainers they were possibly
performing thermal comfort activities. Therefore to distinguish whether the presence of trainers
was having effects on the thermal behaviours of the elephants, when elephants were paying
attention to or interacting with trainers recorders marked the enrichment category. Any
activities that were performed while enrichment was marked were eliminated from the study;
however trainer interaction was accounted for (this solely meant the trainers were present).

Figures 20 a. Carrying hay to shade.

Figure 20b, Eating hay in shade.

The elephant trainers at Busch Gardens Tampa practice positive reinforcement training.
Using only positive reinforcement to train the animals, instead of using dominance over the
animals they initiate trust based methods, rewarding good behaviour and simply ignoring
wrongful behaviour, by turning away from the training session. From observing this training
method over the course of the month, it is evident that this is the leading edge in animal training
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and welfare. At no point did the animals exhibit fear or anger towards any of the trainers, but
rather sought for their attention (Figures 21 a and b). Making eye contact with the elephants
was a way in which the trainers would acknowledge good

Figures 21.a.Trainer Interaction using hose.

Figure 21 b.Trainer Interaction with positive reinforcement.

behaviour. In order to not disrupt the behavioural recordings and possibly skew the elephant’s
behaviour, recorders were asked to not make eye contact or acknowledge the elephants. This
was also set in place to not interfere with any training progress from the trainers themselves.
The elephant’s habitat is a circular enclosure that has many blind spots. This creates
areas where the elephants become out of view. When the recorder was unable to see the
elephant’s movements and activities, a note was made to mark them as out of view. This only
happened occasionally since the elephants seldom used the lower north half of the enclosure
where they could not be seen.

3.4.2 Considerations for Air Temperature and Solar Data
Air temperature on the overcast day did not reach the same air temperature recorded
on the sunny day. On May 24th (sunny day) the lowest temperature during observations was
29°C (84°F) and the highest temperature was 36°C (97°F). June 6th (overcast day) the lowest
temperature during observations was 25°C (77°F) and reached a high of only 33°C (91°F). It was
taken into consideration that the amount of time that the air temperature was at different
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ranges during observation time would differ. For example, on the sunny day for the majority of
observation time the air temperature was between 31°C (88°F) and 34°C (93°F). However, the
temperature was recorded below 31°C and above 34°C, the amount of observation time spent
below and above these temperatures for less amount of time.
In order to examine the effects that solar exposure had on the behaviours of the
elephants, a model was used to calculate solar radiation for June 1st (W/m²) (Brown and
Gillespie, 1995). The model shows the amount of shortwave solar radiation towards the earth
and elephants on a clear day with no to minimal cloud interference. This method however
minimized useable days, therefore any days that showed variable clouds had to be omitted from
the study and therefore 1 sunny day (May 24th, 2012) and 1 overcast day (June 6th, 2012) were
analyzed (Table 5). Data for an average overcast day would be approximately 25% of the solar
radiation emitted on a sunny day (Brown and Gillespie, 1995).


Solar Radiation (Sunny day) x .25 = Solar Radiation Overcast day
st

Table 5. Solar Radiation Model for June 1 . Brown and Gillespie. (1995).

Local Time
9:30
10:30
11:30
12:30
13:30 (solar noon)
14:30
15:30
16:30
17:30

Solar radiation data June1st
Sunny day (W/m²)
Overcast day (W/m²)
598
150
748
187
860
215
928
232
949
237
921
230
846
212
728
182
573
143

3.4.3 Analysis of Behavioural Data
After establishing all the considerations involved in analyzing the data, the data analysis
began by processing the behavioural data and comparing it to the air temperature and the solar
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radiation of the day. Behaviours were divided into two categories, visible thermal comfort and
optional behaviours.


Thermal comfort – anytime activities that were performed in the shade or during water
use (including wet skin). Since dust bathing is controversial and has not been directly
linked primarily to thermoregulation, dust bathing was omitted from analysis (Rees,
2002).



Optional Behaviours – Direct exposure to sun, where no thermal comfort activity can be
seen this included eating in the sun.

As mentioned, any times where the elephants’ behaviours were influenced by trainer
interaction talks or enrichment were omitted from the analysis. Minutes were carefully totaled
and divided into the two categories: either thermal comfort or optional behaviour (Figure 22a).
Under thermal comfort and optional behaviour, minutes were tallied and divided into several
subcategories based on air temperature or solar radiation ranges.
Climatic data were collected every 5 to 15 minutes. Behaviours were categorized into
subcategory temperature (and solar radiation) ranges. In order to determine what the air
temperature and solar radiation were for each minute it was presumed that there was a linear
increase or decrease in temperature between the actual times recorded. To figure out the
temperature increase as well as the solar radiation fluctuations a simple calculation was
presented.


Difference in Temperature/time = Amount of increase per Minute

For example.


Air temperature was recorded at 12:40pm and again at 12:55pm.



At 12:44 air temperature 31.7°C and at 12:55 air temperature was at 32.6°C

To determine the temperature values in between these times (12:45, 12:46,12:47 etc) an
equation to find the parallel increase or decrease was used.
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The difference between 32.6 -31.7 = 0.9 °C



Difference in Temperature/time = Amount of increase per Minute



0.9°C/15 minutes = 0.06°C increase per minute

Therefore each minute from 31.7°C would increase by 0.06 °C. This same process was used to
determine what the approximate solar radiation amount was at each minute using the average
solar radiation in watts per minute.
By doing this I was able to decipher how many minutes were spent performing thermal
activities or optional behaviours while air temperature and solar radiation were at different
levels (Figure 22b).

Figure 22a- Example Tallied Minutely Data .

Figure 22b- Linear Increases and Decreases of Air
Temperature and Time Calculations.

All behavioural observation data that were recorded were tallied and individual values
were counted for each elephant. In order to determine the most reliable results, data were
used from the day with the clearest sky, highest temperature day, May 24th, 2012 and the
lowest temperature most overcast day June 6th, 2012. Temperature on May 28th was recorded
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to be lower than on June 6th however due to a rain event this day was not used. Two days were
selected because they showed the most extreme conditions from the other days.
The tallied data were then entered into an Excel spreadsheet to produce descriptive
statistics for each day separating into Sunny Air temperature, Sunny Solar Radiation, Overcast
Air Temperature and Overcast Solar Radiation (Tables in Appendix C). This created a summary of
occurrence of thermal comfort behaviours versus optional activities for each elephant under
each category. The individual data for each elephant were then added together to get a group
total.
Finding a ratio between thermal comfort and optional behaviour values presented an
opportunity to depict a regression chart for the data. A regression is a statistical technique that
is used to estimate the relationship between variables. In this study the dependent variables are
represented by thermal comfort and optional behaviours and independent variables were the
air temperature and solar radiation for sunny and overcast days. The regressions led to a
percentage of time that the elephants spent doing thermal comfort activities and what
percentage of time was spent doing optional activities. Percentages were found for all four
categories (Sunny Air temperature, Sunny Solar Radiation, Overcast Air Temperature and
Overcast Solar Radiation) and compared to one another (Tables in Appendix C ) .

3.4.4 Terrestrial Radiation Emitted
At solar noon the maximum incoming solar radiation on a horizontal plane would be
1000 W/m² (Brown and Gillespie, 1995). An elephant (represented for this study by a sphere)
would receive about 25% of the total (1000W/m²) incoming solar radiation or 250 W/m². Out of
the total amount of radiation received (250W/m²) some will be absorbed and some will be
reflected. Their reflected radiation (the albedo) is approximately 25% or 63 W/m², therefore
would absorb 75% or 190 W/m² of radiation received, when exposed to full sunlight (Figure23a).
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If the elephants are in the shade they would only receive about 10% or 19W/m² of what they
would in the sun (Figure 23 b).
On a completely overcast day the amount of incoming solar radiation at noon on a horizontal
plane would decrease dramatically to about 330W/m². Again if the elephant will receive
approximately 25% of this they will reflect 25% (21 W/m²) and absorb 75% (62W/m²) (Figure
23c) and would receive only 10% or of this in the shade (6.2W/m²) (Brown and Gillespie,1995).

Figure 23a. Total Net Radiation towards Elephant on a Sunny Day.

Figure 23b. Total Net Radiation towards Elephant on a Sunny Day in the Shade.
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Figure 23 c. Total Net Radiation towards Elephant on an Overcast Day.

3.4.5 Terrestrial Data
Shortwave radiation is a major contributor to an elephant’s heat load, but it was also
necessary to consider the emitted longwave radiation from the gunite walls. By using the
position and orientation maps that were recorded during observations and the temperature
readings of the gunite walls, it was possible to see if the elephants were avoiding certain areas
of the enclosure associated with terrestrial radiation or other factors.
In order to predict how much terrestrial radiation is being emitted from the elephants and the
surfaces within the enclosure we used a simple calculation from Brown and Gillespie, 1995.


Rterr = Terrestrial Radiation emitted



Rterr = (5.67 x 108) x (temperature °C + 273)4

A study indicated that an elephant’s surface temperature ranges from 24 to 27.5°C when air
temperature is at 15°C (59°C) (Cena and Clark, 1973; Williams, 1990). The elephant’s skin
temperature was averaged to be 25°C. This was an arbitrary number that was selected in
between the elephant’s average skin temperatures.
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Therefore the amount of terrestrial radiation emitted from an elephant is approximately
450W/m².


Terrestrial emitted from elephant Rterr = (5.67 x 10¯8) x (25 °C + 273)4

Gunite temperatures were measured within the enclosure using the Black and Decker Thermal
Leak Detector on a sunny day (Figures 24) and on an overcast day (Figure 25).In the interest of
the study only afternoon data were analyzed which was measured after solar-noon (1:30pm),
when the surface temperatures would be at the highest.
For each gunite surface temperature recorded, the amount of terrestrial radiation emitted was
calculated using the equation from Brown and Gillespie (1995) on sunny day (Table 6) and
overcast day (Table 7).
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Table 6. Sunny Day May 21 ,2012 - Gunite Temperatures. Air temperature was at 31.1°C.

Sunny day Gunite Temperatures and Emitted Radiation
Location Gunite Temperature (°C) Emitted Energy
(W/m ²)
1
37.9
529.74
2
38.6
534.53
3
25.6
450.76
4
35.4
512.91
5
30.5
481.08
6
30.2
479.18
7
34.2
504.97
8
40
544.20
9
25.2
448.35
10
27.4
461.72
11
34
503.66
12
36.6
520.94
13
35.4
512.91
14
37.4
526.34

NORTH
th

Figure 24. Corresponding Map for Sunny Day Gunite Temperature Locations. Corresponds with Table 6.May 21 ,2012.
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Table 7. Overcast Gunite Temperatures. Air temperature at 30.4°C

Overcast day- Gunite Temperatures and Emitted Radiation
Location Gunite Temperature(°C) Emitted Energy (W/m²)
1
32.1
491.31
2
27.5
462.34
3
31.4
486.81
4
27.1
459.88
5
26.7
457.44
6
27.5
462.34
7
29.7
491.31
8
30.9
483.62
9
28.5
468.52
10
33
497.13
11
33.9
503.00

NORTH

th

Figure 25. Corresponding Map for Overcast Day Gunite Temperature Locations. With Table 7. May 28 , 2012
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From each of the terrestrial radiation values emitted from the gunite, the terrestrial
radiation emitted from the elephants (450 W/m²) was subtracted from the value to determine
the net radiation balance between the elephants and the gunite walls.

For example :



Location 1 on Sunny day had a surface temperature of 37.9° C.



Rterr = (5.67 x 108) x (37.9 °C + 273)4



Rterr= 529.74 W/m²



The Radiation emitted was 529.74 W/m²



529.74 – 450 = 79 W/m² (rounded to nearest 10)

Therefore the net radiation towards the elephants, at location 1 (on map) was 80 W/m². This
process was done for each surface temperature point on both the sunny and overcast day map
(Figure 24 & 25 and Tables 6 & 7). Points were then connected with isolines to determine if the
elephants stood in areas of lower terrestrial radiation or not (Figures 26 Sunny day and 27
Overcast day ). Overlays of the elephants locations at different times of the day and shade
coverage were compared to the isolines (Figure 28, Other Maps in Appendix C). The overlays
established where the elephants were standing and where the shade was on sunny and overcast
days, in between the different times throughout the afternoon.
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Figure 26. Net Terrestrial Radiation from Gunite walls with Isolines. Sunny day May 21 ,2012.

st

Figure 27. Net Terrestrial Radiation from Gunite walls with Isolines. Overcast Day May 28 ,2012
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Figure 28. Overlay Trace of All Elephants Positions and Shade at 12:30pm to 1:40pm on May 24 , 2012. Sunny day

3.4.6 Total Absorbed Radiation
It was then determined on average which was the average isoline where the elephants
spent the majority of their time. This was accomplished by determining how many times during
the afternoon (12:30 to 5:30pm) the elephants were positioned on each isoline and calculating
the average.
To determine the total amount of radiation absorbed at different locations around the
enclosure an absorbed radiation equation was used.

 Rabs = Tabs + Sabs
Rabs is equal to the total amount of radiation absorbed. Tabs and Sabs represent the
total terrestrial radiation absorbed and the total solar radiation absorbed.
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As mentioned an elephant absorbs approximately 75% or 190W/m² of the total solar
radiation in the sun at noon. When in the shade they absorb approximately 10% or 19W/m² of
the total that they would in the sun. On an overcast day if the elephant is standing in the open
at noon it will again be absorbing 75% or 62W/m² and would receive only 10% or of this in the
shade 6.2W/m² (Brown and Gillespie, 1995). So on the overcast days at noon if the elephant is
standing on the 20W/m² isoline and not under the shade structure they will be absorbing
approximately 82W/m².


Rabs = 20W/m² + 62W/m²

In the shade on an overcast day, solar radiation being absorbed by the elephant is only
6.2W/m², the total amount of radiation is, only 26.2W/m².


Rabs = 20W/m² + 6.2W/m²

On a sunny day the total amount of absorbed radiation is much higher. In the sun the elephants
will absorb 190W/m², so if the elephant is again standing on the 20W/m² isoline they will absorb
210W/m², rather than 82W/m² on an overcast day .


Rabs

= 20W/m² + 190W/m²

If the elephant is in the shade on a sunny day the total solar radiation is 10% or 19W/m² of what
it is in the sun. Therefore total absorbed radiation in the shade on a sunny day will be 39W/m².


Rabs = 20W/m² + 19W/m²

The total amount of absorbed radiation is a combination of the solar and terrestrial radiation
being absorbed by the elephant. This suggests that it might be possible to predict whether an
elephant is thermally comfortable and using a microclimate by where they are standing in the
enclosure in relation to the gunite walls.
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Chapter 4 – Results and Analysis
Elephants being highly social and relatively active creatures spent a good amount of
their free time seeking out thermal comfort activities on sunny days. Enrichment, trainer
interaction, dietary needs and social cues from others were all elements that took priority over
any acts of thermal comfort.

4.1 Behaviours and Activity
Thermal comfort behaviours were defined as being the use of shade and water and
were a higher priority to the elephants on sunny days compared to the possible preference of
optional activities on overcast days. Thermal and optional behaviours differed between the five
elephants (Figure 39)

4.1.1 Occurrence of Thermal Comfort Behaviour
On May 24th elephant R (Figure 29) spent the majority of her free time performing
thermal comfort activities. Over the entire observed time she displayed optional behaviours for
only 2 minutes accounting for less than 1% of her entire daily activity. These two minutes were
recorded as locomotion, which she left the comfort of the shade to get more hay. Out of a total
of 226 minutes Elephant T (Figure 30) spent 173 minutes or 76% of her time executing
thermoregulatory behaviours. Elephant T’s optional behaviour did however take priority over
thermal comfort when the air temperature was below 31°C (88°F). Once air temperatures rose
to 32°C (90°F) there was a significant increase in elephant T’s thermal activities. Elephant T went
from 15 minutes of comfort behaviour versus 25 minutes of optional behaviour at 31 – 32 °C, to
57 minutes of thermal comfort versus 20 minutes optional behaviour at air temperature of 32 to
33°C. On the sunny day the entire group spent 78% of the combined uninterrupted time on the
habitat performing thermal comfort activities. Elephant C (Figure 31) was observed performing
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only optional behaviours at times when air temperatures were below 31°C, 72 % her overall
amount of uninterrupted time was spent thermoregulating. Elephants S (Figure 32) and K
(Figure 33) were found to perform thermal comfort activities for every temperature range.
Elephant K spent 76 % of her uninterrupted time in cooler microclimates. While Elephant S
spent 65 % of her time thermoregulating. A reason for Elephant S lower thermoregulating
behaviour might be due to her relationship with the matriarch Elephant T. On many occasions
dominance and displacement from shade and water use activities by Elephant T were witnessed
towards Elephant S. Elephant K would often be left alone. Optional activities (38 minutes) for
elephant S outnumbered her thermal comfort minutes (49 minutes) when air temperatures
reached 34°C (91°F). When data from this temperature range for elephant S were compared to
the other four elephants, it became evident that at this time Elephant T spent only 7 minutes
not performing thermal comfort. It is possible that in this temperature range Elephant T’s need
to find a cooler microclimate displaced Elephant S from finding one. The time data were added
together to get a group total. The group of five elephants spent a combined time of 1,099
minutes achieving thermal comfort and only 309 minutes exploring optional behaviours.
Therefore on the sunny day of May 24th the family of elephants at Busch Gardens Tampa spent
78% of their uninterrupted time cooling themselves in cooler microclimates.
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Individual Sunny Days. NOTE: See Corresponding Data in Appendix C.
Thermal Comfort for Elephant R - Sunny Day - May 24th, 2012
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Figure 29. Thermal Comfort Compared with Air Temperature. Elephant R, May 24 , 2012.

Thermal Comfort for Elephant T - Sunny Day- May 24th, 2012
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Figure 30. Thermal Comfort Compared with Air Temperature. Elephant T, May 24 , 2012.
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Thermal Comfort for Elephant C - Sunny Day - May 24th, 2012
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Figure 31. Thermal Comfort Compared with Air Temperature. Elephant C, May 24 , 2012.

Thermal Comfort for Elephant S - Sunny Day - May 24th, 2012
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Figure 32. Thermal Comfort Compared with Air Temperature. Elephant S, May 24 , 2012.
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Thermal Comfort for Elephant K- Sunny Day - May 24th, 2012
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Figure 33. Thermal Comfort Compared with Air Temperature. Elephant K, May 24 , 2012.

On sunny days there was a significant increase in the group’s thermal comfort activities
when temperatures reached 31°C (88°F). During each temperature range on this day the
amount of time spent performing thermal comfort activities exceeds the amount of time
engaging in optional behaviours. From 34°C (93°F) to 36°C (97°F) thermal comfort behaviour was
displayed 100% of the time. No optional behaviours were recorded in this temperature (Figures
29 to 33).
On June 6th (overcast day) there was a significant increase in the amount of optional
behaviour being performed. There was no consistent pattern of increased optional behaviour
when air temperatures changed. Time spent performing thermal comfort activities at all air
temperatures was less than half of the time used for optional activities (Figure 40).
Optional activities and seeking thermal comfort varied between the individual elephants
on the overcast day as well. On this day Elephant K (Figure 34) did not execute any visible
thermal activities. For 100% of her uninterrupted time she completed optional activities and did
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not act to avoid heat gain. Elephant C (Figure 35) and Elephant R (Figure 36) also both spent a
majority of their time performing optional behaviours. Elephant C spent 162 minutes out of her
total 192 minutes of uninterrupted time exploring optional activities. Elephant R spent 182
minutes or 73 % of her time that day executing optional activities compared to her less than 1%
on the sunny day. Out of all five elephants Elephant S (Figure 37) performed the greatest
amount of optional behaviour during the overcast day. She spent only 15 % (34 minutes) of her
time seeking thermal comfort and 85% (194 minutes) of it doing optional activities.
Elephant T (Figure 38) spent the most amount of time out of all the elephants
thermoregulating on the overcast day. She spent 93 minutes acting upon thermal needs and 139
minutes doing optional behaviours. Elephant T spent the most amount of her time doing
thermal comfort activities when the air temperature was at 27°C (80°F). From 25 °C to 27 °C, she
only conducted thermal comfort activities. Once the air temperature exceeded 28 °C she began
to display optional behaviours, (14 minutes) however thermal comfort (23 minutes), still took
priority. From 30 to 31 °C optional activity accounted for 60% of Elephant T’s overall time. This
seemed to be the case with all five elephants when air temperatures ranged from 30 to 31 °C.
The elephants’ time spent carrying out optional behaviours; surpassed time spent seeking
thermal comfort. Overall 87% of the uninterrupted time at this temperature was optional
behaviour. Overall the total amount of combined group time spent performing thermal comfort
behaviours on the overcast day was 223 minutes (19% of total time) this was in contrast to 925
minutes (81% of time) performing optional behaviours.
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Individual Overcast Days. NOTE: See Data in Appendix C.
Thermal Comfort for Elephant K - Overcast Day - June 6th, 2012
60
50

40
Time
30
(Minutes)

Thermal comfort (Shade and
water use)

20

Non thermal comfort
10
0
25 26 27
to to to
26 27 28

28 29
to to
29 30

30 31 32
to to to
31 32 33

33 34 35
to to to
34 35 36

Air Temperature (°C)

th

Figure 34. Thermal Comfort Compared with Air Temperature. Elephant K, June 6 , 2012.

Thermal Comfort for Elephant C - Overcast Day - June 6th, 2012
60
50
40
Time
30
(Minutes)

Thermal comfort (Shade and
water use)

20

Non thermal comfort

10
0
25
to
26

26 27
to to
27 28

28 29
to to
29 30

30 31
to to
31 32

32
to
33

33
to
34

34 35
to to
35 36

Air Temperature (°C)
th

Figure 35. Thermal Comfort Compared with Air Temperature. Elephant C, June 6 , 2012.
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Thermal Comfort for Elephant R - Overcast Day - June 6th, 2012
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Figure 36. Thermal Comfort Compared with Air Temperature. Elephant R, June 6 , 2012.

Thermal Comfort for Elephant S - Overcast Day - June 6th, 2012
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Figure 37. Thermal Comfort Compared with Air Temperature. Elephant S, June 6 , 2012
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Thermal Comfort for Elephant T - Overcast Day - June 6th, 2012
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Figure 38. Thermal Comfort Compared with Air Temperature. Elephant T, June 6 , 2012

The results were similar for the overcast day comparing optional behaviour and thermal
comfort to solar radiation, again optional behaviour exceeds thermal comfort activities in every
range. When shortwave radiation was 200W/m², the elephants exhibited no forms of thermal
comfort activities. On sunny days however an increase in thermal behaviours was observed
through the summary of occurrence data.
Incoming solar radiation suggested having an impact on thermal comfort activities on
the sunny day. Thermal comfort was a priority for the elephants for the entire length of the
observation period. At the lowest point of incoming solar radiation on the sunny day
(500W/m²), all time was spent performing thermal comfort behaviours. Optional behaviours
never exceeded the amount of time spent performing thermal comfort activities at any range of
incoming solar radiation ( May 24th, Sunny Day - Figure 41, June 6th, Overcast Day – Figure 42 ).
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Group Totals -Air Temperature and Thermal Comfort
Sunny Day - May 24th, 2012
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Figure 39. Group Totals -Air Temperature and Thermal Comfort. May 24th, 2012.

Group Totals -Air Temperature and Thermal Comfort
Overcast Day - June 6 th, 2012
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Figure 40. Group Totals -Air Temperature and Thermal Comfort, June 6 th, 2012.
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Group Totals - Solar Radiation and Thermal Comfort
Sunny Day - May 24th, 2012
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Figure 41. Group Totals - Solar Radiation and Thermal Comfort . May 24th, 2012

Group Totals -Solar Radiation and Thermal Comfort
Overcast Day - June 6th, 2012
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Figure 42. Group Totals -Solar Radiation and Thermal Comfort, June 6th, 2012.

NOTE: Corresponding data charts and individual data can be found in Appendix C.

76
The descriptive statistics that were established created a summary of occurrence
between thermal comfort and optional behaviours on each day. Comparing the results from the
occurrence data, suggests that it is more important to create microclimates for thermal comfort
within the enclosure for sunny days rather than overcast days. The elephants used shade and
water mainly on sunny, warm days and performed optional behaviours more often on cooler
overcast days. However, upon further analysis of the solar radiation data through a regression
equation other results began to emerge.

4.1.2 Regression Data
Data from three of the four days showed to be statistically significant showing a P value
of less than 0.05.
Table 8. Regression Results, P Values, R and R² Values for all Four Days.

Day/Condition
R
R²
P Value
Sunny Temperature *
0.8
0.65
0.03
Sunny Solar Radiation*
-0.75
0.57
0.03
Overcast Temperature
0.43
0.19
0.28
Overcast Solar Radiation*
-0.71
0.5
0.049
NOTE: * Signifies a significant Positive correlation with a P- value of less than 0.05.
See appendix C.
Time of Thermal Comfort by Percent
A comparison of thermal comfort activities and air temperature recorded during
observations on May 24th (Sunny day) showed a significant positive correlation (R= 0.8, R²= 0.65,
P<0.05). This suggests that the elephants increase their thermal comfort behaviours with the
rising ambient air temperature (Figure 43) verifying previous occurrence data which stated that
as the ambient air temperature escalates the elephants thermal comfort behaviours increase as
well. This calculation suggests 65% of the variation in the data is explained by the change in the
temperature,
However, a comparison of thermal comfort activities and incoming solar radiation on a
sunny day showed a significant negative correlation (R = - 0 .75,R²= 0.57,P<0.05) (Figure 44) This
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signifies that throughout the day, as solar radiation increases the amount of time that the
elephants spend achieving thermal comfort decreases. The data describe a slight decrease in
thermal comfort activities when solar radiation increases, however the amount of time spent
performing thermal comfort activities exceeds 50% of the elephants’ total time overall. So as the
incoming solar radiation increases they still spend a majority of their time seeking thermal
comfort rather than performing optional activities. This calculation suggests that 57% of the
variation in the data is explained by the change in the temperature. However, the pervious data
analyzing the duration of thermal behaviours in minutes (Figure 41) showed an increase in
thermal comfort when solar radiation increased.
Comparison of thermal comfort activities and incoming solar radiation on an overcast
day also showed a significant negative correlation (R = - 0 .71,R²= 0.50,P<0.05). Similar to the
results seen on the on May 24th as the solar radiation increased on June 6th the elephants spent
less percent of time trying to seek thermal comfort and keep cool (Figure 45). This calculation
admits that 50% of the variation in the data is explained by the change in the temperature.
Comparison of thermal comfort activities and air temperature on a overcast day did not
show a significant correlation (R =0.43,R²= 0.19,P>0.05) (Figure 46). This data did not represent a
correlation, meaning that the relationship between the variables was insignificant.

Sunny Day Air Temperature May 24th, 2012
100

80
Time of Thermal 60
Comfort Activity
40
(%)

Thermal Comfort
Linear (Thermal Comfort)

20
0
30

31

32

33

34

35

36

Air Temperature ( ° C)
th

Figure 43. Regression Data Positive Significant Correlation for Air Temperature on May 24 .
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Sunny Day Solar Radiation
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Figure 44. Regression Data Significant Negative Correlation for Solar Radiation on May 24 .
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Figure 45. Regression Data Significant Negative Correlation for Solar Radiation on June 6 .
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Figure 46. Regression Data Negative Insignificant Correlation for Air Temperature on June 6 .

NOTE: Corresponding data charts can be found in Appendix C.
Time of Thermal Comfort by Minutes
In order to further explore the relationship between the increase in solar radiation and
the decrease in thermal comfort activity the data was entered based on time (in minutes) rather
than percentage, again defining a significant correlation when the P value is less than 0.05.
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Figure. 47. Time Spent on Thermal Comfort Activity in Minutes Sunny Day Air Temperature.
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The Sunny day air temperature data did not show a significant correlation with a P value
of 0.73
(Figure 47).
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Figure. 48. Time Spent on Thermal Comfort Activity in Minutes Overcast Day Air Temperature.

The overcast day air temperature data did not show a significant correlation with a P value of
0.25 (Figure 48).
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Figure. 49. Time Spent on Thermal Comfort Activity in Minutes Overcast Day Solar Radiation.

The overcast day solar radiation data did not show a significant correlation with a P value of 0.20
(Figure 49).
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Figure. 50. Time Spent on Thermal Comfort Activity in Minutes Sunny Day Solar Radiation.

The sunny day solar radiation data did show a significant positive correlation with a
P value of 0.01 (Figure 50). The results of this graph contradict the percentage results that
suggest thermal comfort activities decrease when solar radiation increases (Figure 44 and 45).
However, this does support the original hypothesis that as solar radiation increases the
elephants thermal comfort behaviours also increase (Figure 41). Since these graphs (Figure 47 to
50) only consider the minutes of thermal comfort and omit the minutes of optional behaviour
the results might be misleading. During observation days the amount of time that solar
radiation and air temperatures were at certain values varied. On the sunny day (May 24th) 463
minutes of observation time, the air temperature was at 34°C (97 °F), when the air temperature
was at 36°C (97°F) there was only 35 minutes of recoded data in total. For this reason, the data
based on time in minutes might lead to misinterpretations within the results, therefore the solar
regression percentage data (Figure 44 and 45) might give more reliable results because it
compares thermal comfort and optional behaviours.
Since the regression percentage data suggests that as the solar radiation increases, their
thermal comfort activities decrease, it would seem that solar radiation barely affects Asian
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elephants. Therefore, when designing zoo enclosures for Asian elephants, the effects of solar
radiation might not be as important as other elements. A comparison graph was created using
the air temperature data collected during observations, solar radiation values from the model
(Brown and Gillespie,1995) and an Asian elephants core body temperature (Weissenböck, 2010)
(Figure 51). A relationship between air temperature, solar radiation and an Asian elephant’s
core body temperature is evident. This might begin to explain why the elephants decrease their
thermal comfort behaviours when solar radiation values are higher. As maximum solar radiation
is reached the air temperature will continue to rise. The solar radiation reaches its max at
around 1:30pm, the maximum air temperature is reached two hours later at around 3:30pm, by
this time the solar radiation has already begun to decrease. This indicates a relationship
between air temperature and solar radiation, because as the sun heats the air, it gradually
causes the air temperature to increase. The elephant’s core body temperature is increasing
throughout the day, at the point when the solar radiation reaches its maximum and begins to
decrease and the elephant’s core temperature starts to rise more rapidly. Since the air
temperature is still increasing after maximum solar radiation is reached, the elephants might not
begin to seek thermal comfort until maximum air temperature is reached and when the solar
radiation has begun to decrease. The elephant’s core body temperature is increasing in
conjunction with the solar radiation and air temperature, as the shortwave radiation increases
its intensity it is slowly heating the elephants core body temperature. As a result, the animal
does not seek thermal comfort until the solar radiation is decreasing (Figure 51). Suggesting that
design for solar radiation is an important component elephant zoo enclosure design. Since an
elephant’s core body temperature seems to increase in conjunction with the maximum solar
radiation value and the rising air temperature it would be beneficial for the elephants to include
microclimates that decrease direct solar radiation. More research is required to determine
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whether the elephant’s core body temperature is increasing because it is storing heat as a part
of adaptive heterothermy or not (Figure50).
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Figure. 51. Relationship between ,Solar Radiation, Air Temperature(Brown and Gillespie, 1995) and Core Body
Temperature (Wiessenböck,2010) .

4.2 Enclosure
Thermal regulatory movements involving microclimatic use typically involved water and
shade use and are described as visible factors. However evidence that the animals were
avoiding terrestrial radiation from some of the gunite walls might also be observable.
The amount of terrestrial radiation emitted from the gunite walls on a sunny day
exceeded the amount emitted on an overcast day. On the sunny day net temperatures emitted
towards the elephants from the gunite ranged from 0W/m² to 80W/m², contrary to 0W/m² to
50W/m² on an overcast day (Figures 26 and 27).
Values were highest in the lower area of the enclosure near the pool and along the
south facing walls. The south facing wall along the north end of the enclosure emitted high
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amounts of terrestrial radiation on both the sunny and overcast day. This was the highest
emitting area on the overcast day.
The highest emitting area of terrestrial radiation on the sunny day was in the north-west section
of the enclosure near the gate to Pachyderm Palace and the overlook. During the afternoon on
a sunny day in this area of the enclosure the elephants would absorb at least 270 W/m² of total
radiation (Rabs = 80W/m² + 190W/m²). The lowest amounts of terrestrial radiation being emitted
(0W/m² to 50W/m²) were in the south areas of the habitat, where the elephants spend a
majority of their time.
With the aid of positional overlays of the elephant’s locations and shade, it was possible
to see where the elephants tended to be. It was determined which isolines the elephants spent
the average majority of their time on. On the sunny day the elephants spent most of their time
in the afternoon on the 20W/m² or lower isolines. On the overcast day they would spend a
majority of the time on the 40W/m² or lower isoline. This suggests that locations within the
enclosure that emit higher that 20W/m² on sunny days and higher than 40W/m² on overcast
days are thermally uncomfortable microclimates. Therefore the elephants might begin to
experience the effect of heat stress when in these areas and avoid them. However, elephants
would cross these isolines when other options arose, such as enrichment, trainer interaction,
and food or for social benefits. Note: See Appendix C for Overlay Maps.

4.3 Summary of Main Results


Thermal comfort is a higher priority on sunny days and optional behaviour activities are
higher priority on overcast days.



There is a significant increase in thermal activities when air temperature reaches 31°C
(88°F).



On sunny days 78% of uninterrupted time is spent performing thermal comfort
activities. On overcast days 81% of uninterrupted time is spent doing optional activities.
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Sunny day solar radiation, sunny day air temperature and overcast day solar radiation
data are all positively significant with p-values of less than 0.05.



There is a correlation between percent increases in thermal comfort behaviours with
the rising ambient air temperature, but not with total time.



As solar radiation increases the amount of time the elephants spend initiating thermal
comfort behaviours decreases. There is a significant negative correlation between
increasing solar radiation and thermal comfort activities.



The amount of terrestrial radiation emitted from the gunite on a sunny day exceeds the
amount emitted on an overcast day.



Terrestrial radiation values are highest in the north section of the enclosure on both
days.



On sunny days the elephants spend most amount of time on the 20 W/m² isoline or less.



On overcast days the elephants spend most of their time on the 40 W/m² isoline or less.
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Chapter 5 – Discussion
Several characteristics within the enclosure created thermal events that were used by
the elephants. Overall it is evident that elephants will seek out thermal comfort activities
especially on days with minimal cloud coverage and air temperatures exceeding 31°C (88°F).
Furthermore the elephants tended to seek out optional activities when the air temperature was
lower and more cloud coverage was present. However, results suggest that as the solar
radiation increased the percentage of time that the animals’ performs thermal comfort
behaviours decreased, consequently signifying that higher solar radiation values affected the
elephants in the opposite way than originally hypothesized. Therefore the need to include
microclimates into an elephant’s enclosure is important to the health and well being of the
species within the zoological habitat.

5.1 Enclosure Use and Behaviours
The AZA (Association of Zoos and Aquariums) recommends that elephants within zoo
enclosures “must have access to shade when they are exposed to direct sunlight. Water suitable
for drinking or bathing must be available daily or at greater frequency as needed to meet the
elephants cooling needs in the ambient environment” (AZA, 2011, 1). If shortwave radiation is
likely to cause overheating or any discomfort to the elephant a sufficient amount of shade must
be provided to allow all elephants to protect themselves from direct sunlight (AZA, 2011). Wild
elephants have been observed to spend as much time as possible in the shade during the
hottest parts of the day and with the rising ambient air temperature (Hiley, 1975). Shade use
behaviours were exhibited during times when ambient air temperatures reach daily highs
(Besenthal et al., 2011). Water use was another major factor in the elephants’ thermal comfort.
Elephants are often observed making use of free standing water which they use to wallow and
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bathe (Hiley, 1975; Kinahan, 2007a). They frequently spray water on their bodies to decrease
their surface temperatures through evaporative cooling (Schotsman, 2008, Chevalier- Skolnioff
and Liska, 1993). Since elephants lack sweat glands they are not able to initiate evaporative
cooling on their own (Wright and Luck, 1964; Spearman, 1970). Several existing microclimates
within the enclosure encouraged the elephants to seek thermal comfort using shade and water.
Thermal comfort behaviour activities related to the use of microclimates were witnessed being
performed by all elephants within the enclosure at Busch Gardens Tampa.
Shade use behaviours during observations saw a significant increase in the groups
thermal comfort activities when air temperatures reached 31°C (88°F). By seeking shade use
opportunities the elephants were able to avoid 90% of total incoming solar radiation they would
receive (Brown and Gillespie, 1995). The total amount of solar radiation when standing in direct
sunlight is 250W/m² and approximately 75% of that or 190W/m² is absorbed , if the elephants
employed shade use then they will only absorb 10% of that or 19W/m². The shade structure
provided the best possibility for shade use. The structure was oriented on a north-east access
and was slanted upwards towards the south west corner. This upwards slope on the shade
structure caused the shade to almost disappear to the centre of the enclosure by 4:00pm.
Looking at the results from the weather data, air temperature at this time on sunny days was
still above 31°C and solar radiation is around 800W/m². Tree shade is provided from several
trees elevated above the enclosure on the overlook. The shadow becomes large enough to allow
shade use around 3:30 pm, providing another space for the elephants to find thermal comfort.
Although the species of the trees is unknown, the transmissivity of the trees will be higher than
the value of the shade structure (Brown and Gillespie, 1995). Another useable shade structure
in the enclosure was the bridge. Elephant K was the only elephant seen using this shade during
observations. Shade use by the elephants was observed mainly on the sunny day. All five
elephants would often huddle under the structure in the afternoon (Figure 52). However, on
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occasion when all five elephants were located under the structure elephant K would seek shade
under the bridge; this might have been because she wanted to avoid the terrestrial radiation the
other elephants were emitting.

Figure 52. All Five Elephants Huddling Under the Shade Structure 2012.

There were several opportunities for elephants to utilize water use and evaporative
cooling. However, the pool in the lower north end of the enclosure was never used for
thermoregulation. Several possibilities have been discussed for this. Trainers at Busch Gardens
Tampa suggested that this was for social reason. The pool had only one way out, if an elephant
was in the pool and the matriarch was to approach the entrance, there was no way for the
elephant to get out. The microclimate surrounding the pool was hot and uncomfortable, there
was little wind and with no way to minimize solar exposure the space was thermally unpleasant.
The space was open and exposed to incoming solar radiation, meaning with no cloud coverage
elephants standing by the pool absorbed 190W/m² of solar radiation in addition to 70W/m² of
terrestrial radiation making the total absorbed radiation in that area 260W/m².
After examining the terrestrial radiation it was discovered that the amount of longwave
radiation emitted from the walls at this location is 60 to 70W/m², meaning that the total
absorbed radiation at the side of the pool during a sunny day is in between 250W/m² to
260W/m². Wind speeds were never recorded to be above, 1.1m/s in this space. This suggests
that the air movement around the elephant would not be able to create much evaporative
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cooling from the water on their skin, therefore, causing the effects of radiative heat gain to
outweigh the effects of evaporative cooling. The only account of the elephants using the pool
was during the rain event on May 28th. All water use utilized by the elephants was performed in
locations where trainers and elephants had created temporary water features. The elephants
have created their own mud hole beside the drinker in the south-east corner of the enclosure.
They would take the water and mix a mud puddle and spray the water mud mixture with their
trunks. Another mud hole was fashioned by the elephants and trainers. The trainers used a hose
to fill a hole that was made by the elephant’s digging. Out of all water use activities the mud
hole was utilized a majority of the time. The elephants would perform spraying and wallowing
activities in the puddle. Often they were observed just standing in the puddle with their two
front feet.
This suggested the possibility of conduction. The cool water conducts the heat through
the elephant’s submerged legs drawing the heat away from the elephant’s body. The most-used
water feature in the habitat was the temporary hose attached to the shade structure (Figure
53). When the hose was active the elephants would stand under the spray and bath in the falling
water. On a few observation occasions, if another elephant was in the way of the down pour of
water the elephant would seem to locate downwind of the stream. A subtle mist would be seen
covering the elephant, this would initiate slight evaporative cooling as well as convection from
the breeze.
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Figure 53. Water use in Enclosure, Mud Wallowing, Spraying and Hose Play.

Future design considerations and microclimatic improvements for the enclosure must
consider ways to reduce solar radiation and initiate evaporative cooling through water use. The
evidence from past research and this study verify the importance of incorporating microclimates
that promote decreasing shortwave radiation and increasing evaporative cooling.
Terrestrial radiation provided many microclimates around the enclosure. The amount of
radiation emitted from the gunite walls created microclimates throughout the space. The
elephants spent a majority of their time on the south side of the enclosure. This space was
where enrichment and trainer interaction opportunities usually occurred. However, after
examining the terrestrial radiation levels emitted from the gunite it was determined that this
was the coolest space in the habitat. Very rarely were the elephants seen using the lower half of
the enclosure by the pool. The terrestrial radiation combined with the solar radiation along the
south side of the enclosure never added up to more than 240 W/m². On the sunny days
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elephants were seldom seen getting too close to the walls. The greater part of their time along
the south side of the habitat was spent along the outer edge of the enclosure by the dry moat.
The assumption is that they stay closer to the dry moat in order to avoid the higher volumes of
terrestrial radiation which is emitted from the gunite walls towards the elephants.
The material within the enclosure can have significant effects on the thermal pathways
and terrestrial radiation within the enclosure. The substrate and the built structures within the
enclosure have different abilities to absorb and radiate heat (Widowski, 1998). Colour as well as
the materials can impact the microclimate within the space therefore affect the heat balance of
the animal. As outlined in Figure 54 and 55 from Brown and Gillespie (1995) vegetated substrate
transfers heat differently than dry sand substrate or asphalt.

Figure 54. Thermal Pathways to Well-Watered Vegetated Substrate. (Brown and Gillespie, 1995).

Figure 55. Thermal Pathways to Dry Sand Substrate. (Brown and Gillespie, 1995).

These design elements can reduce terrestrial radiation to decrease heat gain or increase
terrestrial radiation to amplify heat gain. For the design of cooler microclimates the material and
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colour of the enclosure’s components should be considered. A darker gunite or ground
substrate will absorb and hold more heat throughout the afternoon, therefore radiating more
heat later for a longer period of time (Langman, 1996). A lighter substrate will reflect more heat,
but will stay cooler throughout the day and will not hold the heat (Brown and Gillespie, 1995).
The study enclosure at Busch Gardens Tampa featured several microclimatic characteristics
which allowed for the animals to thermally regulate their body temperatures. Shade and water
features in the space presented microclimatic opportunities for the elephants to use, however a
few of these features were not utilized as much as others.

5.2 Future Research
This study found a significant negative correlation between the rise in solar radiation
and thermal comfort behaviours on both the sunny and overcast days. Schotsman (2008)
discovered the use of adaptive heterothermy in African elephants at the Toronto Zoo in
Scarborough, Ontario. LaForest et al. (2011) attempted to determine whether Asian elephants
also employ adaptive heterothermy. Using thermal imaging LaForest et al. (2011) attempted to
measure the elephant’s core body temperature by capturing thermal images of their urine.
However results of this were inconclusive since Asian elephants do not seem to urinate as
frequently as African elephants (personal communication with Esther Finegan, 2012). The
decrease of thermal comfort behaviours with the increase of solar radiation might suggest lack
of adaptive heterothermy in Asian elephants. Since according to the percentage regression the
elephants carry out less thermal behaviour when solar radiation increases it might be that their
core body temperature is increasing as well (Figures 44 and 45). Their core body temperature
begins to increase when solar radiation reaches its maximum value (1:30 pm) and continues to
rise as the air temperature rises (Figure 51). Therefore, to minimize the amount of heat gained
throughout the day they will seek shade or other cool microclimates.
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In order to determine whether adaptive heterothermy is employed by Asian elephants
and needs to be addressed through design, further analysis of the data is required. Breaking up
the data by time of day and possibly extending observations to 24 hour periods would result in
more conclusive findings. Knowing whether Asian elephants are performing thermal comfort
behaviours more frequently before or after solar noon will help to verify whether Asian
elephants utilize adaptive heterothermy. Therefore, it would be possible to address their
thermal needs through design.
Design of elephant zoo enclosures should also consider the species natural habitats.
Asian and African elephants inhabit different natural habitats; therefore it might be beneficial to
design microclimatic elements that cater to the specific species thermal needs. The decrease in
thermal comfort behaviours during increasing solar radiation however might be related to the
evolution of Asian elephants, rather than adaptive heterothermy. Unlike the African elephant
whose habitat consists of the open savannas and grasslands, Asian elephants often inhabit
forested regions and woodlands throughout South East Asia and India (Shoshani, 1992;
Sukumar,2003). African elephants have evolved in conjunction with their surrounding
environment. By employing shade use, adaptive heterothermy and other thermal behaviours
they have become accustomed to dealing with their internal and external heat balance. The
African elephant’s environmental landscape is open and exposed; tree coverage in the arid
environment is sparse, making adaptive heterothermy an important process of heat and water
management. With no barriers in between the elephants and the sky, they are completely
exposed to shortwave radiation during the day (Brown and Gillespie, 1995). As a result the
amount of energy they would use to dissipate excess heat is minimized by taking advantage of
the cool night sky. Again with no barriers to disrupt heat transfer between the elephants and the
sky, they will emit excess energy at night to cool their core body temperature (Schotsman, 2008)
(Figure 56).
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On the other hand an Asian elephant’s environment is forested and more densely
covered by trees. The tree canopy creates barriers between the elephants and the shortwave
radiation. During the day coverage from incoming radiation is easily obtained by entering the
forested areas. As a result Asian elephants are able to avoid maximum solar heat gain from the
sun successfully (Figure 57). In spite of this, tree coverage between the sky and the elephants
establish barriers for the animals if they were trying to actively release their heat at night as part
of adaptive heterothermy. It is possible that due to the Asian elephants natural environments
they have evolved not using adaptive heterothermy, but instead avoid heat gain in similar ways
to how humans avoid heat gain, for example they might move to the shade when the suns
exposure becomes thermally uncomfortable. When their core body temperature heats up too
much they will seek a more comfortable microclimate, but until that time they will carry out
optional behaviour.

Figure 56. African Elephant. Environmental Barriers.

Figure 57. Asian Elephant. Environmental Barriers.

Consequently whether Asian elephants use adaptive heterothermy or not, an enclosure
for Asian elephants should be designed to fit their thermal needs. If Asian elephants do not use
adaptive heterothermy then shade and other thermoregulatory elements must be available for
the elephants to avoid heat gain throughout the entire day. If Asian elephants do not employ
adaptive heterothermy shade and thermoregulatory elements should be available for use at any
part of the day to allow the animals to escape heat gain when they need it. Forested enclosures
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will pose health risks to the well-being of the species, however ample amounts of shade should
be available to the elephants at all times of the day.
In order to assess these theories more research is required. A relationship between time
of day and thermal comfort behaviours needs to be analyzed. If the elephants at Busch Gardens
Tampa display optional behaviours mainly in the morning and early afternoon and employ the
majority of their thermal activities later in the afternoon, then the microclimatic design
components of the enclosure might change. In combination to better understand an Asian
elephants heat balance it would be beneficial to compare an Asian elephant’s core body
temperature and the time of day with an African elephant’s core body temperature. This would
present preliminary evidence to support or dismiss the hypothesized use of adaptive
heterothermy.

5.2.1 Considerations for Designing for Thermal Comfort
Having a variety of microclimates available to the elephants will allow them to take
advantage of the microclimates which they individually prefer. As Young (2010) discovered
individual animals will display distinct and personally preferred thermal behaviours during
different environmental situations. Wild Asian elephants have been documented searching for
specific landscapes during different seasons (Kinahan, 2007b). Reasons for this might be
influenced by food sources, but other evidence suggests the possibility of landscape selection
due to rates of temperature change in order to suit their thermoregulatory needs
(Kinahan,2007b). By incorporating several microclimates with varying thermal values, it is
possible to cater to each elephants thermal preferences through design.
This study has validated that increases in air temperature is associated with an
elephant’s thermal comfort. Microclimates must be present in order to accommodate the
elephant’s thermal needs in conjunction with the rise in ambient air temperature. Through
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design it is possible to assist the animal’s heat balance and create comfortable spaces for them.
Shade structures and water sources are a priority to the health and well-being of the animals.
However, terrestrial radiation from the objects and substrate within the enclosure influences
thermal comfort as well.

Future research to follow up this study would be to discover other possible ways
that the elephants use microclimates and take advantage of thermal comfort.
Convection and wind can have a significant effect on the microclimatic conditions of a
space. Due to time limitations wind measurements have not been analyzed. In future
studies of this topic it would be essential to determine the effects of wind speeds and
direction on the elephant’s thermal comfort. The elephants would often reposition their
orientation by pivoting on the same spot. Are they repositioning to face into the wind or
possibly away from the wind? Elephants were often seen standing downwind of the
hose spray from the temporary hose attached to the shade structure by the trainers. It
seemed as though the elephants were standing downwind to receive the mist from the
spray. The reasons for this are unknown; relative humidity levels were not analyzed in
conjunction with this behaviour. If the humidity levels were high while these spraying
behaviours were taking place then the thermal benefit of this action might be low. No
humidity analysis was performed, although it is difficult to change the humidity in an
open space, it would be beneficial to the study to know how the humidity level effects
the elephants thermal comfort.
Colour as mentioned can change the microclimate within a space. The sea lion
enclosure studied by Langman (1996) was refurbished by adding two shade structures
and painting the gunite a darker colour to minimize solar reflectance. The darker gunite
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did reduce the amount of solar reflectance, but increase the absorbed radiation. This
made the gunite hotter for longer periods of the day (Langman, 1996). It would be
helpful to this study to explore the different effects that gunite colour has on the
thermal comfort within the microclimates. Bond (1961) also discusses colour use on
shade structures. Using a lighter colour on the top of the structure will increase solar
reflectance back to the sky, and having a darker colour underneath will decrease
radiation towards the elephants by absorbing it. Another aspect that would be
beneficial to look at for future research is the substrate. The light sand would have a
higher albedo value. The elephants were observed digging in the substrate often. All the
elephants were seen scraping off the top layer of sand and digging down into the
secondary layers of the ground which was slightly damper than the top layer (when top
layer was dry). Elephant R would dig into the substrate that lay directly next to the
gunite. The walls would shade the substrate and make it cooler. Temperature readings
and comparisons of substrate exposed to solar radiation and substrate that is shielded
by the shade would be useful to the study.
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Chapter 6 – Conclusions
The goal of this study was to explore the relationships between an elephant’s
movement and behaviours throughout its space and the microclimatic conditions within its
zoological enclosure in a warm climatic zone. It was hypothesized that elephants will use
microclimates to thermally regulate their body temperatures in order to maintain a balance of
heat production and heat dissipation. As air temperature and solar radiation increase the
amount of time spent performing thermal comfort behaviours will rise making the use of
microclimates more important to the elephants.
Designing an enclosure where Asian elephants are able to avoid excessive heat gain is
important to the health and well being of the species. Different species have different critical
points which their core body temperatures can reach before animals experience hyperthermia.
When an animal is receiving excess amounts of heat, their internal instincts will alert them to
employ thermoregulatory behaviours in order to dissipate the heat load. Through the design of
microclimates it is possible to assist the animals in their mission to seek thermal comfort.
Physiological methods of heat dissipation in African and Asian elephants include ear flapping
and possibly adaptive heterothermy (Schotsman 2008). Ear flapping creates forced convection
over the animal’s body (Phillips and Heath, 1992). During observations ear flapping was a
repetitive behaviour from all five elephants . Behavioural thermoregulatory methods of heat
balance assist heat loss and minimize the elephants heat gain. Shade use minimizes the
incoming shortwave radiation load toward the elephants, while longwave radiation is emitted
from the elephants to the surrounding environment. Water use initiates evaporative cooling
from the elephant’s skin and allows the elephant to cool its skin temperature. Terrestrial
radiation emitted from the gunite walls towards the elephants can be minimized by different
colours. A lighter colour will reflect heat away throughout the day whereas a darker colour will
absorb the heat and radiate higher values of terrestrial radiation. Wind blocks are another
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microclimatic design element that require more research to establish how it affects the
elephants.
The social dynamics and communication within a herd of elephants is an essential
component of the species. Considerations were made when social events occurred during
observations. Social interactions between the elephants would often disrupt thermal comfort
behaviours. This also included interaction between the trainers and the elephants. The
elephants were often observed anticipating the trainer’s arrival and would dismiss any thermal
activities to interact with them.

6.1 Constraints and Limitations
Due to travel times and distance of the location, observational days were limited. At no
point during observations was there 0% cloud coverage. Variable clouds were present on
everyday of observation. May 24th, 2012 posed the least amount of cloud coverage during the
duration of this study and therefore was selected for analysis of sunny day behaviours. Solar
radiation data was taken from a June 1st average solar radiation model designed by Brown and
Gillespie (1995). This model assumes that there is no cloud coverage, however with the
presence of a few variable clouds throughout the day it is possible that some behaviour
occurred during a time when solar radiation was affected by the clouds. In order to acquire
more accurate results, it is important to take solar radiation measurement in W/m² during the
time of study with a solar meter such as a Li-250A Light Meter with Li-200SL pyrometer sensor.
The time constraints of this study initiated a lack of useable data. Consistent daily observations
of thermal behaviours might add more reliable results to the study. Daily training schedules and
enrichment set up took place at important times of the day. The elephants were taken off
habitat at solar noon and given unobserved thermal opportunities (water and shade use
opportunities present inside at this time personal communication with trainers) within
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Pachyderm Palace. The interruption of daily exposure to direct solar radiation and other
environmental elements disrupts the natural patterns of the elephants thermal behaviours,
since this happens on a daily basis the absence of exposure to solar radiation at solar noon
becomes a component of their environment. There is a possibility that if the elephants were left
on habitat for the duration of this time the results could be different. It is difficult to measure
continuous thermal comfort behaviours in relation to time when the elephants are absent at
solar noon.
The results of this study confirmed that through the design of microclimates it is
possible to support elephants in thermoregulation. Contrary to the original assumption of this
thesis, Asian elephants do not increase thermal comfort activities with an increase of solar
radiation. There was a decrease in thermal behaviour on overcast and sunny days when solar
radiation increased i.e. after solar noon. However, the elephants did exhibit an increase in
thermal behaviours on sunny days when the air temperature increased. Analyzing the data by
time rather than percentage of thermal comfort showed the opposite result for solar radiation.
However, this data is somewhat misleading to the study because it is only taking into
consideration the minutes spent performing thermal comfort and not the optional time.
Designing enclosures to suit the animals thermal needs is dependent on several major
factors. By adding shade structures throughout the enclosure the amount of heat gain from
solar radiation will be reduced and by decreasing the amount of terrestrial radiation that is
emitted from the gunite walls, through material or colour choices. The addition of water sources
for thermoregulation could enhance the elephant’s heat dissipation. The elephants at Busch
Gardens Tampa seem to enjoy water the most when it is cascading from a hose or a waterfall
structure. Different species prefer different microclimates depending on their natural climate
and individual preferences. For example, when a person who has grown up in Tampa, Florida
takes a trip to Guelph, Ontario in the middle of January it will be difficult for them to find a
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warm outdoor microclimate where they feel thermally comfortable. Similar to when a resident
of Guelph, Ontario visits Tampa, Florida in mid-summer their need to find a cooler comfortable
microclimate might be challenging. Microclimate preference throughout species might often be
determined by the environment to which they have become accustomed. By designing a variety
of different microclimates within the enclosure it is possible to cater to every elephant’s
individual thermal needs. To assist with an Asian elephants thermal comfort behaviours in
different seasons, it might be beneficial to supply them with a variety of comfortable
microclimates that can be achieved through proper microclimatic design.
Zoo enclosures are going to exist whether people like them or not. It is essential that
animals are given the opportunity to find microclimates within the space to regulate their body
temperature. Designing landscapes that incorporate many varied microclimates within their
habitats is crucial to the welfare and health of zoo elephants.
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Appendix A – Images
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Appendix B- Blank Sheets

Behavioural Observations Data Recording Chart .
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Climatic Data Recording Chart.
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Rough Tally Sheet for Minutely Data.

Map of Enclosure. Used for Recording Position and Orientation of Elephants, Microclimatic Data from Inside
Enclosure, Gunite Temperatures and Heights.
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Chart /Notes to Correspond with Orientation and Position Map.
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Appendix C – Corresponding Data
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May 24th, 2012. Individual Tallied Data for Sunny Day based on Air
Temperature
Elephant - S
Air temperature
Thermal comfort
Non thermal comfort
Elephant - R
Air temperature
Thermal comfort
Non thermal comfort
Elephants- C
Air temperature
Thermal comfort
Non thermal comfort
Elephants - K
Air temperature
Thermal comfort
Non thermal comfort
Elephant - T
Air temperature
Thermal comfort
Non thermal comfort
GROUP TOTALS
Air temperature
Thermal comfort
Non thermal comfort

25 to
26
0
0

26 to
27
0
0

27 to
28
0
0

28 to
29
0
0

29 to
30
25
0

30 to
31
11
8

31 to
32
57
29

32 to
33
63
28

33 to
34
38
49

34 to
35
17
0

35 to
36
7
0

25 to
26
0
0

26 to
27
0
0

27 to
28
0
0

28 to
29
0
0

29 to
30
13
0

30 to
31
0
0

31 to
32
70
2

32 to
33
84
0

33 to
34
85
0

34 to
35
29
0

35 to
36
7
0

25 to
26
0
0

26 to
27
0
0

27 to
28
0
0

28 to
29
0
0

29 to
30
0
8

30 to
31
0
3

31 to
32
23
12

32 to
33
31
28

33 to
34
82
12

34 to
35
27
0

35 to
36
7
0

25 to
26
0
0

26 to
27
0
0

27 to
28
0
0

28 to
29
0
0

29 to
30
17
8

30 to
31
6
3

31 to
32
64
21

32 to
33
56
28

33 to
34
70
17

34 to
35
30
0

35 to
36
7
0

25 to
26
0
0

26 to
27
0
0

27 to
28
0
0

28 to
29
0
0

29 to
30
0
1

30 to
31
0
0

31 to
32
15
25

32 to
33
57
20

33 to
34
76
7

34 to
35
18
0

35 to
36
7
0

25 to
26
0
0

26 to
27
0
0

27 to
28
0
0

28 to
29
0
0

29 to
30
55
17

30 to
31
17
14

31 to
32
229
89

32 to
33
291
104

33 to
34
351
85

34 to
35
121
0

35 to
36
35
0
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June 6th,2012. Individual Tallied Data for Overcast Day based on Air
Temperature
Elephant -S
Air temperature
Thermal comfort
Non thermal comfort
Elephant - R
Air temperature
Thermal comfort
Non thermal comfort
Elephant - C
Air temperature
Thermal comfort
Non thermal comfort
Elephant - K
Air temperature
Thermal comfort
Non thermal comfort
Elephant -T
Air temperature
Thermal comfort
Non thermal comfort
GROUP TOTAL
Air temperature
Thermal comfort
Non thermal comfort

25 to
26
0
6

26 to
27
0
11

27 to
28
0
38

28 to
29
4
40

29 to
30
10
13

30 to
31
10
54

31 to
32
7
20

32 to
33
3
12

33 to
34
0
0

34 to
35
0
0

35 to
36
0
0

25 to
26
0
0

26 to
27
0
3

27 to
28
9
29

28 to
29
20
43

29 to
30
1
34

30 to
31
20
50

31 to
32
10
17

32 to
33
7
6

33 to
34
0
0

34 to
35
0
0

35 to
36
0
0

25 to
26
0
0

26 to
27
0
5

27 to
28
5
5

28 to
29
3
32

29 to
30
4
34

30 to
31
0
48

31 to
32
11
27

32 to
33
1
17

33 to
34
0
0

34 to
35
0
0

35 to
36
0
0

25 to
26
0
8

26 to
27
0
12

27 to
28
0
42

28 to
29
0
51

29 to
30
0
29

30 to
31
0
44

31 to
32
0
38

32 to
33
0
18

33 to
34
0
0

34 to
35
0
0

35 to
36
0
0

25 to
26
5
0

26 to
27
12
0

27 to
28
23
14

28 to
29
17
29

29 to
30
13
12

30 to
31
3
44

31 to
32
11
27

32 to
33
9
13

33 to
34
0
0

34 to
35
0
0

35 to
36
0
0

25 to
26
5
14

26 to
27
12
31

27 to
28
37
128

28 to
29
44
195

29 to
30
33
122

30 to
31
33
240

31 to
32
39
129

32 to
33
20
66

33 to
34
0
0

34 to
35
0
0

35 to
36
0
0
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Sunny day Solar Data Tally of Minutes –Solar Data Based on Model for
June 1st. (Brown and Gillespie, 1995). Behavioural Minutes recorded on
May 24th, 2012.
SUNNY June 1st average
Cloud coverage not included
Solar Radiation - Elephant S
Thermal comfort
Other Behaviours

500-600 600-650 650-700 700-750 750-800 800-850 850-900 900-950
15
0
0
0
28
12
34
75
0
15
15
31
21
15
26
30

Solar Radiation - Elephant C
Thermal comfort
Other Behaviours

500-600 600-650 650-700 700-750 750-800 800-850 850-900 900-950
11
15
14
18
23
15
17
59
0
0
0
5
35
15
27
29

Solar Radiation - Elephant T
Thermal comfort
Other Behaviours

500-600 600-650 650-700 700-750 750-800 800-850 850-900 900-950
6
15
15
30
4
15
18
59
0
0
0
0
15
0
57
26

Solar Radiation- Elephant K
Thermal comfort
Other Behaviours

500-600 600-650 650-700 700-750 750-800 800-850 850-900 900-950
11
15
15
30
41
24
54
55
0
0
0
0
17
6
26
30

Solar Radiation- Elephant R
Thermal comfort
Other Behaviours

500-600 600-650 650-700 700-750 750-800 800-850 850-900 900-950
11
15
15
30
30
8
72
87
0
0
0
0
0
7
4
3

Solar Radiation GROUP
Thermal comfort
Other Behaviours

500-600 600-650 650-700 700-750 750-800 800-850 850-900 900-950
54
60
59
108
126
74
195
334
0
15
15
36
88
43
140
118
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Overcast day Solar Data Tally of Minutes –Solar Data Based on Model for
June 1st. (Brown and Gillespie, 1995). Behavioural Minutes recorded on
June 6th,2012.
Overcast June 1st average
Cloud coverage not included
Solar Radiation - Elephant S
Thermal comfort
Other Behaviours

137-150 150-162 162-175 175-187 187-200 200-212 212-225 225-237
0
0
0
0
11
0
9
0
12
15
15
30
17
13
33
30

Solar Radiation - Elephant C
Thermal comfort
Other Behaviours

137-150 150-162 162-175 175-187 187-200 200-212 212-225 225-237
13
15
3
14
0
0
2
0
0
12
12
29
40
15
20
35

Solar Radiation - Elephant T
Thermal comfort
Other Behaviours

137-150 150-162 162-175 175-187 187-200 200-212 212-225 225-237
0
4
16
0
27
0
0
0
15
33
13
43
30
17
21
39

Solar Radiation- Elephant K
Thermal comfort
Other Behaviours

137-150 150-162 162-175 175-187 187-200 200-212 212-225 225-237
0
3
10
0
0
0
0
4
8
25
1
20
46
15
14
23

Solar Radiation- Elephant R
Thermal comfort
Other Behaviours

137-150 150-162 162-175 175-187 187-200 200-212 212-225 225-237
15
0
0
2
0
0
13
0
0
12
15
28
45
25
60
45

Solar Radiation GROUP
Thermal comfort
Other Behaviours

137-150
28
63

150-162
22
97

162-175
29
56

175-187
16
150

187-200
38
178

200-212
0
85

212-225
24
146

225-237
4
172
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Regression Chart Data
Sunny Air Temperature
AIR TEMPERATURE MINS OF TH.COMF
MINS OF OPT. BEH ThC/(ThC+OB) y=0.1152x-0.1878 Percentage %
26
0
0
0
0
0
27
0
0
0
0
0
28
0
0
0
0
0
29
0
0
0
0
0
30
55
17
0.76
3.27
76.39
31
17
14
0.55
3.38
54.84
32
229
89
0.72
3.50
72.01
33
291
104
0.74
3.61
73.67
34
351
85
0.81
3.73
80.50
35
121
0
1.00
3.84
100.00
36
35
0
1.00
3.96
100.00
Day/Condition
Sunny Temperature *

R
0.8

R²
0.65

Overcast Air Temperature
AIR TEMPERATURE MINS OF TH.COMF
26
27
28
29
30
31
32
33
34
35
36
Day/Condition
Overcast Temperature

MINS OF OPT. BEH

5
12
37
44
33
33
39
20
0
0
0
R
- 0.43

P Value
0.03

ThC/(ThC+OB)

14
31
128
195
122
240
129
66
0
0
0
R²
0.19

0.26
0.28
0.22
0.18
0.21
0.12
0.23
0.23
0.00
0.00
0.00
P Value
0.28

y=-0.0272x+0.322
-0.4
-0.4
-0.4
-0.5
-0.5
-0.5
-0.5
-0.6
0
0
0

Percentage (%)
26.32
27.91
22.42
18.41
21.29
12.09
23.21
23.26
0.00
0.00
0.00
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Sunny Day Solar
SOLAR DATA
600
650
700
750
800
850
900
950

MINS OF TH.COMF MINS OF OPT. BEH ThC/(ThC+OB)
54
0
1.00
60
15
0.80
59
15
0.80
108
36
0.75
126
88
0.59
74
43
0.63
195
140
0.58
334
118
0.74

Day/Condition
Sunny Solar Radiation*

R
- 0.75

Overcast Solar
SOLAR DATA
MINS OF TH.COMF
150
162
175
187
200
212
225
237

Day/Condition
Overcast Solar Radiation*

28
22
29
16
38
1
24
4

R²
0.57

y=-0.041x+0.9185
Percentage %
-23.68
100.00
-25.73
80.00
-27.78
79.73
-29.83
75.00
-31.88
58.88
-33.93
63.25
-35.98
58.21
-0.04
73.89

P Value
0.03

MINS OF OPT. BEH ThC/(ThC+OB) y=0.0327x+0.03139 Percentage %
63
0.31
-4.6
30.77
97
0.18
-5.0
18.49
56
0.34
-5.4
34.12
150
0.10
-5.8
9.64
178
0.18
-6.2
17.59
85
0.01
-6.6
1.16
146
0.14
-7.0
14.12
48
0.08
-7.4
7.69

R
- 0.71

R²
0.50

P Value
0.049
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Terrestrial Radiation Data –Sunny Day Isolines from May 21st, 201

139
Terrestrial Data – With Overlays Orientation and Positions taken from
May 24

140

141

142
Terrestrial Radiation Data –Overcast Day Isolines from May 30st, 2012.

143
Terrestrial Data – With Overlays Orientation and Positions taken from May 28.

144
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Approximate Positions during Rain Event from 12:30 to 1:30 (May 28) Observed using time lapse camera and notes taken during observations.
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Shadow Within Enclosure on a Sunny day.
12:30 to 1:30

2:30 to 3:30

1: 30 to 2:30

3:30 to 4:30

148

4:30 to 5:30

