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Thesis Abstract 

 

Tigers are such an iconic species that their inclusion in any large zoo around the world 

is almost a certainty. Since they are wide-ranging carnivores, zoos cannot come close to 

providing the space their wild counterparts enjoy. As such, many captive tigers suffer 

from poor welfare, often evident even to the untrained eye, with the stereotypic pacing 

to which many zoo visitors are familiar. However, it has been suggested that for many 

captive species the complexity of the enclosure is more important than enclosure size, 

though this varies between species. Little is known for tigers, with research in this area 

hampered by the low numbers of tigers housed in most zoos. When multi-institutional 

studies are conducted to combat this hurdle, they face a multitude of additional variables 

from managerial to climatic, with the effects of many unknown and often unaccounted 

for/ignored.  

 To determine the factors most influential to captive tiger welfare there is a need 

to develop better tools with which to measure their welfare. Only then can we determine 

what exactly contributes to negative welfare states and work to remove their influence. 

Perhaps more importantly, we can also determine what factors may promote a positive 

welfare state. To do this, I took a multi-faceted approach, applying physiological and 

behavioural measures of welfare in captive tigers.  

I tested a variety of enzyme immunoassays (EIAs) for use in quantifying faecal 

glucocorticoid metabolites (FGMs) as biomarkers of physiological stress. Furthermore, 

I produced a guided walkthrough for other researchers to perform their own EIA 

validation experiments. Without lab equipment with built in programming (which can 

be expensive), the statistical techniques required can be challenging for non-

statisticians. By providing R code and an interactive spreadsheet, researchers can simply 

copy and paste the raw data output and follow my simple steps to perform all the 

necessary calculations for a full comparative biological validation. After validating an 

EIA for tiger FGMs that was both highly sensitive and robust, allowing for the accurate 

analysis of FGMs in tiger faeces even after short term exposure to the elements, I used it 

for a longitudinal analysis. 

  I collected faecal samples (1 – 2 per week) from seven Sumatran tigers in three 

zoos around Australia for over a year. In doing so I showed that Australian temperate 

climates influence Sumatran tiger FGMs as the seasons change, with seasons most 
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similar to that of the tropical, less changeable, Sumatran climate predicting the lowest 

FGM concentrations. Of particular importance was the amount of precipitation, with 

rainier seasons correlating with lower FGM concentrations. Furthermore, cold weather 

appeared to be more likely to coincide with a physiological stress response in tigers, 

with lower maximum temperatures being the best predictor of a faecal sample 

containing peak FGM concentration. 

 In addition to this, I conducted an observational study at a facility that housed 12 

tigers (the single largest collection in Australia at the time). I created an extensive 

ethogram including 51 behaviours and used an information-theoretical approach to 

create explanatory models from a large number of potential explanatory variables (both 

managerial and individual). From this I showed that the greatest predictor of low pacing 

prevalence was the presence of olfactory cues from conspecifics, followed by the 

presence of a pool, with the effects being greater for larger pools than smaller ones. 

Furthermore, these same variables predicted the opposite for patrolling behaviour, 

considered to be natural behaviour and thus indicative of a positive welfare state. 

Indeed, it is often postulated that pacing in wide-ranging carnivores is a direct result of 

the prevention of performing exploratory behaviours. Additionally, tigers in oestrus and 

those exposed to the scent of a tiger in oestrus further increased their patrolling, but 

when in smaller and less complex enclosures (e.g. small or no pool, no conspecifics or 

scents of conspecifics) it also caused an increase in pacing. 

 The results of my experiments lead to several management suggestions, in 

particular regarding the ways in which water and olfactory enrichment could be used to 

improve captive tiger welfare. For instance, the fact that higher precipitation predicted 

lower FGM concentrations may indicate a possible benefits of novel enrichment 

practices such as the use of sprinklers to simulate rain. This may have a dual effect due 

to the release of odoriferous particles from the substrate from falling water. Tigers 

clearly benefit from the presence of smells they find interesting, in particular those from 

conspecifics, and the placement of such scents in various locations around the tigers’ 

enclosure could lead to more use of the enclosure and more exploratory behaviours 

being performed. Similarly, rather than large expenditures (which for some zoos are not 

possible) to create large central swimming pools, the construction of multiple pools 

spread throughout the enclosure may be more beneficial even if they are smaller. This 

comes from the observation that the size of pool did not predict a difference in comfort 

behaviours performed (e.g. lying in water, lying on back, self-grooming), and the small 
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differences in the effects on pacing and patrolling may be closed due to the added bonus 

of providing a greater number of valuable resources (i.e. water sources) to more areas of 

the enclosure. Although some enrichment practices can be labour and/or cost intensive 

to continually provide, the best form of olfactory enrichment possible may simply be to 

rotate tigers through enclosures as they will provide all the olfactory stimulus required 

(e.g. through marking). The tiger that paced the most in the study did so in an enclosure 

that no other adult tiger ever visited (and he also performed very little patrolling), but 

when the same tiger would visit an enclosure that housed multiple tigers it hardly paced 

at all and patrolled extensively. Furthermore, scent from a female in oestrus may greatly 

affect the results. However, an important caveat to consider with these last two 

suggestions is that if the enclosure is not complex and/or large enough, then the 

increased drive to patrol may result in an increase in pacing. And the individualities of 

tigers must also be considered, for some the scent of conspecifics may be seen as a 

threat, resulting in diminished welfare. It is therefore important, as with any 

management change, to monitor the effects on all individuals to ensure the desired 

result, an improved welfare state, is achieved. 
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Chapter 1. Literature Review 

 

1.1. Introduction 

Global biodiversity is declining at an incredibly high rate, which some claim to be 

greater than that of the last mass extinction 65 million years ago (Raven, Chase, & 

Pires, 2011). The exact rate is debateable, but estimates tend to range from about five 

hundred to one thousand times normal background rates (He & Hubbell, 2011; Pimm et 

al., 2014). Regardless of the exact numbers, many conservation biologists agree that we 

are standing on the precipice of the 6th mass extinction, the difference from the 

preceding five being that its cause is due to one species (J. B. C. Jackson, 2010). 

Humankind is responsible for the current trajectory of the Earth’s biodiversity and the 

onus is on us to address the current loss in biodiversity.  

There are two broad approaches to protecting threatened species. In situ 

conservation refers to protecting the species in its natural habitat, whereas ex situ 

conservation refers to all efforts external to this (Maxted, 2001). Previously ex situ and 

in situ were considered completely different disciplines, but now they tend to be viewed 

as more connected with the integration of techniques pivotal to conserving species 

(Redford, Jensen, & Breheny, 2012). In situ is often considered to be the primary 

objective and is the preservation of the animal’s natural habitat (Maunder & Byers, 

2005). Ex situ on the other hand is also seen as a valuable conservation process  

generally in the form of zoos, gardens (in the case of plants), and aquaria (Maxted, 

2001), and can act to educate the public of the plight of these organisms and teach them 

to care about conserving them, while also raising funds to contribute to in situ 

conservation (Kaufman, Bashaw, & Maple, 2019). Another aspect of ex situ 

conservation is captive breeding and reintroduction. With the current rate of biodiversity 

decline, for certain species ex situ conservation provides a safety net against the often 

very real possibility of extinction. Properly managed ex situ conservation efforts ensure 

the survival of at-risk species providing the possibility of reintroduction, in the case that 

they become extinct in the wild (Ochoa et al., 2016). Reintroduction is not only 

important in the case of extinction, but also when populations become so low that their 

genetic diversity is compromised, captive populations, if managed correctly, provide a 

genetic stockpile (Henry et al., 2009). Unfortunately for many species, human 

development is working faster at destroying native habitats than conservationists can 
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work at restoring them, which means that ex situ conservation is becoming more and 

more important for the survival of many species.  

When ex-situ conservation is working to the eventual release/reintroduction of 

animals then it is vital to maintain the natural biological functioning of the animal while 

in captivity. As mentioned above, keeping genetic diversity is important, but genetic 

change also needs to be avoided. The difference being that while maintaining genetic 

diversity helps protect against disease, genetic depreciation and sterility (Lacy, 1997), 

avoiding genetic change is preventing selection for genetic traits better suited to the 

captive environment (Kirkwood, 2003). Furthermore, captive animals can be genetically 

representative of their wild counterparts but lose much of their behavioural repertoire 

needed for survival (Mason, Clubb, Latham, & Vickery, 2007). Such domestic 

phenotypes may not only render reintroduction efforts impossible and captive breeding 

useless, but also means research on behaviour conducted on captive individuals may not 

be relatable to wild populations and therefore unable to aid in the conservation of the 

species. Another reason to ensure natural behaviours are maintained is for physical and 

psychological health reasons (Hutchins & Smith, 2003). If an animal is exhibiting 

negative and/or abnormal behaviours then it is an indication of stress (Mason, 2006), 

which can directly affect the reproductive success of the animal (Dobson & Smith, 

2000). And of course, there is simply the humane reasons for wanting to decrease stress, 

while also promoting a positive welfare state.  

Animal welfare can be defined as the state of an animal in regards to its attempts 

to cope with its environment (Broom, 1986), but the public is generally most concerned 

about animal welfare as it relates to ex situ conservation (or domestic animal 

management) and the environment which is imposed on animals by captive 

management practises. Animals cope through a variety of psychologic, neurologic, 

physiologic, immunologic, endocrine, and biochemical mechanisms, often working 

synergistically, with no one all-encompassing measure available (Clark, Rager, & 

Calpin, 1997; B. Kumar, Manuja, & Aich, 2012). Therefore, it is important to take a 

multi-faceted approach to animal welfare monitoring and management. 

This review aims to give a general overview of the difficulties faced by tigers in 

captivity, both historically and in modern settings (sections 1.2. to 1.3.). It then delves 

into the main means by which their welfare has been assessed (behavioural studies; 

section 1.4.). Conservation physiology is suggested as a means of supplementing the 

behavioural studies currently used, and an extensive review of measures of endocrine 
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function based on non-invasively collected samples can be used including analysis of 

their potential caveats (section 1.5). Finally, the conclusion details the aims of the 

research conducted in fulfilment of this PhD thesis (1.6). 

 

1.2. Importance of tiger conservation 

A century ago, world-wide tiger numbers were estimated to be 100,000 strong 

(Initiative, 2011). The most recent IUCN report (2014) estimates only 2154 – 3159 

mature individuals which is continuing to decline. The picture is even more dire when 

considering individual sub-species. There are six remaining extant sub-species of tigers 

left, the Bali (Panthera tigris balica), Javan (Panthera tigris sondaica) and Caspian 

tiger (Panthera tigris virgata) likely became extinct in the 1940s, 1970s and 1970s 

respectively, and all were officially declared extinct by the IUCN in 2003 (P. Jackson & 

Nowell, 2008a, 2008b, 2011). Of the six extant sub-species remaining, the South China 

tiger (Panthera tigris amoyensis) is likely extinct in the wild (Nyhus, 2008); the 

Malayan (Panthera tigris jacksoni) and Sumatran tiger (Panthera tigris sumatrae) are 

critically endangered (Kawanishi, 2015; Linkie, Wibisono, Martyr, & Sunarto, 2008); 

and the remaining three, the Bengal (Panthera tigris tigris), Indochinese (Panthera 

tigris corbetti), and Amur tiger (Panthera tigris altaica) are listed as endangered 

(Chundawat, Khan, & Mallon, 2011; Lynam & Nowell, 2011; Miquelle, Darman, & 

Seryodkin, 2011), with the Indochinese tiger potentially now critically endangered, as 

the latest assessment in 2011 stated the sub-species was approaching the threshold of 

being critically endangered. 

Tigers are an iconic flagship species, revered by many cultures, with distinctive 

socially iconic roles such as both national and religious/spiritual symbols (Jalais, 2018). 

This, and the fact that they are apex predators and therefore of great importance to the 

ecosystems they inhabit (Hollings, Jones, Mooney, & McCallum, 2014; Hughes et al., 

2013), has contributed to tiger conservation receiving some of the highest levels of 

funding for endangered species (Damodaran, 2009). However, their popularity is both a 

blessing and a curse and is a highly contributing factor to their decline and their need for 

such help. Traditionally, particularly in India, it was a sign of strength to go out and 

hunt a tiger. These hunters were often praised for their heroics as tigers were in much 

greater numbers then, and would come into conflicts with humans even killing them, so 

the hunter was seen as a protector and at times the killing of a tiger seen as a 
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humanitarian pursuit popular with army officers (Sunquist & Sunquist, 2002). Even, 

Jim Corbett, one of the most well-known names in tiger conservation with a tiger 

reserve in India named after him and indeed being the namesake for the Indochinese 

tiger’s scientific name: Tigris corbetti, was an esteemed tiger hunter before turning 

conservationist (Jaleel, 2001; Mazak, 1968). Although deaths by tiger attack are 

relatively rare today, as recently as the first half of the 20th century there were ‘man-

eaters’ each credited with hundreds of human deaths (Corbett, 1944), and by the end of 

it there was still an estimated 100 – 150 people per year killed by tigers in the 

Sundarbans of Bangladesh alone (Helalsiddiqui, 1998). One individual detailed by 

Corbett (1944), the Champawat tiger, was alone credited with 436 human deaths across 

Nepal and India. Having a large home range and moving between villages to avoid the 

hunters and even the Nepalese army that was unsuccessfully dispatched to hunt her, the 

tigress struck fear into nearby villagers who heard her roar, until eventually being shot 

and killed by Jim Corbett himself (Corbett, 1944). Tigers were also kept as a status 

symbol by the elite, much as is done now in the USA1. Nowadays, tigers are still 

hunted, but it is not for the ‘glory’ or to protect others, but to sell their anatomical parts 

on the black-market. Tiger parts, along with parts of other endangered animals acquired 

on the black market, are used in traditional Chinese Medicines and demand has been 

growing (Stoner, Krishnasamy, Wittmann, Delean, & Cassey, 2016). And the other 

major contributor to the mass decline in tiger numbers is habitat destruction, with tigers 

currently occupying 7% of their former distribution range (Dinerstein et al., 2007). 

Maintaining and enhancing wild tiger populations has mainly focussed on in situ 

conservation. Efforts led by the National Tiger Conservation Authority of India, state 

Forest Departments, and the Wildlife Institute of India, as well as other conservation 

organisations, resulted in an increase of India's tiger (Bengal tiger) population to an 

estimated 2,226 in 2014 of individuals over 1.5 years of age from 1,706 in 2010 (Jhala, 

Qureshi, & Gopal, 2015). In 2010 the global wild tiger population was estimated to be 

between 3,200 and 3,500 meaning that India's then 1,706 estimate was approximately 

50% of the global tiger population, and the higher the founding population the greater 

the chances of in situ conservation efforts success (Global Tiger Initiative Secretariat, 

 
1There are more privately owned captive tigers in the USA alone than there are wild 

tigers worldwide. In some states it is easier to buy a tiger than adopt a dog from the 

local animal shelter. The number of these tigers is estimated to be 5000 (World Wildlife 

Fund, 2014).  
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2011). However, the Amur tiger (95% of individuals believed to occur in Russia) was 

listed as critically endangered in the 1930s, with an estimated 20 – 30 individuals 

remaining, until being lifted to endangered status in 2008 (IUCN). Due to a hunting ban 

in the 1940s and the application of conservation efforts, estimates from the 2015 

Russian census is between 523 and 562 individuals (Amirkhanov & Aramilev, 2015). 

Unfortunately, conservation efforts do not always pay off. The Javan tiger is such an 

example. In the 1920s – 30s three protected areas were established, and the tigers 

survived there until the mid-1960s, but the last positive recording was in 1976 from 

another wildlife reserve established in 1972 (Seidensticker, 1986). Javan tigers did exist 

in Indonesian zoos but were abandoned during World War II, after which the Javan 

tigers were already so rare that it was easier for zoos to obtain Sumatran tigers 

(Seidensticker, 1986). Even the apparent success of the Amur tiger is fraught with 

uncertainty. Due to the population bottle neck in the 1930s the wild Amur tiger 

population has the lowest genetic diversity of any tiger population, with Henry et al. 

(2009) showing that the wild population (428 – 502 at the most recent census in relation 

to the study) had and effective population size of only 27 – 35. Therefore, it was 

suggested that captive bred Amur tigers could be introduced to help increase the genetic 

diversity, and thus the viability of this population (Henry et al., 2009). This drives home 

the importance of ex situ conservation as a genetic safeguard for endangered animals. 

Captive populations can not only be used for reintroduction in the case of local 

extinctions, but also to bolster the genetic variation of a reduced population at risk of 

becoming too genetically homogenous.  

 

1.3. Challenges for ex situ tiger conservation  

Ex situ conservation of tigers involves more than simply keeping them in captivity to 

provide a safety net against extinction. As mentioned in section 1.1., genetic change 

needs to be avoided and natural behaviours retained (Kirkwood, 2003; Mason et al., 

2007). Preserving the natural phenotype requires that biological functioning is optimal 

to allow animals to cope with the captive environment and if necessary, thrive when 

released. 

 In order to understand this biological functioning, we can draw on the discipline 

of animal welfare. Animal welfare typically evaluates behavioural and physiological 



17 
 

indices to provide insights into the welfare state of the animal (Mellor, Patterson-Kane, 

& Stafford, 2009). 

 

1.4. Assessing welfare through behavioural observation 

As highlighted by Mellor et al. (2009), positive animal welfare cannot be confirmed 

simply by observing the absence of negative signs of welfare which has often been the 

focus in the past. This is not to say it is not important, but more recently there has been 

a shift towards ensuring animals are experiencing a positive welfare state (Yeates & 

Main, 2008). Positive behaviours such as play and comfort behaviours should be 

observed (with the type and frequency dependant on the species), and it should be 

ensured that animals can perform behaviours and/or have access to provisions that they 

want or even like (Dawkins, 2006). And, although there may be significant overlap, 

their environment should allow them to perform natural behaviours (Bracke & Hopster, 

2006). However, as stated this is a relatively new dynamic in the literature and as such 

the majority of tiger welfare studies have focussed on measuring negative indicators of 

welfare, hence it will be discussed below. 

Using behavioural observations as a measure of impaired welfare often centres 

on measuring the occurrence of abnormal or maladaptive behaviours. These behaviours 

are defined by the frequency, pattern or context in which they are expressed (Hill & 

Broom, 2009). The most common abnormal behaviour expressed by captive animals is 

stereotypic behaviour which can be defined as "repetitive behaviour induced by 

frustration, repeated attempts to cope, and/or central nervous system dysfunction 

(CNS)" (Mason, 2006). For large ranging predatory species, such as tiger, stereotypic 

behaviours most commonly present as stereotypic pacing (Mason, 2010). 

Although it generally is not argued that higher levels of stereotypic behaviours 

correlate with worsening levels of welfare (but see Fentress, 1976), their absence does 

not necessarily imply that good welfare is being achieved (Hill & Broom, 2009). Broom 

(1988) stated that "welfare varies on a continuum from very good to very poor". 

However, by only assessing negative behaviour, welfare can only range from very poor 

to neutral at best. For example, a study by Krawczel, Friend, and Windom (2005) on the 

behaviour of tigers in circuses analysed the percentage of time tigers spent in 

stereotypic pacing prior to and after performing. The study found that post performance 

tigers spent only 10-11% of their time pacing, which is relatively low compared to some 
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other studies (Clubb & Mason, 2007). However, tigers spent 0 – 0.2% percent of their 

time standing, with the rest of their time attributed to sleeping or were not visible at 

time of observation. So, although pacing did not take up a large percentage of their 

time, it did take up nearly all of their active time. This not only supports that it is 

important to assess positive behaviours, but also suggests that analysis of stereotypic 

behaviours should take into account the amount of active time as well as total time, 

especially in species such as big cats that spend a large portion of the day inactive.  

Behavioural observations have also been used to gauge the benefits to animals 

from improving their enclosures, which had rather abysmal origins, with behavioural 

monitoring in response to captive setting alterations continuing to be an important 

aspect of animal welfare monitoring in the current age. These are outlined in the 

following sections. 

 

1.4.1. Housing background 

Traditionally, captive big cats were kept in barren concrete cells with bars for optimal 

viewing (L. J. Miller, Bettinger, & Mellen, 2008) as they were there for entertainment 

purposes rather than any form of conservation (Poole, 1996). The concept of bar-less 

moated enclosures was conceived by Carl Hegenback in 1907 and inspired zoos to 

develop more spacious naturalistic exhibits with natural substrate and vegetation that 

brought visitors “beyond the bars” (Hosey, Melfi, & Pankhurst, 2013). However, many 

big cats around the world are still subject to poor conditions, with many countries 

having minimum requirements of less than 50 m2 and some with no minimum required 

(Breton & Barrot, 2014). Of course, many facilities will greatly exceed the minimum 

requirements, and Sweden has particularly large minimum size requirements (relative to 

other countries) for captive animals, with tigers requiring a minimum of 1000 m2 

(Swedish Board of Agriculture, 2019). Although the traditional means of keeping tigers 

clearly compromises welfare, it is still largely unknown what the optimal captive 

environment is. In today’s society there is a push for enclosures to not only provide 

basic welfare needs, but that also allow animals to perform their natural behaviours. 

This may stem from ethical concerns from the general public but is also important to 

maintain the natural phenotype if they are to be of direct value to conservation efforts. 
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1.4.1.1. Enclosure design – with how much space should tigers be provided 

In the wild, tigers have very large and variable home ranges, largely due to prey 

abundance but also likely population density and limited habitat due to human 

encroachment (particularly in India and Bangladesh), spanning from as low as 10 km2 

for female Bengal tigers to 1,000 km2 for male Amur tigers across much of their range 

(Sunquist & Sunquist, 2002), though in south-east Russia and Manchuria they average 

2,000 – 4,000 km2 and may even be as large as 10,500 km2 (Mazak, 1981). Tigers also 

have large daily travel distances with averages of 7 – 30 km regularly recorded 

(Schaller, 1967; Sunquist & Sunquist, 2002), though Amur tigers have been known to 

travel up to 60 km in a day (Mazak, 1981). It is often stated that enclosure size is of 

particular importance for species with large home ranges such as tigers, and that the 

distance wild individuals travel in a day can be a predictor of time they spend pacing in 

captivity (Breton & Barrot, 2014; Clubb & Mason, 2007). Despite this, few peer 

reviewed papers have assessed the effects of enclosure size on the behaviour of tigers, 

and when they have, other variables have not been controlled due to the difficulty (or 

impossibility) of doing so. For example, Lyons, Young, and Deag (1997) compared the 

behaviour of nine felid species in a variety of different sized enclosures and found that 

those in larger enclosures had higher levels of activity and tended to pace less, though 

the results for pacing were non-significant. The three tigers (Amur tigers) in the 

experiment did not pace at all and were in the largest enclosure by far. The obvious 

downside to this experiment is that it was comparing different species. It is likely that 

enclosure size is important for all the species studied, but the degree of importance may 

vary.  

Bashaw, Kelling, Bloomsmith, and Maple (2007) conducted a study that was 

more controlled in this regard in that it observed the behaviour of two tigers that 

alternated between a larger and smaller enclosure, but although they appeared to pace 

less and perform more non-stereotypic active behaviours in the larger enclosure the 

results were not statistically significant. Furthermore, the smaller enclosure did not have 

any visual obstructions meaning that the tigers had no way of retreating from view of 

the public, or the other tiger in the larger enclosure, which has previously been shown to 

have a significant effect on stereotypic pacing in tigers (L. J. Miller et al., 2008). A key 

issue with all previous studies was the extremely small sample sizes of only one to three 

tigers. Zoos often only house small numbers of tigers and it was proposed by Swaisgood 

and Shepherdson (2005) that when conducting zoo research only multi-institutional 
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studies should be considered to obtain significant results. However, when tigers are 

housed at different facilities they will be subject to different conditions (e.g. different 

management, climate), not just different enclosure variables, the effects of which have 

thus far been largely ignored. 

However, certain zoos, most likely to occur in tiger home range countries, often 

have much larger numbers of tigers. For example, Mohapatra, Panda, and Acharya 

(2014) compared the effects of enclosure size on a population of 19 Bengal tigers all 

housed at the Nandankanan Zoological Park in Odisha, India. This number of tigers is 

higher than three of the four multi-institutional studies on tiger behaviour found from 

extensive literature review (n = 7; Biolatti et al., 2016; n = 15; De Rouck, Kitchener, 

Law, & Nelissen, 2005; n = 18; Pitsko, 2003). This is beneficial because environmental 

stressors such as climate, which cannot easily be controlled, will be universal for all 

subject animals and therefore will not add another variable which is already an issue 

with these kinds of studies. Mohapatra et al. (2014) did not find a significant effect of 

enclosure size (1,250 – 1,550 m2 vs 250 – 350 m2) on the amount of stereotypic pacing 

performed by tigers, and apart from their size, the enclosures were similar to each other, 

all being naturalistic. However, three of the eight tigers in small enclosures were cubs 

housed with their mother and cubs were shown to not pace at all. Furthermore, the 

mother was kept with her cubs which also may have had an effect on her pacing, though 

the study did not specify her contribution to the average calculated. The other four tigers 

that were in small enclosures may have had significantly higher levels of stereotypic 

pacing than those in the larger enclosure had the cubs and mother been removed, as 

their inclusion (at least from the cubs) would have brought the average of time spent 

pacing down for the smaller enclosure tigers.  

A similar effect was potentially at work in a multi-institutional study by Breton 

and Barrot (2014) which used 36 tigers to look at the effects of enclosure size on 

pacing, and also the total distance covered by the tiger per day. Total distance covered is 

recognised as an important factor, especially for large ranging species such as tigers, 

and the lack of ability to travel is often linked to pacing (Clubb & Mason, 2003). The 

study compared tigers from eight small enclosures ranging from 20 m2 to 1190 m2 

(averaging 607 m2, n = 15 tigers), four medium enclosures ranging from 3999 m2 to 

8700 m2 (averaging 6994 m2, n = 12 tigers), and one large enclosure 35,000 m2 (n = 9 

tigers). Total distance travelled significantly correlated to enclosure size, and the 

authors suggested that tigers should be provided with enclosures of at least 1000 m2. 
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Furthermore, pacing showed a significant negative correlation with enclosure size; 

however, when analysed by sex the correlation for males was not significant. This too 

could have been due to the inclusion of young tigers despite being shown to pace very 

little. In the small enclosures 33.33% (n = 3) of male tigers were young but only 20% (n 

= 1) in medium enclosures (note that in large enclosures only one individual paced, and 

to a very small degree, so the inclusion of cubs in the analysis for large enclosure did 

not matter).  

Indeed, Mohapatra et al. (2014) conducted three behavioural studies at the 

Nandankanan Zoological Park over two years, the first study included two seven-

month-old cubs that did not pace at all as was also the case during the second study 

when they were 1.5 years old, and the third study when they were 2.5 years old had 

them displaying the least amount of pacing aside from the new, younger, cubs 

(Mohapatra et al., 2014). This is likely due to the dispersal age of tigers who generally 

stay with their mother up till 17 – 24 months (Smith, 1993), and the fact that they do not 

generally reach sexual maturity (another driver for exploratory behaviours) until 

approximately three or four years of age for female and male tigers, respectively 

(Sunquist & Sunquist, 2002). To avoid these potential confounding variables, it is 

strongly recommended to analyse young individuals separately.  

Focussing more on the factors influencing positive behaviours, Biolatti et al. 

(2016) compared seven tigers from four different zoos, two of which had tigers in 

enclosures smaller than 1000 m2 and two with enclosures larger than 5000 m2. Drawing 

from the literature, Biolatti considered ‘self-grooming, immersion [in water], affiliative 

behaviours, intentional out of sight, [and] interaction with environment’, to be 

indicators of enhanced welfare. All tigers showed very little pacing (< 2%) that did not 

significantly differ from each other but the degree of positive behaviours was shown to 

be significantly greater in two of the zoos, one of which had the smallest enclosure size 

(700 m2). All four zoos had naturalistic enclosures and the only noted variable that 

seemed to correlate with enhanced welfare states (signified by the presence of positive 

behaviours) was the presence of a pool with clean water. The two with fewer positive 

behaviours had pools, but with low water levels or were dirty or filled with mud.  

A master’s thesis by Pitsko (2003) looked at the effects of enclosure size (large 

> 1600 m2, small < 60 m2), substrate (natural, unnatural or mixed), vegetation 

present/absent, pool present/absent and enrichment (given a score of 1 – 10 according to 

the number of items such as toys, ledges, water sources etc) on 18 tigers from four 
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different facilities. All these aspects significantly correlated positively to amount of 

explorative behaviours shown and negatively to amount of pacing. However, positive 

aspects tended to coincide with each other in that large enclosures typically had natural 

substrates, vegetation, and pools present, and contained a high number of enrichment 

items with the same holding true for the negative aspects. Thus, it could only be 

concluded from their study that larger more naturalistic enclosures with pools and 

enrichment items reduced pacing and increases explorative behaviour in tigers. 

However, it must be noted that added size and complexity of an enclosure does not 

necessarily mean animals will take advantage of it.  

A group of captive gorillas utilised 80 – 98% of their enclosure space but 50% 

of their time was spent in only 15% (Ross, Calcutt, Schapiro, & Hau, 2011). Although 

an important issue, there is little in the published literature in regards to tigers (Lyons et 

al., 1997; Pitsko, 2003; White, Houser, Fuller, Taylor, & Elliott, 2003), though there are 

several studies that show that pacing takes place predominantly at the edge of an 

enclosure (Mason & Rushen, 2006). For species such as tigers that spend a large portion 

of the day sleeping or resting, providing multiple areas that allow them to escape from 

view as is often done when sleeping may aid in increasing the total enclosure space 

utilised. In the warmer seasons ensuring that enclosures have sufficient shade will also 

help, as Pitsko (2003) found tigers to spend 90% of their time in the shade. However, it 

must be noted that shaded areas can have a higher heat index than direct sunlight due to 

the thermal properties of substrates such as gunite, commonly used in zoos, or 

inadequate airflow (Forthman, McManamon, Levi, & Bruner, 1995). Particularly in 

large mammals, shade alone may not be sufficient to reduce thermal stress (Forthman et 

al., 1995), further highlighting the importance of a pool. 

 

1.4.1.2. Social dynamics 

Like all big cats except the lion, tigers are generally considered solitary animals 

(Sunquist & Sunquist, 2002). Whether an animal lives alone or in a group often depends 

on environmental factors and the traits of other species in the area, both prey and 

competitor (Sunquist & Sunquist, 2002). Tigers live in areas of dense vegetation and 

low prey abundance and it is therefore easier for them to only need to provide food for 

themselves. Lions on the other hand mostly live in the open plains of Africa which is 

known for having big herds of large prey that the lions can work together to catch and 
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provide for the whole pride. In the wild, tigers are typically solitary animals or mothers 

with cubs, with the male having limited interaction after mating (Sunquist & Sunquist, 

2002). Hunting dynamics are not an issue in captivity where animals have food 

provided for them. In captivity tigers are generally housed alone, in pairs, and 

occasionally in family or groups of females, and indeed there is much anecdotal support 

from zookeepers that tigers in captivity prefer to be with conspecifics when possible. 

Furthermore, there have been reports of wild tigers travelling in groups, socialising and 

hunting together and males have been seen with females and their cubs when feeding, 

resting and bathing (De Rouck et al., 2005). This suggests that depending on the 

environmental circumstances such as food availability (being provided for in captivity) 

tigers may be less solitary than previously believed and may even prefer the presence of 

conspecifics in captivity.  

One of the few peer reviewed articles reporting the effects of social housing 

tigers was a multi-institutional study by De Rouck et al. (2005), comprising nine 

institutions across four European countries. These authors reported the effects of 

housing tigers solitarily or in pairs, and also the effects of being housed next to 

conspecifics. As previously mentioned, tigers were traditionally housed in small barren 

cages, these were often adjacent to or opposite conspecifics or other felids (L. J. Miller 

et al., 2008), and although changes towards larger more naturalistic enclosures have 

been occurring for over a century the ability to see conspecifics is given little thought in 

enclosure design and this was the first study to report the effects on tigers of direct 

visibility of conspecifics. The study consisted of 15 female tigers (aged 3 – 15), six of 

which were housed solitarily with neighbouring conspecifics and the other nine being 

housed in pairs (only one animal from each pair was sampled), with three of the pairs 

having neighbouring conspecifics. Tigers were observed for various behaviours, the 

most significant of which was the difference in the proportion of active time spent 

performing stereotypic pacing. Although there was a slight significant effect of social 

housing, the major factor appeared to be the presences of neighbouring conspecifics, 

with rates of 4.67%, 21.30%, and 23.91%, for paired tigers without neighbouring 

conspecifics, paired tigers with neighbours, and solitary tigers with neighbours, 

respectively. The evidence suggested that the presence of neighbouring conspecifics 

may cause stress inducing stereotypic pacing. However, the paired tigers without 

neighbours were generally in larger enclosures: four ranged from 600 – 1200 m2 while 

solitary all ranged from 130 – 480 m2 and paired with neighbour 170 – 280 m2, and as 
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previously discussed enclosure size is likely a major contributor to pacing. Furthermore, 

the study mentioned that some enclosures were very naturalistic whereas some were 

quite barren, it did not specify which, but as highlighted in the previous section (1.4.1.1 

Enclosure design) it tends to be that the larger enclosures are more naturalistic while the 

smaller are more barren. Another potential confounding variable was the fact that one of 

the three paired tigers with neighbours was thought to be in oestrus and paced for 1/3 of 

active time, removal of this individual would have reduced average pacing for the group 

to 15.28%. This is still not as low as the paired without neighbour, but low sample size 

and small (and possibly barren) enclosures could account for this. One final note is that 

although the paper did not mention anything about the relationships between focal tigers 

neighbouring conspecifics, it did note that the neighbours of tigers that paced regularly 

also paced regularly. The authors suggested that the neighbours pacing could be 

influencing the sample tiger, but the degree to which this may have contributed would 

be impossible to discern. Tigers have very individual personalities and it could just be 

that the tiger did not like its specific neighbour as has been seen to occur, sometimes for 

no apparent reason (personal observation, also see A. Miller and Kuhar, 2008). Despite 

these potential confounding variables, it is clear that the social dynamics of the captive 

environment may have a major effect on the welfare of tigers and warrants further 

investigation.  

L. J. Miller et al. (2008) assessed the effects of using a visual barrier on 

stereotypic pacing in tigers. The study included six tigers (all female, spayed, adults) 

held in varying combinations from day to day between two large (approximately 2000 

m2) naturalistic enclosures (including water features). The enclosures were separated by 

a visitor pathway and glass barriers, allowing visual access to each other but likely 

limited olfactory and auditory stimuli. By installing shutters that blocked visual access 

at certain times of the day, pacing was significantly reduced. Conversely, a study by 

Bashaw et al. (2007) involved the placement of an opaque barrier on the outside of the 

mesh fence at the back of a solitarily housed tigress, blocking her view of a male 

conspecific and the keeper area, found a significant increase in pacing compared to 

baseline observations. The contradictory results could have been due to a myriad of 

reasons. For example, the tigers described in the L. J. Miller et al. (2008) report had 

previously been reported to include an individual that could not be housed with two of 

the other tigers due to several instances of intense aggression between them (A. Miller 

& Kuhar, 2008) meaning that the barrier prevented sensory stimulus of a potential 
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source of stress. A figure provided in the report did indicate a large disparity in the 

effect of the treatment between tigers, but it did not identify these individuals. On the 

other hand, Bashaw et al. (2007) concluded that the other tiger was not a source of 

pacing in the focal animal to begin with, and blocking access to the keeper area (where 

some positive stimulus and food comes from, as well as being the location of her 

sleeping den) may have resulted in the observed increase. Furthermore, the barrier in the 

latter study prevented visual but not olfactory nor auditory stimuli, regardless of 

whether the other tiger and/or keeper area is a positive or negative stimulus; knowing of 

its presence but not being able to see it may increase frustration and thus pacing (Mason 

& Rushen, 2006). 

 

1.4.1.3. Summary of behavioural assessment of tiger welfare 

Pointing out all the potential confounding variables in the literature discussed in the 

previous sections (1.4.1.1. – 1.4.1.2.) is not intended to diminish the significant 

advances in our understanding they have provided. Rather it is to highlight the 

difficulties in conducting such studies in animals like tigers, and to drive home the point 

that tiger welfare can be influenced by a wide range of factors. 

 To help combat the wide range of potential variables involved, the use of 

statistical techniques such as the information-theoretic approach was employed (Akaike, 

1973). This allows for the formation of competing models to find the best explanatory 

variables (independent variables/ fixed effects), which can be selected from a large 

candidate list, to explain changes in the dependent variable (e.g. a behaviour of interest) 

and rank them from best to worst according to the Akaike information criterion (AIC; 

Anderson & Burnham, 2002). These techniques are becoming more frequently used to 

assess welfare of zoo animals (Baird et al., 2016; Edwards, Miller, Carlstead, & Brown, 

2019; Levy et al., 2020). 

 Additionally, a detailed ethogram should be used that looks beyond the basic 

assessments often seen, recording little (if anything) more than when the animal is 

active, resting, or stereotyping. Particular for researchers not intimately familiar with the 

behavioural intricacies of their study animal, the formation of an ethogram should be 

done by extensive review of the literature and can be greatly aided by the reaching out 

to keepers and naturalists who specialise in the species in question. In doing so we are 
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able to consider all possible behaviours, rather than just focussing on a few. Detailed 

analysis of behaviour and the development of an extensive ethogram has also proven to 

be beneficial for veterinary clinical practice (Nicholson & O'Carroll, 2021). 

Furthermore, authors should include as much detail of the specifics as they can 

to increase the chances of other studies being able to contribute to the understanding of 

potentially confounding results. This is particularly important for animals like tigers that 

can have very individualistic personalities which exacerbates the already significant 

issue of small samples sizes typically held within facilities. Further to this, a greater 

understanding of captive tiger welfare may be able to be gained by including additional 

measures of welfare, such as physiological measures. 

 

1.5. Conservation physiology 

The concept of using physiology to determine effective means of conservation has been 

around since the early 1900's, but the field of "conservation physiology" was not borne 

until the 2006 paper by Wikelski and Cooke (2006) of the same name. Its most recent 

definition comes from Cooke et al. (2013); "An integrative scientific discipline applying 

physiological concepts, tools, and knowledge to characterizing biological diversity and 

its ecological implications; understanding and predicting how organisms, populations, 

and ecosystems respond to environmental change and stressors; and solving 

conservation problems across the broad range of taxa (i.e. including microbes, plants, 

and animals)". 

Recent advances in the field of non-invasive endocrinology (see Kersey and 

Dehnhard, 2014, for review) have proven it to be a powerful tool in conservation 

physiology for various taxa (for example, see reviews on carnivores, Young et al., 2004; 

amphibians, Narayan, 2013; and marsupials, Hing, Narayan, Thompson, & Godfrey, 

2014). Despite these advances, it is underused in captive management of wild species, 

generally being used for production animals or in situ approaches. It centres on 

measuring hormones and/or their metabolites to determine the welfare state of an 

animal: most commonly reproductive hormones and glucocorticoids (GCs; biomarkers 

of “stress”). Up until now this review has not defined stress as it is a commonly used 

term with so many different definitions, causing some to argue it has become a useless 

term (McEwen, 2000). However, in the realm of stress physiology the central theme 

tends to be that a stressor is anything that threatens homeostasis. Thus, I will define 
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stress as the biological changes which present in an animal in the presence of a noxious 

stimuli (a stressor) that threatens homeostasis, and the effect on the animal is to produce 

a "stress response". 

 

1.5.1. Glucocorticoids and the hypothalamic-pituitary-adrenal (HPA) axis 

The foundation of the stress response is the neuroendocrine pathway; the hypothalamic-

pituitary-adrenal (HPA) axis, which acts to produce "stress hormones", i.e., GCs, the 

trademark of the physiological stress response (Jessop, Woodford, Symonds, & 

Boonstra, 2013). Glucocorticoid receptors are located in almost all body tissues (De 

Kloet, Vreugdenhil, Oitzl, & Joëls, 1998). As such, the role of GCs are numerous, being 

important regulators of essential bodily systems such as metabolism and immune 

response (Priyadarshini, Pradhan, Griebel, & Aich, 2018), to potent modulators of 

behaviour (Tops, Wijers, Koch, & Korf, 2006). It is important to note that GCs often act 

in concert with other hormones, for example GCs and testosterone jointly regulate risk-

taking in humans (Mehta, Welker, Zilioli, & Carré, 2015), and that they work together 

with catecholamines (faster acting stress hormones in the form of adrenaline and 

noradrenaline) to mount a response to an acute stressor (Soreq, Friedman, & Kaufer, 

2010). The scope of GC function is beyond that of this paper (but see Soreq et al., 

2010), for our purposes it is sufficient to understand that GCs respond to a stressor and 

aid in enacting changes (both physiological and behavioural) to deal with the stressor 

and bring the body back to a state of homeostasis (i.e. mount a stress response). 

The stress response begins with the activation of the HPA axis by signals sent 

from the central nervous system when a stressor has been detected. Corticotrophin-

releasing hormone (CRH) and vasopressin, two neuropeptides synthesized in the 

paraventricular nucleus of the hypothalamus, are released into the capillary bed of the 

median eminence of the hypothalamus and travel directly to the pituitary via the 

hypophyseal portal system. This causes adrenocorticotropic hormone (ACTH), 

synthesised in corticotropic cells of the anterior pituitary, to be released into the 

systemic circulation. Adrenocorticotropic hormone travels to the adrenal glands 

stimulating the release of GCs, from the zona fasciculata of the adrenal cortex (Möstl & 

Palme, 2002), and many other neuroendocrine mediators (Moberg & Mench, 2000). 

Levels of circulating GCs negatively feedback to the brain to limit continued secretion 

of ACTH, thereby limiting the stress response under normal physiological conditions 
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(De Kloet et al., 1998; Figure 1.1). Therefore, physiological assessment of stress 

responses in animals is aided by the quantification of GCs, typically cortisol in 

mammals (Palme, Fischer, Schildorfer, & Ismail, 1996) though corticosterone is more 

dominant in some rodents and some lagomorphs display similar amounts of both (Boiti 

& Yalow, 1978). Glucocorticoid receptors (GRs) are found in high concentration in the 

brain, especially in hypothalamic CRH neurons, and in corticotropic cells of the 

pituitary (De Kloet et al., 1998). In the brain, GCs also bind to mineralocorticoid 

receptors (MRs), which have their highest concentration in the hippocampus, where 

GCs can bind with approximately 10 times greater affinity than to co-localised GRs. 

Under basal levels (without the presence of a stressor) the HPA axis is regulated by the 

action of the hippocampal MRs. When GC levels rise (e.g. in response to a stressor) 

they bind to hippocampal GRs, which inhibit the effect of the MRs on the HPA axis, 

which is instead mediated by GCs binding to GRs in the hypothalamus and pituitary 

preventing the secretion of CRH and ACTH, respectively (De Kloet et al., 1998). 

 

1.5.2. Sex steroids and the hypothalamic-pituitary-gonadal (HPG) axis 

Similar to the HPA axis is the hypothalamic-pituitary-gonadal (HPG) axis. This also 

involves the release of a neuropeptide, i.e. gonadotrophin releasing hormone (GnRH), 

from the hypothalamus into the hypophyseal portal circulation to stimulate the release 

of the gonadotrophins into the systemic circulation; luteinising hormone (LH) and 

follicle stimulating hormone (FSH). The target for LH and FSH is in the gonads where 

LH primarily acts to release sex hormones while FSH also aids in gametogenesis 

(Nussey & Whitehead, 2001). As with GCs, the function of sex steroids are extensive 

(e.g. oestrogenic effects on bone mineralisation; Brennan et al., 2012), but for the 

purpose of my research I will focus on the physiological and behavioural changes they 

facilitate to allow for reproductive success (Steinman & Trainor, 2010; Wierman, 2007).   

Similar again to the HPA axis, the HPG axis is regulated by negative feedback 

from the steroid hormones it produces (i.e. sex hormones). However, GnRH neurons in 

the hypothalamus have been shown to be completely devoid of the primary oestrogen 

receptor (ER) ERα, progesterone receptors (PRs) and androgen receptors (ARs), or at 

least very limited in their numbers (e.g. PRs in a few guinea pig GnRH neurons 

Herbison, Skinner, Robinson, & King, 1996; Herbison & Theodosis, 1992; J. C. King et 

al., 1995). This suggested the necessity for the existence of another factor, which does 
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express receptors for the sex steroids and which relays to the GnRH neurons. This factor 

was shown to be the hypothalamic neuropeptide kisspeptin. Indeed, there is evidence to 

suggest that kisspeptin secretion is regulated by the action of sex steroids on their 

associated receptors which do reside in kisspeptin neurons (Foradori et al., 2002; 

Franceschini et al., 2006; Navarro et al., 2011). Kisspeptin, encoded from the gene 

KiSS-1 was discovered by Lee et al. (1996). It acts upstream of GnRH in the HPG axis 

and is largely involved in both its tonic secretion (to produce sex hormones and 

maintain follicle development) and cyclic secretion (required for the LH surge that leads 

to ovulation; Roseweir et al., 2009). The end products of the HPG axis, the sex steroids, 

can be analysed in the same ways as glucocorticoids, described in the following 

sections, and therefore used to monitor oestrus cyclicity as an indicator of reproductive 

potential in tigers (Putranto, 2011; Seal et al., 1985). 

 

1.5.3. Quantification of glucocorticoids (GCs) 

Glucocorticoids (GCs) are generally quantified without the presence of a stressor to 

establish a "baseline" (Delehanty & Boonstra, 2012), with baseline levels naturally 

showing slight fluctuations (D. B. Miller & O'Callaghan, 2002; Sapolsky, Romero, & 

Munck, 2000). However, a sharp elevated rise and subsequent return to baseline 

indicates an "acute" stressor (implying a stress event occurred and ended), whereas 

elevated levels without a return to baseline indicates "chronic" stress (implying a 

persistent stressor; Trevisi & Bertoni, 2009). The presence of an acute stress response is 

not necessarily negative for welfare and is in fact in many cases vital for an animal's 

survival (D. B. Miller & O'Callaghan, 2002). The acute stress response can be 

stimulatory (optimising physiological systems for action) and preparative (priming 

systems for action; Hing et al., 2014) to help cope with naturally occurring stressors and 

re-establish homeostasis (Munck & Náray-Fejes-Tóth, 1994; Sapolsky et al., 2000). It is 

only when a stressor or stressors persist that do not allow GCs to return to baseline does 

chronic stress occur. This can lead to pathologies such as inhibition of stress response to 

future stressors, suppression of reproductive or immune function, and other deleterious 

effects (J. M. King & Bradshaw, 2010; D. B. Miller & O'Callaghan, 2002; Narayan & 

Hero, 2014).  
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1.5.4. Non-invasive physiological indicators of welfare 

Hormones are frequently measured in blood, but these measurements come with 

potential physiological and methodological issues. On the physiology side, blood 

sampling only provides a snap shot view of concentrations at the time of sampling, but 

hormones such as GCs are secreted into the circulation in a pulsatile fashion which can 

result in a ten-fold change in circulating plasma concentration within minutes (Palme, 

Rettenbacher, Touma, El‐Bahr, & Möstl, 2005). Therefore, multiple samples are 

required to ensure an accurate representation. Therein lies a significant methodological 

issue when measuring GCs: blood sampling inherently requires invasive procedures 

which can be stressful for an animal, thereby eliciting a stress response and associated 

rise in GCs. The levels of GCs can be influenced by the sampling itself, even when 

done quickly, with animal capture and handling being a necessary step (for example, < 

3 min recommended from capture to sampling in Richardson's ground squirrel; 

Delehanty & Boonstra, 2012). Furthermore, some species would be considered far too 

dangerous to handle and unless specially trained for blood sampling procedures may 

require crush cages or sedation (e.g. tigers; Seal et al., 1985), further casting doubt on 

the reliability of measures, and when such species are endangered these methods are 

rarely permitted (e.g. sampling for GCs in tigers). Fortunately, a variety of non-invasive 

alternatives for assessing HPA axis activity have been validated including sampling 

milk (Shutt & Fell, 1985), saliva (Cook, Schaefer, Lepage, & Jones, 1996), hair 

(Stubsjøen et al., 2015), urine (Lindholm, 1973) and faeces (Palme & Möstl, 1997).  

Hair that is shed through normal physiological processes is a more recent 

possibility for sampling HPA axis activity, but this method is mainly recommended for 

testing of chronic stress as it provides a long-term measure of stress relating to the 

animal’s physiological condition over the period of time in which the sampled hair is 

grown (Burnard, Ralph, Hynd, Hocking Edwards, & Tilbrook, 2017). Faecal samples 

also provide a measure of circulating hormones over time. However, the time frame is 

much shorter, representing the time it takes for digesta to pass from the duodenum to 

the rectum (Palme et al., 1996). This is actually beneficial though as it is not affected by 

the pulsatile nature of circulating hormones, and when the time frame is around 24 

hours (e.g. domestic cats, Felis catus, and dogs, Canis lupus familiaris; Schatz & 

Palme, 2001) less care needs to be taken regarding sampling time as 24 hour circadian 

rhythms of hormone secretion are incorporated in the sample.  
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Faecal samples are particularly useful for species such as tigers which often 

spray their urine and are too dangerous (and typically not habituated to human contact) 

to approach for other methods. Collection of faeces can be achieved during routine 

husbandry practices (cleaning of dens/enclosures while tigers are not present) and are 

likely to have little impact on the tigers. However, faecal samples are not without their 

drawbacks and a number of factors must be considered in their use, as detailed in the 

following sections. 

  

1.5.4.1. Metabolism of glucocorticoids 

Circulating GCs are extensively metabolised, especially by the liver, and the 

metabolites excreted via the urine or bile (Möstl, Rettenbacher, & Palme, 2005). 

Metabolism of steroid hormones, such as cortisol (4-Pregnene-11β,17α,21-triol-3,20-

dione) and corticosterone (4-Pregnene-11β,21-diol-3,20-dione), has long been 

considered by sequentially considering phase 1 and 2 reactions and will be reviewed so 

here in brief for simplicity (Williams, 1959; but see exceptions; Jin et al., 2009; Kornel, 

Patel, Ezzeraimi, & Shackleton, 1995; limitations of this nomenclature; Josephy, 

Guengerich, & Miners, 2005; and a comprehensive review of steroid metabolism 

Schiffer et al., 2019). Phase 1 metabolism predominantly inactivates GCs through the 

irreversible reduction of the A-ring double bond at C4, altering the 4-Pregnene- to 5α/β-

Pregnane-, followed by reduction of the 3-oxo group to a 3-hydroxyl (Figure 1.2). 

Interconversion of oxo and hydroxyl groups is typically reversible and can also take 

place in those attached to positions C-11, 17 and 20. The hydroxyl group at C21 can be 

dehydroxylated (Feighner & Hylemon, 1980), or there can be another hydroxyl group 

added (21-hydroxylation), allowing for 21-oxidation leading to the production of 21-

carboxylic acids (Bradlow, Monder, & Zumoff, 1977; Zumoff, Monder, & Bradlow, 

1977). Oxidative cleavage of carbon-to-carbon bonds can occur, with 17,20 desmolase 

transforming 17α hydroxylated C21 pregnanes to C19 oxoandrostanes. Oxidation of the 

C11 carbon can also take place on the cortisol molecule (before any other metabolism), 

particularly occurring in peripheral tissues containing MRs (e.g. kidney), converting it 

to the inactive cortisone to avoid competition for binding sites with aldosterone 

(Stewart, Murry, & Mason, 1994). Cortisone is then reduced back to cortisol mainly in 

the liver but also in peripheral tissue where GR activation is needed (Hardy et al., 2016; 

Morgan et al., 2014). The parent glucocorticoid hormones can also be inactivated by 

hydroxylation, with 6β-hydroxylation being most common (Niwa, Murayama, 
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Imagawa, & Yamazaki, 2015). There are many possible hydroxylation sites on GCs and 

their 5α/β-Pregnane- metabolites, with the resultant hydroxy groups then capable of 

being oxidised. These are not shown in Figure 1.2 but see Schiffer et al. (2019) for 

review. Phase 2 metabolism involves conjugation reactions, in particular sulfation and 

glucuronidation, thereby increasing GC metabolite polarity and water solubility, 

ultimately increasing potential for urinary and biliary excretion. Steroid metabolites 

excreted via the bile can undergo additional phase 1 metabolism and de-conjugation by 

gut bacteria, with some metabolites able to be reabsorbed into the enterohepatic 

circulation. The reactions possible are dependent on the bacteria present. These 

metabolites may in fact exert some biological function and/or be metabolised further 

before excretion (Lindner, 1972).  

The extent to which GCs are metabolised by any of the above-mentioned means 

is species dependant, with further sex and individual differences being reported (Palme 

et al., 2005). For example, radiometabolism studies have shown that domestic cats 

excrete cortisol mainly via the bile (recovery in faeces: 81.9 ± 3.8%; Schatz and Palme, 

2001; 85.9 ± 2.1%; Graham and Brown, 1996) whereas in domestic dogs the major 

route of excretion was urinary (76 ± 4.1%; Schatz and Palme, 2001). Using reversed-

phase high-performance liquid chromatography (RP-HPLC) Schatz and Palme (2001) 

also showed pronounced differences in the metabolites produced in the faeces of the 

two species. Although the majority of faecal metabolites in both species were 

conjugated, dog RP-HPLC fractions eluted mainly around cortisol (conjugated and the 

non-conjugated metabolites) whereas cat samples showed one main peak of conjugated 

metabolites (that could not be hydrolysed) as well as a number of smaller peaks eluting 

between cortisol and 20α-dihydroprogesterone representing non-conjugated metabolites. 

However, the metabolite profiles from GCs of all species studied show that very little of 

the native circulating hormones remain (see review by Palme et al., 2005, which 

documents this finding from radiometabolism studies published at the time detailing GC 

metabolite profiles from 19 different species).  

 

1.5.4.2. Measuring metabolites 

Gas or liquid chromatography followed by mass spectrometry, and immunoassays are 

the main two methods used to measure metabolites today (Wudy, Schuler, Sanchez-

Guijo, & Hartmann, 2018). The former is highly specific and can measure several 
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compounds simultaneously. However, it requires knowledge of the chemical identity of 

metabolites being measured, which can be difficult to determine due to a lack of 

available standards. Therefore gas/liquid chromatography-mass spectrometry may be 

considered state of the art (also reflected in the expensive equipment with high 

maintenance and running costs; Murtagh, Behringer, & Deschner, 2013) for measuring 

plasma steroids, but in faecal samples where a wide variety of metabolites of the steroid 

hormone of interest may be present in an unknown composition (in a sex and/or species 

dependant manner) immunoassays are better suited (Palme, 2019). These involve the 

competition between sample analytes (e.g. steroid metabolites) and exogenous antigens 

of the same type labelled with enzymes (enzyme immunoassay – EIA), radioisotopes 

(radio immunoassay – RIA), or luminophores (chemiluminescent immunoassay – 

CLIA), for limited binding sites of the assay’s associated antibody (Kersey & 

Dehnhard, 2014; Möstl et al., 2005).  

Originally designed to measure the parent steroid in blood, when used with 

faecal samples, immunoassays rely on cross-reactivity with the target steroid 

metabolites. To increase the signal yield of the assay when using faecal samples, 

antibodies against the most abundantly excreted metabolite of the target steroid have 

typically been developed. However, due to the wide variety of metabolic pathways 

exhibited between species, new validated assays need to be developed for each (Kersey 

& Dehnhard, 2014; Möstl et al., 2005). Fortunately, there are now EIAs available that 

have been designed to measure specific groups of metabolites by targeting distinct 

structures common to them (Frigerio, Dittami, Mostl, & Kotrschal, 2004; Möstl, Maggs, 

Schrötter, Besenfelder, & Palme, 2002; Palme & Möstl, 1997; Quillfeldt & Möstl, 2003; 

Rettenbacher, Möstl, Hackl, Ghareeb, & Palme, 2004; Touma, Sachser, Möstl, & 

Palme, 2003). Many of these group-specific EIAs have been individually validated for 

use in a wide range of taxa spanning multiple phylogenetic orders. Yet at the same time, 

closely related species differing only at the level of genus can have the same assay work 

exceptionally well for one but not be appropriate at all for the other. This was shown by 

Fanson et al. (2017) in their aptly named paper “one size does not fit all”, highlighting 

that an assay must be validated for a given species before it can be reliably used in said 

species and that by testing multiple assays the best suited (i.e. that which shows the 

greatest signal to noise ratio, specificity, and sensitivity) can be selected. Chapter 3 

describes a validation experiment I performed to validate an EIA for tigers, as such, 

further details of the validations will not be discussed here.  
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An important caveat when using these group-specific assays is that, due to all 

steroid hormones being derived from cholesterol and thus having similar structures, 

they may cross-react with metabolites of other native steroids. For example, an EIA 

developed by Palme and Möstl (1997) to measure faecal glucocorticoid metabolites 

(FGMs) containing the 11,17-dioxoandrostane structure (hence forth 72a EIA) was 

found to show some cross-reaction with androgens, likely of gonadal origin, containing 

a 17-oxo group without also having one attached to C11 (a C11 hydroxyl/oxo group is 

typically indicative of a GC metabolite, though some androgens of mostly adrenal 

origin may contain this structure; Turcu & Auchus, 2017). This caused biased estimates 

in samples from male dogs to show higher baseline concentrations than those from 

females detected by the assay due to co-measuring androgen metabolites, rather than 

necessarily being from sex specific differences in production and/or metabolism of GCs 

(Schatz & Palme, 2001). Similarly, samples from African elephants during musth 

showed significant cross-reactions with androgen metabolites to the extent that 

immunoreactivity detected in African elephant faeces by the 72a assay could not be 

considered an accurate reflection of circulating GCs (Ganswindt, Palme, Heistermann, 

Borragan, & Hodges, 2003). Conversely, cat faeces did not contain these cross-reacting 

androgen metabolites and contained high concentrations of 11,17-dioxoandrostanes thus 

validating the 72a EIA in this species (Schatz & Palme, 2001). 

 

1.5.5. Methodological considerations for faecal glucocorticoid enzyme immunoassay 

selection 

1.5.5.1. What happens between sample collection and analysis?  

El-Bahr and Albokhadai (2015) showed that faeces of cattle incubated in buffer 

containing 1 µg of exogenous cortisol or corticosterone after 8 h showed almost no 

cortisol and about 10% corticosterone, respectively. This indicates that extensive 

metabolism by gut bacteria can continue post defecation, and the difference between 

cortisol and corticosterone metabolism could be explained by the presence of bacteria 

producing 17,20 desmolase (e.g. Clostriduim scindens in humans; Morris, Winter, Cato, 

Ritchie, & Bokkenheuser, 1985; Agathobaculum desmolans [previously Eubacterium 

desmolans; Morris, Winter, Cato, Ritchie, & Bokkenheuser, 1986] in cats; Ahn et al., 

2016) which require a hydroxyl group at 17α (present in cortisol but not corticosterone). 

However, it is not only the parent hormones that can continue to be metabolised (and 
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very little if any detectable endogenous parent hormones are present in faecal samples), 

but also the composition of FGMs present immediately after defecation.  

Post defecation changes to the metabolite profile are generally attributed to 

environmental conditions and/or the action of bacterial enzymes, with the former often 

having a facilitative effect on the latter. Hunt and Wasser (2003) showed that this can be 

prevented for at least two years by storing the samples at -20°C, or, they can even be 

kept at room temperature if they are first lyophilised. Although freezing can halt 

bacterial activity, upon thawing it can resume, with samples defrosted at 40°C (20 mins) 

and then incubated at room temperature for 4 hours before extraction showing a 

significant increase in immunoreactive FGMs compared to samples extracted 

immediately after thawing (Möstl, Messmann, Bagu, Robia, & Palme, 1999). This was 

not seen when samples were defrosted at 95°C even at the last time point measured 24 

hours later, leading Möstl et al. (1999) to conclude that the enzymatic activity of the 

faecal microbiome had been lost due to the higher heat. However, Millspaugh, 

Washburn, Milanick, Slotow, and van Dyk (2003) found an increase in FGM after 

autoclaving at 121°C for 1 hour compared to pre-autoclave, though this could be 

because the slower warm up of the autoclave (which utilises saturated steam under 

pressure) temporarily provided a more hospitable environment for the bacteria to 

quickly cause significant changes before temperatures rose too high. They did not 

incubate after autoclaving and test again (as this was not the purpose of their experiment 

and perhaps it was assumed that no further activity would take place after such high 

temperatures).  

Many bacteria cannot survive extreme desiccation and at the very least it halts 

their activity until they become hydrated again (Potts, 1994). However, desiccating 

samples with a solar oven rather than a freeze dryer has been shown to produce 

significantly different faecal steroid metabolite concentrations (less, more, or the same, 

depending on the steroid being measured and the assay used), though re-testing after 

incubating for a week at room temperature generally showed no significant differences 

than those tested immediately after drying suggesting that further enzymatic activity 

was prevented (Terio, Brown, Moreland, & Munson, 2002). Terio et al. (2002) showed 

that using a conventional oven at 71°C, rather than a solar oven (temperature reached 

not stated), gave results closer to those obtained from the freeze dryer. Although this 

may indicate UV light as a potential confounding variable, a solar oven concentrates 

sunlight to levels not typically found in nature. Indeed, Mesa-Cruz, Brown, and Kelly 
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(2014) found that daily sampling of faeces over five days of environmental exposure did 

not significantly differ in their FGM concentrations during the dry season but did in the 

wet season after one day (shown in one of two assays used, indicating greater 

conversion of metabolites to those cross-reacting with one of the tested assays but not 

the other). The potential for rain to influence results was highlighted by Washburn and 

Millspaugh (2002), who simulated different conditions individually (a variety of static 

and alternating temperatures) including simulated rain which was the only condition to 

show a significant difference over the seven-day treatment period.  

Bacterial growth requires a minimum water activity to take place and the rate 

can be predicted by water activity, temperature, and pH (Potts, 1994; Wijtzes, 

Rombouts, Kant-Muermans, van ’t Riet, & Zwietering, 2001). The experiments 

mentioned in the previous paragraph indicate that after water is removed then FGMs are 

relatively stable, but the addition of water to non-desiccated faeces can alter their 

microbiome and thus change the composition of FGMs. However, the effects may be 

transient or attenuated when the samples are exposed to the sun (Mesa-Cruz et al., 2014; 

Scherpenhuizen, Narayan, & Quinn, 2020), as previously stated (section 1.5.4.1. 

Metabolism of glucocorticoids), some of the structural changes to metabolites are 

reversible so the relative proportion of specific metabolites may fluctuate in line with 

the microbiome which may in part be influenced by environmental conditions. 

 

1.5.5.2. Alterations to immunoreactivity immediately after defecation 

There is a major caveat to most of the research reviewed in the previous section: except 

for Möstl et al. (1999), who sampled faeces directly from the rectum, all had a delay 

between defecation and freezing (range of 3 hours + processing time to 8 hours, though 

some had samples in an ice cooler during collection and in transit which has been 

shown to slow post defecation FGM changes: e.g. bovine FGMs measured by the 72a 

EIA; Morrow, Kolver, Verkerk, & Matthews, 2002). This means that any changes in 

immunoreactivity detected by an EIA in the initial hours after defecation will be 

masked. This has been shown in the 72a and another EIA (hence forth 72t EIA), both 

using antibodies raised in rabbits against 11-oxoaetiocholanolone (5β-3α-ol-11,17-

dione), though the effects in each are opposite. For example, Lexen, El-Bahr, 

Sommerfeld-Stur, Palme, and Mostl (2008) used both these EIAs to measure FGMs in 

freshly collected sheep faeces incubated at room temperature and sub-sampled at 0 
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(control), 1, 2, 4, 8 and 24 h and showed concentrations to increase when measured by 

72a (reading from graph: averaging approximately 135% at 1 h and continuing to 

increase to over 250% at 24 h, as a percentage of control samples) and decrease with the 

72t (reading from graph: averaging approximately 65% at 1 h and continuing to 

decrease to less than 25% at 24 h, as a percentage of control samples). When a 

statistically significant effect on immunoreactivity measured by these EIAs in the initial 

hours post defecation is found in a species, 72a always shows an increase (e.g. alpaca; 

Arias, Requena, & Palme, 2013; buffalo; Ganswindt, Tordiffe, Stam, Howitt, & Jori, 

2012; horse; Flauger, Krueger, Gerhards, & Mostl, 2010; cattle; Morrow et al., 2002; 

sheep; Lexen et al., 2008) and 72t a decrease (e.g. cattle; Möstl et al., 2002; sheep; 

Lexen et al., 2008; hyena; Hulsman et al., 2011). 

Gut bacteria exhibiting 17,20 desmolase activity likely explains the increase in 

immunoreactivity measured by the 72a EIA as it measures C19 steroids (being specific 

for the C17-oxo group). The 72t EIA antibody was raised against the same steroid (5β-

3α-ol-11,17-dione) but is joined at C17, therefore specific for the 3α-hydroxyl group, 

and thus shows cross-reactivity with a number of C21 which likely contributed to it 

measuring concentrations 7-fold higher than those detected with the 72a in cattle (Möstl 

et al., 2002). However, it also makes it susceptible to loss of immunoreactivity if the C3 

hydroxyl group is oxidised. 

 

1.5.5.3. Consideration of the gut microbiome for assay selection 

A variety of Actinobacteria (13 of the family Mycobacteria, three from Nocardiaceae, 

and one from each of Catenulisporineae and Gordoniaceae) and Proteobacteria (five 

Betaproteobacteria including three from the family Burkholderiaceae and two from 

Comamonadaceae, and four Gammaproteobacteria) have been found to contain 

homologues of the 3α- hydroxysteroid dehydrogenase (HSD) protein of the aerobic, 

oxidase positive, Comamonas testosteroni (Steinberg & Burd, 2015). Proteobacteria 

are typically the 3rd or 4th most abundant phylum in fresh sheep faeces despite only 

accounting for approximately 2.1% - 9.2% of the microbiome while Actinobacteria 

make up < 1% (Sun et al., 2019). However, Wong et al. (2016) showed that in cow 

faeces left outside, in metal uncovered containers exposed to direct sunlight or under 

shade, for 57 days (sampled on days 0, 2, 4, 6, 8, 15, 22, 29, 43 and 57) these two phyla 

had a relative abundance (RA) of < 1% at day 0 but increased to at least 65% by day 57 
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and included three of the four most abundant classes (Alphaproteobacteria, 

Betaproteobacteria and Actinobacteria, with Bacillia of the phylum Firmicutes making 

the 4th). Furthermore, listed in the main four families of Actinobacteria in faeces by day 

57 was Mycobacteriaceae and Nocardiaceae, and on day 2 the families 

Comamonadaceae and Burkholderiales had the highest RA of Betaproteobacteria with 

Comamondaceae accounting for > 90% of the class. The greater initial RA of 

Proteobacteria in fresh sheep faeces could explain the more rapid decrease in 

immunoreactivity measured by the 72t EIA reported by Lexen et al. (2008) compared to 

that seen in fresh cattle faeces which remained unchanged for up to 4 h (Möstl & Palme, 

2002), and horse faeces, which may have a Proteobacteria RA of as little as 0.2% and 

Actinobacteria < 0.1% (Beckers, Schulz, & Childers, 2017), remaining relatively stable 

for up to 8 h but being almost completely devoid of immunoreactivity by 124 h (Flauger 

et al., 2010). Sequencing the gut microbiome is a growing field that has only recently 

extended to animals outside of humans, rodents, and ruminants, as we learn more about 

it (e.g. whether the specific bacterial species that affect steroid metabolism is present, or 

at least confirm evidence of the presence of the enzymatic activity in question, and how 

this changes over time in faeces) some of these assumptions may be confirmed and the 

list of assays to test could be greatly reduced. 

In the past few years a few reports have described the microbiome in tiger 

faeces. Rectal collection is obviously not possible in non-sedated tigers, but Jiang et al., 

(2020) used liquid nitrogen to freeze freshly deposited faeces from zoo tigers until 

analysis and found an RA of 9.61% and 8.47% for Proteobacteria and Actinobacteria, 

respectively. By contrast, He et al. (2018) collected tiger faeces immediately after 

defecation and transported on dry ice to be frozen within 24 hours until analysis and 

found an incredibly high RA of 45.25% of Proteobacteria and 10.12% for 

Actinobacteria. Therefore, it may be advisable not to use the 72t EIA for tiger FGM 

analysis unless a sampling protocol can be devised that consistently enables fresh 

sample collection, and immediate appropriate storage. By furthering our knowledge of 

the gut microbiome, we may be able to narrow the list of EIAs to only those likely to 

work thus reducing time and resources identifying and validating the best EIA for the 

species.  

Indeed, Webster, Burroughs, Laver, and Ganswindt (2018) found the 72t EIA to 

be not appropriate for sampling leopard faecal samples as it did not detect an FGM peak 

after ACTH administration in all individuals. They also tested the 72a EIA and found it 
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to detect peaks and also showed no significant deviation of immunoreactivity in 

samples left outside, either under shade or in full sunlight for 6 days (sampled at 1, 6, 

12, 48, 72 and 144 h). Due to the ACTH challenge results, this was not tested with the 

72t EIA. However, Mittal, Saxena, Gupta, Mahajan, and Sharma (2020) found high 

levels of Proteobacteria and Actinobacteria in leopards, which may indicate that the 72t 

EIA did not detect a rise in immunoreactivity due to the rapid breakdown of FGMs the 

assay detects.  

The 72a EIA detecting consistent immunoreactivity in leopard faeces over time 

could indicate that Agathobaculum desmolans present in domestic cat faeces is 

conserved across felids. Bokkenheuser, Winter, Morris, and Locascio (1986) showed 

that cultures of Agathobaculum desmolans from cat faeces could completely metabolise 

cortisol (100 µg/ml) to 11β-hydroxyandrostenedione within approximately 16 h. Given 

that this is less than the time taken for peak FGM concentrations to appear in leopard 

and tiger faeces (Naidenko et al., 2011; Webster et al., 2018), it is likely that 17,20 

desmolase activity is complete by the time these species defecate, resulting in stable 

metabolites measured by the 72a EIA. Conversely, in ruminants, the time for peak FGM 

concentrations to appear is relatively short at around half a day (Palme et al., 1996; 

Palme, Robia, Messmann, Hofer, & Mostl, 1999). Assuming they have similar 17,20 

desmolase producing bacteria, as do humans (Morris et al., 1985), this would explain 

the increasing immunoreactivity measured by the 72a EIA immediately after defecation 

in sheep and cattle faeces (Lexen et al., 2008; Morrow et al., 2002). Furthering our 

understanding of the gut microbiome and the effects it has on steroid metabolism would 

be useful in guiding assay selection for different species. Storage experiments should be 

performed and the best (and currently only certain) way is to test EIAs on each species 

they are intended for. 

 

1.5.6. Current literature using tiger faecal glucocorticoid metabolites to assess welfare 

As of 2020, there appears to be only one established EIA (henceforth called the R4866 

EIA) that has been validated for measuring FGMs in tiger faecal samples (Narayan et 

al., 2013), and one commercially available kit (Naidenko et al., 2011). Narayan et al. 

(2013) validated the EIA opportunistically by sampling before and after a scheduled 

blood collection event, showing a moderate elevation in some, but not all, tigers 

sampled. Given the animals were trained for blood collection and received treats 
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throughout the process it is unsurprising that not all animals responded and those that 

did at most had a moderate response, but the study did indicate that this is potentially a 

minor stressor. Naidenko et al. (2011) on the other hand was permitted to perform an 

ACTH challenge as well as being able to opportunistically sample a tiger transported (3 

h via helicopter) for permanent rehoming in a different facility (detailed in Rozhnov et 

al., 2010), both of which produced a significant increase in FGMs measured. 

 The same group that validated the R4866 EIA also determined that the FGMs it 

detects in tiger faeces remain stable for up to 48 h (sampled at 0, 12, 24, 48, 96 and 192 

h) when left in open containers outside (Parnell et al., 2015). However, time 0 samples 

related to samples collected up 3 h post defecation, so any changes to FGM 

concentrations within that time would have been missed. Furthermore, whole samples 

were sectioned for sub-sampling rather than homogenising the sample before sub-

sampling, despite the same paper finding a high variability of FGMs spread throughout 

the faecal mass. Therefore, it is unclear if the observed stability up to 48 h was a 

reflection of the stability of FGMs in tiger faeces measured by the EIA or was simply 

due to the sub-sections selected. Their group also attempted to compare mean FGM 

concentrations between three zoos, but they conceded that the observed differences 

could not be attributed to any specific factors due to the vastly different management 

practices between zoos (Parnell et al., 2014). However, within-zoo comparisons of male 

to female tigers may indicate a potential difference in FGM concentrations between the 

sexes, with females measuring higher in within each zoo, but more subjects would be 

needed to confirm this (Parnell et al., 2014). 

 A series of papers used the same R4866 EIA to measure FGMs of wild tigers in 

various reserves in India, and found anthropogenic disturbances to cause a significant 

increase in concentrations detected in faeces (Bhattacharjee et al., 2015; Malviya et al., 

2018; Tyagi et al., 2019). These studies either sampled wild tigers for 1 – 3 months at 

different times in the year (Bhattacharjee et al., 2015; Tyagi et al., 2019) or for the 

entire year (Malviya et al., 2018), yet the effects of changing climatic conditions were 

not taken into consideration and these have been shown to cause significant changes in 

FGMs in other species (Bechshøft et al., 2013; V. Kumar, Kumar, Kumar, & Prakash, 

2020). However, it must be noted that their results showed very different FGM 

concentrations that could still be statistically significant regardless of any changes due 

to environmental factors. Having a greater understanding of these effects would provide 
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more accurate measure of the observed differences and will help control one of the 

many potentially confounding variables in this field. 

 Two papers have assessed the effects of ambient temperature on Amur tigers in 

Russia throughout the year, but some of the results between the two were contradictory. 

While Ivanov, Rozhnov, and Naidenko (2017) showed a negative correlation between 

ambient temperature and FGM concentration in captive tigers, Naidenko et al. (2011) 

found no significant changes in monthly average FGM concentrations throughout the 

year. However, the latter study also analysed faecal samples from wild tigers and found 

them to have significantly higher FGM concentrations in colder months, and higher 

concentrations than captive tigers in general throughout the year. The authors 

hypothesised that the greater concentration in wild tigers was due to increased metabolic 

demand associated with more active behaviours such as hunting, with the further 

increase in the colder months being due to the increased snow cover making hunting 

more difficult as well as the lowering ambient temperature (Naidenko et al., 2011). 

 The FGM literature on tigers is very limited at present. Furthermore, the 

antibody required for the only established EIA currently validated for use with tiger 

faeces is no longer produced. If the field is to be advanced, more EIAs need to be 

validated and the methods for assessing welfare (physiological and behavioural) of 

captive tigers refined and if possible standardised. This will allow for a greater chance 

of significant findings that are comparable between studies.  

 

1.6. Conclusion 

As highlighted throughout this review, the literature on tiger welfare has been hindered 

by small sample size and a focus on mainly negative signs of welfare. When multi-

institutional studies have been conducted, the number of added variables (e.g., 

management practices, climate) with unaccounted for/unknown effects can also make it 

difficult to draw solid conclusions. And regarding assessment of FGMs in tigers, the 

lack of a widely available and validated EIA for the species has also likely been 

responsible for the lack of publications. 

As such, this thesis aimed to test a variety of established EIAs for use in the 

measurement of FGMs in tiger faecal samples (Chapter 3), and then using an 

appropriate EIA to conduct a longitudinal assessment of FGMs in Australian zoo tigers 
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(Chapter 4). If multiple EIAs were found to be acceptable, the project plan was to then 

use the one determined to be best not only based on its sensitivity to detecting changes 

in FGM concentrations, but also regarding its robustness. Of particular importance was 

the requirement of the EIA to measure metabolites that do not rapidly change soon after 

defecation, thereby accommodating the imperfect sampling regimes often necessary in 

zoo-based studies as well as for future in situ research.  

The longitudinal study aimed to provide insights into the effects of changing 

climatic variables on tiger FGMs throughout the year. By furthering our understanding 

of these effects future studies may be able to compare or pool results from different 

locations, helping solve the issue of small sample size prevalent in previous works 

while accounting for climatic variables. Furthermore, any welfare concerns due to these 

seasonal changes may be revealed, leading to management suggestions for improved 

tiger welfare in zoos throughout the year.  

A further aim was to create a comprehensive ethogram to determine the 

behavioural repertoire of a group of tigers at a zoo in Australia that holds the equal 

largest collection of tigers in the country. Using an information theoretic approach, this 

study attempted to ascertain what contribution the many different variables, both 

managerial and individual based, have on tiger behaviour (Chapter 5).  

In light of the current literature review, key pitfalls of previous research have 

been identified and accounted for, where possible. For example, by the separate analysis 

of tigers according to major differences in age classification. An additional objective of 

these studies was to refine and standardise some of the methods for tiger welfare 

assessment. This could allow for pooling of data and potentially facilitate future 

collaborations within and between the research and zoo communities, so as to better 

understand how we can aid in the improvement of tiger welfare. 
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Figure 1.1. Diagram of the HPA axis. Once a stressor is detected by the central nervous 

system, the hypothalamus is signalled to produce CRH. Corticotropin-releasing 

hormone stimulates the release of ACTH from the adrenal cortex, which in turn releases 

GCs into the blood circulation. Transported by the blood, GCs can travel to where they 

are needed (there are GC receptors in almost every cell and their functions are diverse) 

to re-establish homeostasis and in doing so suppress functions not crucial in the 

moment. However, if prolonged this can lead to chronic stress and serious 

consequences. The whole HPA axis is mediated by negative feedback of the GCs 

themselves to GC receptors and mineralocorticoid receptors in the brain. Adapted from 

(Sheriff, Dantzer, Delehanty, Palme, & Boonstra, 2011). 
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Figure 1.2. Common phase 1 metabolic pathways of glucocorticoids using cortisol as 

the centre parent hormone as an example (corticosterone only differs in that it does not 

have a hydroxyl group at C17). Of particular importance is the irreversible reduction of 

the A-ring double bond, followed by reduction of the 3-oxo group (reversible), depicted 

in the bottom left. Also note that 11β-oxidation/reduction depicted top left occurs 

frequently with the parent cortisol hormone to create cortisone (inactive), in part 

controlling the ratio of active to inactive cortisol in circulation (Schiffer et al., 2019). 

Furthermore, 6β-hydroxylation depicted bottom centre is the main hydroxylation 

affecting the parent glucocorticoids, and 21-hydroxylation followed by oxidation leads 

to the formation of carboxylic acids (top right). Other metabolic pathways (including 

additional hydroxylations not shown) typically affect glucocorticoid metabolites (i.e. 

after reduction to 5α/β pregnanes: bottom left; Schiffer et al., 2019). 
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Chapter 2. General Methods 

 

2.1. Overview 

Comprehensive characteristics of animals, enclosures, and management can influence 

behaviour, though this level of detail is often not included in published papers. As such, 

this chapter provides detailed information on the tigers involved in the behavioural 

study and their management. Furthermore, as all studies involved some level of 

hormone assessment, detailed methods that are conserved across chapters are also 

presented. Additionally, chapter 4 and 5 involve somewhat complex statistical 

modelling, and as such more detail is included in the present chapter as to their 

interpretation and the assumptions that needed to be met. The study permissions 

required for all research reported on in this thesis and a brief overview of all animals 

and sites involved in each study are also presented in this chapter. 

 

2.2. Study animal permissions 

The animals sampled for the research described in this thesis included 20 tigers, 

Panthera tigris, from five different zoos around Australia. All research was undertaken 

with approval from Charles Sturt University (CSU) Animal Care and Ethics Committee 

(protocol number A16060) and was compliant with national and state Guidelines for the 

Use of Animals in Research. Furthermore, some of the study zoos required approval by 

their own animal ethics committees, where applicable these numbers are listed below. 

 

2.3. Study sites and animal participation in thesis chapters 

All study sites are accredited members of the Zoo and Aquarium Association (ZAA), 

Australasia, indicating an observed commitment to positive animal welfare 

(https://www.zooaquarium.org.au). Most of the participating zoos manage their tigers 

using standard practices, encouraging parent rearing and adhering to restricted contact 

keeper management (but see Overview of management at Dreamworld below). Except 

where stated, all animals were intact adult Sumatran tigers, Panthera tigris sumatrae, 

not treated with contraceptives or other reproductive interventions. 
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2.3.1. Melbourne Zoo 

Established in 1862, Melbourne Zoo is Australia’s oldest zoo 

(https://www.zoo.org.au/melbourne). Located at Elliott Ave, Parkville VIC 3052, 

Melbourne Zoo was one of the first zoos to join my PhD project. Although limited in 

time and staffing resources to contribute, faecal samples collected from one of their 

female tigers over September to November of 2016 contributed to the validation of an 

enzyme immunoassay described in Chapter 3: Methodological and statistical (R 

code) guide for faecal glucocorticoid metabolite enzyme immunoassay selection: 

example from a Sumatran tiger pilot study. 

 

2.3.2. National Zoo and Aquarium  

Located at Lady Denman Dr, Yarralumla ACT 2611, and originally established as the 

National Aquarium in 1990, it did not take on the name of National Zoo and Aquarium 

(NZA) until 2001 after slowly introducing terrestrial exhibits since around 1993 

(https://nationalzoo.com.au). The NZA collected faecal samples from its three Sumatran 

tigers (1 male and 2 female) from October 2017 to November 2018 for use in the 

longitudinal study described in Chapter 4: Non-invasive longitudinal assessment of 

faecal glucocorticoid metabolite output from captive Sumatran tigers around 

Australia. In March of 2018, one of its female tigers was transferred to another zoo 

involved in this study, Adelaide Zoo, where sampling of this individual continued until 

April 2019. The two female tigers also had a sub-set of their samples used for the assay 

validation in Chapter 3. 

 

2.3.3. Adelaide Zoo 

Australia’s second oldest zoo, Adelaide Zoo, opened to the public in 1883 at Frome Rd, 

Adelaide SA 5000 (https://www.adelaidezoo.com.au). In addition to the female tiger 

transferred from NZA in March of 2018, a male sub-adult was transferred from 

Wellington Zoo, New Zealand, in September 2018. Faecal samples were collected from 

these tigers along with samples from a lone female ovariohysterectomised geriatric tiger 

already present at the zoo which had been accustomed to having samples collected since 

January 2018 (an additional geriatric male tiger was present during initial conversations 

but died due to old age before sampling could commence). Samples were collected from 



63 
 

all three tigers until April 2019, with all samples contributing to the longitudinal study 

described in Chapter 4. Furthermore, the first two samples collected after translocation 

of the tiger from NZA were used for the assay validation in Chapter 3. 

 

2.3.4. Perth Zoo 

Opening in 1898, Perth Zoo is located at Labouchere Rd, South Perth WA 6151 

(https://perthzoo.wa.gov.au). Perth Zoo collected faecal samples from its two male 

tigers from January 2018 to February 2019, contributing to the longitudinal study 

described in Chapter 4. Perth Zoo required approval from their own Perth Zoological 

Parks Authority Research and Animal Ethics Committee, project approval number 

2017-13.  

       

2.3.5. Dreamworld 

Established in 1981, Dreamworld is one of Australia’s largest theme parks, which began 

doubling as a zoo when its first wildlife exhibit opened in 1987. Today the zoo aspect of 

Dreamworld can be divided into two parts; the Dreamworld Corroboree, housing mostly 

Australian natives and barnyard animals, and the Tiger Island (established in 1995) and 

surrounding exhibits, housing multiple tigers. Its unique combination of attractions and 

the fact that it is situated in a popular tourist destination, the Gold Coast (Dreamworld 

Pkwy, Coomera QLD 4209), has meant that it receives millions of visitors each year 

(2014/2015 financial year saw 2.28 million; McLennan, Bec, Wardle, Becken, and 

Scott, 2015). The Gold Coast’s popularity is in part owing to its humid subtropical 

climate, although its summers can be hot and humid with temperatures averaging 

21.37°C – 28.37°C and an average afternoon relative humidity of 69.67%, it has 

relatively warm winters averaging 12.57°C – 21.47°C while experiencing little rain with 

an average monthly precipitation of 76.23 mm (BOM). 

At the onset of the study, Dreamworld was home to 12 tigers. However, the two 

oldest tigers had to be euthanised between the second and third sampling period due to 

kidney failure. Chronic kidney disease is a common morbidity in older captive felids 

and a major factor in decision making when it comes to euthanasia (D'Arcy, 2018), the 

two tigers in question were litter mates and 18 years old at the time of death. The tigers 

included three Sumatran tigers (1 male and 2 female), four Bengal tigers, Panthera 
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tigris tigris, which included the two geriatric tigers (1 male and 1 female 

ovariohysterectomised, litter mates, both with a golden tabby coat phenotype) as well as 

two cubs (female litter mates with a white coat phenotype), four half Sumatran tigers 

(mixed sub-species often termed generic tigers), Panthera tigris, comprising one adult 

(male) and three cubs (two female litter mates and 1 male from the same parents but a 

separate litter 4 months prior), and one female of not entirely certain background but 

believed to be part Bengal and Siberian (the mother of the three previously mentioned 

related cubs).  

 Dreamworld participated in the behavioural study, Chapter 5: An information-

theoretic approach to examine variation in captive tiger behaviour. This involved 

three observational trips: 27/08/2016 to 2/09/2016, 18/09/2016 to 29/09/2016, and 

10/11/2018 to 16/11/2018. This also involved the collection of faecal samples, but they 

were not utilized for the longitudinal study as they were not collected consistently (see 

Faecal sample collection below) 

 

2.3.6. Overview of management at Dreamworld 

When possible, Dreamworld hand rears its tigers and continues a hands-on management 

approach throughout the tiger’s life there. Keepers are typically present in the viewing 

enclosures with the tigers where they can answer the visitors’ questions and interact 

with the tigers (most often the cubs). Keepers will generally play with the young cubs 

intermittently and encourage them to be active and participate in play at various times 

throughout the day, sometimes utilising a variety of enrichment items (e.g. a tiger toy 

consisting of something dangling on the end of a stick, not unlike a large version of a 

typical domestic cat toy), or other items in the enclosure (e.g. a fallen palm frond), or 

simply themselves. In addition to this, in the main ‘Tiger Island’ enclosure, two shows 

will take place throughout the day in which keepers encourage the tigers to perform 

various behaviours for food rewards. Behaviours are performed that display the natural 

abilities of the tigers (e.g. leaping across two platforms, climbing a vertical post, 

standing on hind feet in a fighting stance), as well as taught behaviours they use to 

position the tigers for vet checks or when posing for photo shoots, as they are quite 

active with the media. Keepers and/or other Dreamworld staff use a microphone to give 

educational information and explain the behaviours during the shows. Additional 

activities include a photo session with one of the adult tigers, which involves guests 
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being allowed to pose for a photo behind an adult tiger under strict keeper supervision; a 

cub walk involving two of the cubs being walked by their keepers through the park (at 

different times), at which point park visitors can have their photo taken walking behind 

them; and a cub experience in which visitors are allowed to enter the cub ‘kindy’ 

enclosure with the four cubs and their keepers and pose for photos. This is done first 

thing in the morning before the main guests arrive and when the cubs are resting after 

having been exercised (walk around the park and supervised play with some of the older 

tigers) before opening time. 

 

2.4. Sampling 

2.4.1. Faecal sample collection 

At all participating zoos, faecal samples were collected non-invasively, requiring no 

changes to normal management of the animals. Fresh samples (< 24 h post defecation) 

were collected by keepers during routine husbandry practices once or twice a week 

(except at Dreamworld, see next paragraph). Faeces were regularly cleared from 

enclosures and night dens, including collection of the first faecal deposit post transport 

of the translocated tiger to serve as the basis for biological validation (Chapter 3). 

Depending on the zoo’s storage capabilities individual animal samples were either 

collected whole, or, mixed and a 20 to 60 g sub-sample taken, then placed in labelled 

ziplock bags and frozen at -20°C or -80°C (depending on the zoo’s available storage 

space and capabilities). Typically, samples were collected over several months before 

being transported in bulk, on ice or dry ice, to CSU and stored at -80°C until processing. 

For the longitudinal study, a total of 515 samples were collected from the seven tigers 

included. 

At Dreamworld, faecal samples (n = 224) were collected opportunistically by 

keeping staff from the beginning of the first behavioural observation period till the end 

of the last. However, due to the difficulties in distinguishing faeces of individual co-

housed tigers (especially the cubs which also shared night dens), some tigers were 

sampled less often than others (range 6 – 35). Furthermore, some samples, including all 

of those for one individual, were not analysed due to COVID-19 restrictions which 

prevented the use of the laboratory when the samples were to be analysed (not included 

in the n = 224). Due to keeper time restrictions, faecal sampling was mainly restricted to 

times coinciding with behavioural monitoring with few samples taken between. 
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2.4.2. Behavioural observations 

Over 900 hours of observational data were collected across the 12 tigers during the three 

observational periods. Behaviour was recorded by me and trained volunteers, from 

outside the tigers’ enclosures. There was a total of 17 volunteers across the three 

observational periods, all were current or former university students (all in the sciences 

and almost all studying animal science or similar) and/or working/volunteering at a 

wildlife facility. As multiple observers were involved, all tigers in viewable enclosures 

had their behaviour recorded the entire time they were on display. The recording 

method was designed to obtain a comprehensive description of what each tiger does. To 

achieve this, a very detailed and comprehensive ethogram was developed (Appendix 2) 

based on the published literature (Biolatti et al., 2016; De Rouck, Kitchener, Law, & 

Nelissen, 2005; Miller & Kuhar, 2008; Mohapatra, Panda, & Acharya, 2014; Pitsko, 

2003) and my previous experience as a tiger keeper. This was tested and fine-tuned for 

several days during a pre-observational period immediately prior to the first 

observational period. Due to the complexity of the ethogram used, containing 51 

different behaviours, one-zero sampling with a 1 min interval was used as the sampling 

method (Martin & Bateson, 2007). For those less familiar with one-zero sampling, this 

sampling method involves recording whether or not a behaviour has taken place in each 

time interval (i.e. 1 min in the current study) during the observational period. Although 

this technique can overestimate the occurrence of behaviours and is unable to determine 

frequencies, it was deemed appropriate, as the tigers’ active behaviours were often high 

energy and explosive, yet short lived occurrences. The fact that a given behaviour, for 

example play fighting, had occurred was determined to be the important factor rather 

than the exact number of strikes or quick bouts in which the tiger partook (which when 

the cubs are active would be very difficult to accurately measure, with them often going 

from a bout of play fighting with one tiger to another and then back again to the original 

target). Therefore, data were scored as minute-blocks in which a behaviour was 

observed to take place, to be analysed per hour. The exception to this was for the 

following behaviours: spray and hiss, which had every distinct occurrence of the 

behaviour recorded as a count to be analysed as counts per hour. This was because the 

frequency at which these occur may be important, and, it was possible to measure these 

due to the relative ease of distinguishing separate instances (i.e. they do not vary like 

play fighting, which could be a brief few seconds to continual back and forth for several 

minutes). Tigers spray to mark territory (Sunquist & Sunquist, 2002) and it therefore 
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stands to reason that the more territorial a tiger is, the more sprays will occur. This was 

supported by observations during the pre-observation period in which reproductively 

active tigers would spray at a much higher frequency (in short succession) than others, 

regardless of stage of oestrous cycle for them or their nearby conspecifics. In addition, 

unlike a roar or a growl, which would often only happen once at a time, hisses seemed 

to increase in frequency related to the severity of the cause. However, hisses were 

capped at 3 counts per minute interval so as not to be overly represented compared to 

other vocalisations. It was decided that 3 counts would signify a severe occurrence but 

prevent misinterpretation that may occur if a tiger hissed 10+ times due to a single 

cause, as such a high number may indicate constant stimuli throughout the day causing 

a hiss response.  

 

2.4.3. Ensuring observer agreement in behaviour interpretation 

It was important that all observers were adequately trained with categorising 

behavioural elements and the use of the ethogram to quality assure the behavioural data. 

To achieve this, prior to recording any live observations that have been used in this 

study data set, all volunteers were shown pre-recorded footage of tigers and asked to 

record their behaviour on behavioural scoring sheets (provided to them with the 

ethogram several days prior so they could familiarise themselves with it). This was a 

preliminary test to determine if individuals were having difficulties identifying any of 

the more cryptic behaviours (e.g. flehmen), and then where necessary additional training 

was provided. Given the large number of behaviours in the ethogram (51) it was 

unlikely observers would have agreed on behaviours by chance, thus simple percentage 

agreement between observer pairs was calculate to find the inter-observer reliability: 

percentage of agreement = (number of behaviours agreed upon) / (total behaviours 

observed) * 100 (Kaler, Wassink, & Green, 2009). After making any necessary 

adjustments and giving feedback to volunteers, the test was repeated until an inter-

observer reliability of at least 81% was achieved (81 – 100% is considered substantial 

agreement; Shrout, 1998), as well as achieving at least 81% agreement with my scoring 

of video footage, thus providing confidence in observer agreement. 
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2.4.4. Extraction of faecal metabolites  

Faecal samples were lyophilised in a freeze dryer (Christ, Alpha 2-4 LD plus) until the 

chamber reached 0.0010 atm. Samples were then thoroughly homogenised, including 

sifting the powdered faeces through a fine mesh sieve (500 µm, Merck Z289698) 

multiple times to remove hair and other non-digested or environmental contaminants 

(e.g. stones, bark, leaf matter that may have been attached to the scat and inadvertently 

included during sample collection), and a 0.5 g aliquot taken. The extraction of faecal 

metabolites followed the methods of Palme, Möstl, Brem, Schellander, and Bamberg 

(1997), whereby the 0.5 g aliquots were each suspended in 5 ml of 80% methanol/20% 

double distilled water (ddH2O) before being vortexed (30 min), centrifuged (2,500 x g, 

15 min), and a 0.5 ml methanolic aliquot of the supernatant frozen at -20°C until 

analysis.  

To determine an appropriate enzyme immunoassay (EIA) for measuring tiger 

faecal glucocorticoid metabolites (FGMs), a validation experiment was undertaken at 

the University of Veterinary Medicine Vienna (UVMV; Chapter 3). Prior to 

transportation from Australia, samples were dried under a stream of nitrogen and 

reconstituted in 0.5 ml 80% methanol/20% ddH2O upon arrival and frozen at -20°C 

until analysis. 

 

2.4.5. Faecal metabolite enzyme immunoassays 

Chapter 3 details the differences in methodology specific to that chapter aimed at 

comparing four different FGM EIA’s. Determining that the 72a EIA was the best suited, 

all analyses for Chapter 4 were performed using it. In addition, an oestrogen EIA 

(Palme & Möstl, 1994) was used to assess oestrus in the tigers during observational 

periods described in Chapter 4. As such, this section describes in detail the running of 

these two EIAs. 

Prior to running assays, samples were diluted 1:100 in assay buffer (20 mM 

C₄H₁₁NO₃, 0.3 M NaCl, 0.1% w/v BSA, and 0.1% v/v Tween 80, pH 7.5 (using 1 M 

HCl acid solution), and filtered at a flow rate of 2 to 10 ml/min through a sterilised Sep-

Pak® classic C18 cartridge 360 mg; Waters WAT051910), and frozen at -20°C until 

analysis.  
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To run the assays, Protein A (Protein A from Staphylococcus aureus, Merck 

P7837) was dissolved in coating buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6 

(using 1 M HCl acid solution), filtered) creating a concentration of 2 μg Protein A/ml 

coating buffer before dispensing 250 µl into each well of 96-well plates (Nunc-

Immuno™ MicroWell™ Merck M9410). Coated plates were incubated at room 

temperature overnight before discarding the contents and refilling them with 300 µl/well 

of “second coating buffer” (20 mM C₄H₁₁NO₃, 0.3 M NaCl, 1% w/v BSA, and 0.1% 

w/v sodium azide, pH 7.5 (using 1 M HCl acid solution), filtered), covering them with 

parafilm and low evaporation lid (Corning® plate lids, Merck CLS3931), and 

incubating again at room temperature for a minimum of 3 hours.  

Immediately before use, decanted plates were washed three times with wash 

solution (0.02% v/v Tween 20) using an automated plate washer (Biotek, ELx50TM) and 

blotted on paper towels to remove all liquid immediately before use. Steroid standards 

and samples, as well as controls for nonspecific binding (in assay buffer) and zero 

binding (in assay buffer), were pipetted in duplicate (50 µl/well total: for the 72a EIA 

50 µl of sample was used, but for the oestrogen EIA only 10 µl of sample was added 

with an additional 40 µl of assay buffer). As most experiments involved multiple plates, 

pooled samples of known high or low concentration of FGMs targeted by the EIA in use 

were dispensed into wells at the beginning and end of the plate, therefore in 

quadruplicate, to allow measurement of inter- and intra-assay CVs (see supplementary 

material ‘DataTemplate72a.xlsx’ for plate map). This was immediately followed by 

dispensing 100 µl of biotinylated label into all wells and then 100 µl of antibody 

(exception: nonspecific binding wells added an additional 100 µl of assay buffer and no 

antibody). Note that working dilutions of antibody and label should be prepared just 

before plate washing to begin an assay run.  

Plates were covered with parafilm and plate lid and placed on a plate shaker 

(Stuart® Microtitre Plate Shaker, DKSH SSM5) for mild shaking overnight at 4°C. The 

next day, plates were decanted and washed four times with cold (4°C) wash solution 

before dispensing 250 µl of enzyme solution prepared immediately before use by 

adding 1 µl of (0.0033% v/v streptavidin-POD-conjugate (Merck 11089153001) in 

assay buffer) to 30 ml assay buffer, per plate, and mixing on a magnetic stirrer for a few 

minutes. Plates were covered and incubated at 4°C for 45 minutes before repeating this 

step (including washing) but with substrate solution dispensed instead of enzyme 

solution. Substrate solution was also prepared immediately before incubation but 
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consisted of 0.5 ml 0.4% w/w 3,3',5,5'-tetramethylbenzedine/dimethylsulfoxide 

(measured in w/w due to the viscosity of Dimethylsulfoxide) and 0.1 ml 0.6% v/v H202 

added to 30 ml substrate buffer (10 mM C2H9NaO5, pH 5.0 (using 5% citric acid)), per 

plate. Plates were incubated a final time for another 45 minutes at 4°C, in the dark. 

After incubation, the colour reaction was halted by adding 50 µl stop solution (2 M 

H2SO4) and the plates were read at 450 nm (reference 630 nm) on a microplate reader 

(BioTek ELx800TM) to quantify FGMs in each well. 

Conversion of microplate reader data to hormone metabolite per gram of dry 

faecal matter (ng/g) is described in detail in Chapter 3. 

 

2.4.6. Faecal steroid hormone metabolite peak determination 

Peak faecal hormone metabolite concentrations were identified for each data set 

(normally individual tiger, but in Chapter 3 a pooling of samples) using an iterative 

process whereby all values greater than the mean plus a set number of standard 

deviations were identified as “peak data” and removed before repeating the process, this 

continued until no new peak values were identified (Brown et al., 1994). All remaining 

data were considered to be “baseline data”. This process, including a guide to automate 

it using R code, is detailed in Chapter 3. 

 

2.5. Data analysis 

2.5.1. Model assumptions 

Data analysis for Chapter 4 and Chapter 5 involved creating models to predict 

physiological or behavioural dependent variables of interest, respectively. For all 

models, “AnimalID” was included as a random effect to allow the inter-individual 

variation to be accounted for (Harrison et al., 2018). All modelling was performed in R 

(R Core Team, 2020) using linear mixed models (LMM; Pinheiro, Bates, DebRoy, 

Sarkar, & R Core Team, 2020) or generalised linear mixed models (GLMM; Bates, 

Mächler, Bolker, & Walker, 2015; Brooks et al., 2017).  

Faecal glucocorticoid metabolite concentrations in Chapter 4 were modelled 

using LMMs. Assumptions for these are relatively straight forward to test, requiring 

approximate normality and homoscedasticity of residuals (Bates et al., 2015). Initially 
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models were fit using maximum likelihood (ML) and diagnostic plots of residuals 

versus fitted values and Q-Q plots were made for the entire model as well as against 

specific fixed effects (predictor variables in the model). 

Occurrences of a faecal glucocorticoid metabolite peaks were also modelled in 

Chapter 4, but due to the binary nature of the response variable (peak or not) binomial 

models were required (which falls under GLMMs). Model assumptions for GLMM are 

somewhat more complex to test. As the data were binary, they did not follow a normal 

distribution and the models were fit using ML with Laplace approximation and a logit 

link function. Although the use of a binomial link function in the GLMM code allows 

modelling of non-normal data, the assumption of heteroscedasticity of residuals must 

still be met despite often being overlooked in the literature (Marziarani, 2018). This was 

done by performing simulations using the DHARMa package (Hartig, 2020) to create 

scaled (quantile) residuals that were assessed for issues with distribution, dispersion, 

and outliers, similarly to LMMs. Furthermore, common model misspecification 

problems for GLMMs including overdispersion, underdispersion (which can indicate 

overfitting; Lord & Guikema, 2012), and zero-inflation, were checked both visually and 

with formal tests with functions from the same package. 

Binomial models were also required for the behaviour analyses in Chapter 5, 

with various behaviours of interest having been converted to proportions and others 

expressed as counts. Although standard binomial models are most often attributed to 

binary data, they are also applicable for proportion data where all values lie between 0 

and 1 and the exact integer values for calculating the proportion is known . The same 

assumptions and means of testing them apply as when the data are binary (see previous 

paragraph). However, as is common with proportion data, the residual plots indicated 

overdispersion (Harrison, 2015). Therefore, an observation level random effect was 

added to these models which adds a unique level of random effect to each observation, 

absorbing the extra-binomial variation in the data (Harrison, 2015). 

For behaviours expressed as counts, standard binomial models are not 

appropriate (Gardner, Mulvey, & Shaw, 1995). Poisson modelling is often the first 

option for this type of data which appeared appropriate from simple diagnostic plots, 

but Poisson requires the variance to be equal to the mean which, as with my data set, is 

often not the case (Ryan, Evers, & Moore, 2021). Therefore, negative binomial models 

with a log link function were fit to model these behaviours. Negative binomial models 

can also be used as a means of dealing with overdispersion, but they can only be used 
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for proportion data when the observed proportions are far from their maximum (i.e. 1). 

For behaviours expressed as proportions in this study, negative binomial models were 

used when possible.  

Some of the models indicated zero-inflation, meaning the model found there to 

be a higher number of zero’s than expected. When this was the case a special kind of 

negative binomial model was fit, called a negative binomial zero-inflation (NBZI) 

model. These models result in a two-part summary. One part is a conditional portion of 

the model which is interpreted the same way as a regular negative binomial model, and 

the other part is a zero-inflation portion of the model to account for the unexpected 

zeros, as these are caused by missing fixed effects or unobserved/unknown effects 

(Zuur, Saveliev, & Ieno, 2012). 

In all cases, if any changes were required due to assumptions being violated, 

then the new models had the assumptions re-tested. 

 

2.5.2. Model interpretation 

Interpreting the summary output of LMMs is straightforward, providing coefficients for 

the intercept (the value when all fixed effects are at their base value) and each fixed 

effect that directly relate to the dependant variable. For example, if fixed effect X is 

assigned a coefficient of 2.5 then that would indicate that for each unit increase of X 

then the dependent variable would increase by 2.5 (from the intercept value) of 

whatever units it was measured in. 

 Binomial models are again more complex. Standard binomial models and the 

zero-inflation portion of a NBZI model provide coefficients as logits, and the 

conditional portion of NBZI models provide coefficients as logs. In each case these 

were converted to probabilities. For logs this only required exponentiation, however, 

logits needed to be exponentiated to odds and then converted to probability: 

exp(logit) = odds 

odds/(1 + odds) = probability 

However, probability data cannot be added nor subtracted. Therefore, to 

determine the effect of a fixed effect of interest, its coefficient (and any others 

applicable when it occurs) needed to be added to the intercept coefficient before any 

conversions were conducted. Furthermore, while the probabilities calculated from 
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standard binomial/negative binomial models or the conditional component of the 

negative binomial model related to the chance of the dependent variable occurring (or 

rate for dependant variables expressed as counts), the zero-inflation portion of a NBZI 

model related to the chance of an additional zero occurring. To find the total 

probability/rate of a dependant variable with a zero-inflation component, the probability 

of the conditional component was multiplied by 1 minus the zero-inflation component 

probability. Using the summary output coefficients from a NBZI model, the following 

formula was applied:  

exp(coefficients for conditional model intercept plus fixed effects of interest)*(1-

exp(coefficients for zero-inflated model intercept plus fixed effects of 

interest)/(1+exp(coefficients for zero-inflated model intercept plus fixed effects of 

interest))) 

 

2.5.3. Model selection 

Model selection was a large part of the studies described in Chapter 4 and Chapter 5, 

so the main details will be left to the main chapters. However, the general basis in all 

cases involved model selection according to the Akaike information criterion (AIC; 

Akaike, 1973), with lower values indicating a better model (Anderson & Burnham, 

2002). Ranking models by AIC allowed comparison between the models but did not 

quantify how well models actually fit the data. For this, the conditional and marginal R2 

values were calculated using the MuMin package (Barton, 2020) as these provide 

absolute values for the goodness‐of‐fit of the whole model and the variance explained 

just by the fixed effects, respectively (Nakagawa, Johnson, & Schielzeth, 2017; 

Nakagawa, Schielzeth, & O'Hara, 2013). 

 

2.6. Concluding remarks 

The essential details for understanding all experiments throughout this thesis are 

provided in the associated chapters. However, study permissions, non-essential animal 

and study site background information, and further details than normally provided in a 

research paper are all contained within the present chapter. Furthermore, some technical 

methods that are conserved across chapters are also presented here to avoid verbose 

repetition. This chapter has also been designed to provide a useful reference for the 

main experimental chapters.  
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Chapter 3. Methodological and statistical (R code) guide for 

faecal glucocorticoid metabolite enzyme immunoassay 

selection: example from a Sumatran tiger pilot study 

 

Abstract 

Measurement of faecal glucocorticoid metabolites (FGMs) has proven to be a valuable 

tool in animal welfare research. This provides a non-invasive reflection of circulating 

glucocorticoid (GC) concentrations over time, and thus may provide indications of 

perceived stressors by the animal. These measures have been used to guide conservation 

and management practices in diverse species, including domestic livestock and wild 

populations. Enzyme immunoassays (EIAs) are the most commonly used method of 

measurement, but they require careful validation for each species and sample type 

tested. This paper provides some guidance on one of the most important aspects of EIA 

validation: biological validation. It encourages testing of multiple EIAs to determine 

those best suited for the species/samples in which FGMs are to be quantified. 

Furthermore, it provides a step-by-step guide for the data processing and analyses 

required using free software (R): from creating parametric log-logistic curves for 

reading the raw output, to simple identification of peak FGM concentrations using the 

iterative baseline method, while also providing some useful R code for assay 

comparisons. An example of these methods is given by detailing a pilot study to select 

an EIA for use with Sumatran tiger faecal samples.  
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3.1. Introduction 

The physiological responses to stress in animals are manifest, in part, via a class of 

steroid hormones: glucocorticoids (GCs), with cortisol being the main glucocorticoid in 

many mammals, humans and fish and corticosterone in birds, reptiles, amphibians and 

some rodents (Palme, 2019). These hormones are the major endocrine effectors 

following activation of the hypothalamic pituitary adrenal (HPA) axis. Their actions are 

multiple and there is a diurnal secretory pattern that is modulated by other factors, 

including stress (Sapolsky, Romero, & Munck, 2000). Traditionally, glucocorticoids 

have been measured in blood, although researchers now tend to opt for non-invasive 

measures of HPA axis activity, particularly for non-tractable species, as there is less risk 

of the sampling process itself inducing a stress response (Kersey & Dehnhard, 2014). 

Thus, assays for GCs or their metabolites have been developed and applied with faecal 

(Palme & Möstl, 1997), saliva (Cook, Schaefer, Lepage, & Jones, 1996), urine 

(Lindholm, 1973), milk (Shutt & Fell, 1985), and hair (Stubsjøen et al., 2015) samples. 

Circulating GCs are extensively metabolised, and the metabolites are excreted via the 

urine or bile (Möstl, Rettenbacher, & Palme, 2005). In particular, faecal sampling has 

proven increasingly useful in a variety of experiments and the number of papers 

including their use have increased substantially over the past 20 years (see review of 

1,327 papers by Palme, 2019).  

Faecal samples provide a measure of circulating hormones equivalent to the time 

it takes for digesta to pass from the duodenum to the rectum (Palme, Fischer, 

Schildorfer, & Ismail, 1996). This is a beneficial attribute as it means that faecal 

samples are minimally affected by the pulsatile nature of hormone release, which is 

capable of causing a 10-fold change in blood concentrations within minutes (Palme, 

Rettenbacher, Touma, El‐Bahr, & Möstl, 2005). Furthermore, when the duodenum to 

rectum passage rate of a species is around 24 hours, faecal samples provide accurate 

estimates of mean hormonal levels across this timeframe regardless of circadian 

rhythms, as has been reported for domestic cats (Felis catus) and dogs (Canis lupus 

familiaris; Schatz & Palme, 2001). However, as little to none of the parent hormone is 

present in the faeces (Palme & Möstl, 1997), when immunoassays designed to measure 

GCs in the blood are used with faecal samples they rely on cross-reactions with faecal 

GC metabolites (FGMs). This has led to the more recent development of enzyme 

immunoassays (EIAs) designed to measure specific groups of metabolites. The 

laboratory of Dr Rupert Palme has been a major contributor to understanding and 
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validation of such assays (as reported by Frigerio, Dittami, Mostl, & Kotrschal, 2004; 

Möstl, Maggs, Schrötter, Besenfelder, & Palme, 2002; Palme & Möstl, 1997; Quillfeldt 

& Möstl, 2003; Rettenbacher, Möstl, Hackl, Ghareeb, & Palme, 2004; Touma, Sachser, 

Möstl, & Palme, 2003). However, given that the metabolism of GCs is species-specific 

(Bahr, Palme, Mohle, Hodges, & Heistermann, 2000; Schatz & Palme, 2001), assays 

must be validated for each species (K. V. Fanson et al., 2017). 

Validation of EIAs for use with each species may involve analytical validations 

(specificity, precision, sensitivity and accuracy; Kersey & Dehnhard, 2014; Möstl et al., 

2005), but most importantly physiological and/or biological validation/s (Palme, 2019). 

Physiological validation involves administering exogenous hormones (typically 

synthetic analogues) to supress (dexamethasone suppression test) and/or stimulate 

(adrenocorticotropic hormone [ACTH] challenge) the HPA axis, with regular samples 

taken before and after to determine if the expected hormonal responses can be detected 

by the assay. Biological validation works in much the same way as an ACTH challenge 

but rather than pharmacological administration, animals can be subjected to a known 

stressor (e.g. transport of tigers; Dembiec, Snider, & Zanella, 2004). While an ACTH 

challenge allows for standardised manipulation of the HPA axis and the potential to 

establish a dose-dependent response (Palme, Robia, Messmann, Hofer, & Mostl, 1999; 

Touma, Palme, & Sachser, 2004), a biological validation determines whether or not an 

assay can detect real life physiological changes in HPA axis activity and may be the 

only option when working with endangered and/or dangerous species such as tigers. 

Unfortunately, Palme (2019) discovered that approximately 37% of 1,327 

publications that employed measurement of FGMs did not include methods validated 

for the species under investigation.  As such, the present report aims to provide a guide 

to physiological/biological validation of an EIA, detailing the required data analyses 

and providing simple R code to do so without the need for expensive software. Of note 

is the provision of instructions detailing the approach to plotting a four- or five- 

parameter log-logistic curve, an essential step to interpreting the raw data output from 

instrumentation used to measure hormone/metabolite concentrations measured by EIAs. 

It is noted that the scientific community with interest in these methodologies regularly 

seeks guidance from blogs and academic social networking sites such as ResearchGate, 

in applying systematic approaches to interrogation of these forms of data. 

Unfortunately, many commercial EIA kits include recommendations that less rigorous 

linear regressions may be performed if software for the more appropriate models cannot 
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be obtained (e.g. cortisol EIA kits from Cayman Chemical, 

https://www.caymanchem.com/product/500360/cortisol-elisa-kit; Enzo, 

https://www.enzolifesciences.com/ADI-900-071/cortisol-elisa-kit; Oxford Biomedical 

Research [which gives no indication that a linear regression is less desirable], 

https://www.oxfordbiomed.com/cortisol-eia-kit). A consequence of this is that 

erroneous assumptions are applied, generating unreliable results. Furthermore, the 

present report outlines the importance of testing multiple EIAs. This approach not only 

supports rigour in assay validation, but also ensures that highly relevant biological 

sensitivity of the assay is included in assay selection criteria.  

The present report details the process of EIA selection used for detecting FGMs 

in tiger faeces (a pilot study for a larger longitudinal project) and provides an example 

to guide assay selection using free software (R Core Team, 2020). Additional 

instructions and the output of all code mentioned in the main text are provided as 

supplementary material and an appendix, which includes excel templates to aid with 

basic data calculations and organisation for uploading to R (supplementary material 

‘DataTemplate72a.xlsx’ and Appendix 1: ‘Enzyme immunoassay selection using R’, 

with full pilot data results in supplementary material 

‘SumatranTigerFGM_PilotData.csv’). 

 

3.2. Materials and methods 

3.2.1. Study animals and permissions 

Samples used for the assay selection experiment presented in this chapter included those 

from one female tiger kept at Melbourne Zoo (Elliott Ave, Parkville VIC Australia) and 

two female tigers at the National Zoo and Aquarium (Lady Denman Dr, Yarralumla 

ACT Australia), with one of the latter two being transferred (overnight land vehicle 

transport, no sedation given) to Adelaide Zoo (Frome Rd, Adelaide SA Australia) 

during sampling. All animals were intact adults, not treated with contraceptives or other 

interventions (see sections 2.2. – 2.3.3. for more background on the study tigers, sites, 

and permissions). 
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3.2.2. Sample collection 

Due to the endangered status of tigers and the potential dangers involved in working 

close quarters with them, all sampling was done opportunistically. Fresh faeces (< 24 h 

post defecation) were collected by keepers 1 – 2 times per week. Included in this was 

the first faecal deposit post transport of the translocated tiger for use in the biological 

validation of the EIAs. Samples were frozen immediately after collection and were 

transported to CSU for analysis, remaining frozen until processing. Samples (n = 30) 

were assayed using four different FGM EIAs and the results compared as described 

below (see section 2.4.1. for further details). 

 

3.2.3. Extraction of faecal glucocorticoid metabolites  

Briefly, faecal samples were freeze dried, thoroughly homogenised, and a 0.5 g aliquot 

taken. Aliquots were then suspended in 5 ml of 80% methanol and vortexed (30 min), 

centrifuged (2,500 x g, 15 min), and a 0.5 ml methanolic aliquot of the supernatant 

taken for subsequent steps. Methanolic aliquots of the supernatants were dried under a 

stream of nitrogen and transported to the University of Veterinary Medicine Vienna 

(UVMV), Wein, Austria. Prior to EIA analysis, samples were reconstituted in 0.5 ml 

80% methanol (see section 2.4.4. for further details). 

 

3.2.4. Faecal glucocorticoid metabolite enzyme immunoassays 

Antibodies for all four in-house EIAs used in this study had been raised in rabbits 

against cortisol linked to carboxymethyloxime (CMO) at C3 (Cortisol EIA; Palme and 

Möstl, 1997), 3β-Allotetrahydrocorticosterone linked to CMO at C20 (37e EIA; Touma 

et al., 2003), and 11-oxoaetiocholanolone linked to hemisuccinate at C3 or CMO at C17 

(72a EIA; Palme and Möstl, 1997; and 72t EIA; Möstl et al., 2002; respectively), all 

coupled with bovine serum albumin (BSA). The same steroid derivatives were used as 

biotinylated labels coupled with either biotinyl-1,8-diamino-3,6-dioxaoctane (DADOO-

biotin: Cortisol and 72a EIAs) or biotinyl-3,6,9-trioxaundecanediamine (biotinyl-LC: 

37e and 72t EIAs), synthesised using mixed anhydride reactions (Möstl et al., 2002; 

Palme & Möstl, 1994), except for one small alteration whereby the 72a EIA label 

steroid was linked to glucuronide rather than hemisuccinate. For key details of the EIAs 

see Table 3.1 and for cross-reactions with relevant steroids see Table 3.2. 
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For the tested EIAs, methanolic supernatants are typically diluted 1:10 in assay 

buffer (personal communication with Rupert Palme). However, preliminary assay runs 

revealed high immunoreactivity detected in tiger faeces, outside reliable detection 

limits, for all EIAs except for the Cortisol EIA (data not shown). Therefore, dilutions of 

1:100 were also made to obtain accurate measures for the 72a, 72t, and 37e, EIAs. 

Furthermore, steroid standards were serially diluted in assay buffer 1:2.5 to produce 

seven-point standard curves ranging from 2.048 pg to 500 pg (72a and 72t EIAs), 

0.8192 pg to 200 pg (37e EIA), and 0.32768 pg to 80 pg (Cortisol EIA). All dilutions 

were stored at -20°C until analysis. 

Assays were run at UVMV as described in section 2.4.5. Faecal metabolite 

immunoassays, with minor differences. Most noteworthy, a Hamilton Microlab 

dispenser 1000 was used to dispense samples by taking between 10 – 50 µl of sample 

and 0 – 40 µl assay buffer (total 50 µl) depending on the EIA being used, providing 

further fine tuning of dilution to accommodate the comparison of EIAs that showed 

immunoreactivity to varying degrees within tiger faeces without needing to make 

further sample dilutions prior to running the assays.  

 

3.2.5. Data handling  

Raw EIA data output (BioTek Gen5TM ) generated by standard instrument software was 

exported into standard Microsoft Excel spreadsheets (Microsoft Excel 2013, Version 

15.0.5031.1000). Raw data were then transferred to the template (see supplementary 

material: ‘DataTemplate72a.xlsx’), which was designed to automatically perform all the 

necessary calculations to quantify FGMs in ng/g once the curve parameters were found 

using R (initial calculations described by Brown, Walker, and Steinman, 2004, with 

additional calculations when using faecal samples as described by Palme, Touma, Arias, 

Dominchin, and Lepschy, 2013, formulae for each step can be found by selecting the 

relevant cell). Briefly, final average optical density (OD) for each sample and standard 

(run in duplicate) was calculated by subtracting the average nonspecific binding (NSB) 

OD (e.g. average sample 1 OD - average NSB OD). Percent binding for each sample 

and standard was then calculated by dividing their final average OD by the final average 

zero binding (BO) OD and multiplying by 100 (e.g. average final sample 1 OD/average 

final BO OD * 100). After the FGM concentrations (pg/per well) were found by using 

the curve parameters (see below), they were converted to ng/g of dry faecal matter by 
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multiplying by the extract volume (volume of the aqueous organic solvent for the 

extraction in µl plus the faecal weight in mg as the sample was a suspension) and the 

dilution factor and then dividing by the faecal weight (in g) multiplied by the sample 

volume (that was transferred to the EIA, in µl) multiplied by 1000 (to express as ng 

rather than pg); i.e. (pg [per well] * 5500 * 100)/(0.5 * 50 * 1000). All other data 

analyses were performed in Rstudio with R version 4.0.0 (R Core Team, 2020), which 

requires the one off installation of necessary packages followed by loading them with 

the library() function each time an R session is started (Table 3.3). Note that R code is 

case sensitive and the use of quotation marks (single and double) can be specific and 

must be included in code. Thus when code is mentioned embedded in normal text (e.g. 

library() above) it will be italicised but separate code chunks will not. Furthermore, 

code preceded by a # in R is not run and therefore used for comments.  

Typically, a four or five -parameter log-logistic model (4/5PL) will be most 

suitable for EIA curve fitting. The decision on the most optimal model to use will 

depend on whether the data are symmetrical (4PL) or asymmetrical (5PL):  

𝑓(𝑥) = 𝑐 +
𝑑 − 𝑐

(1 + exp(𝑏(log(𝑥) − log(𝑒))))𝑓
 

Where b is the steepness of the curve, e is the inflection point (referred to as the ED50 

in the drc package), and c and d are the lower and upper limits of detection, 

respectively. f is a correction factor for asymmetry and thus not present or can be set to 

1 in the 4PL model. R data analysis began with importing the standard well data from 

the ‘DataTemplate72a.xlsx’ to produce standard curves, performed with the drc package 

(Ritz, Baty, Streibig, & Gerhard, 2015):  

#replace LL.4 with LL.5 for 5PL curve 

AssayData <- read_excel("DataTemplate72a.xlsx", 

                sheet = "StandardCurveR") 

AssayData.curve <- drm(OD ~ conc, fct = LL.4(), data = AssayData) 

summary(AssayData.curve) 

Copying and pasting the output parameter estimates (b-e) produced by the summary() 

function to the indicated position in ‘DataTemplate72a.xlsx’ provides the missing 

values for the conversion from pg/well to ng/g of immunoreactive FGMs in dry faecal 

matter (for further details see “instructions” tab in ‘DataTemplate72a.xlsx’, and the R 
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guide ‘Enzyme immunoassay selection using R’; FGM concentrations using all four 

EIAs in the present study was collated in ‘SumatranTigerFGM_PilotData.csv’).  

However, the appropriateness of the curve fit should be determined. This was 

done visually (simple plots can be done within the drc functionality, but higher quality 

plots can be done with the aid of ggplot2, included in the tidyverse package; Figure. 

3.1):  

#simple plot 

plot(AssayData.curve) 

points(x=AssayData$Concentration, y=AssayData$Binding, type="p") 

#high quality plot 

newAssayData <- expand.grid(conc=exp(seq(log(0.1), log(1000), length=1000))) 

 

pm <- predict(AssayData.curve, newdata=newAssayData, interval="confidence") 

newAssayData$p <- pm[,1] 

newAssayData$pmin <- pm[,2] 

newAssayData$pmax <- pm[,3] 

AssayData$Concentration0 <- AssayData$Concentration 

AssayData$Concentration0[AssayData$Concentration0 == 0] <- 0.5 

ggplot(AssayData, aes(x = Concentration0, y = Binding)) + 

  geom_point() + 

  geom_ribbon(data=newAssayData, aes(x=Concentration, y=p, ymin=pmin, 

ymax=pmax), alpha=0.2) + 

  geom_line(data=newAssayData, aes(x=Concentration, y=p)) + 

  coord_trans(x="log") + 

  xlab("Concentration (pg/well)") + ylab("Binding (%)") + 

  theme(panel.grid.major = element_line(colour="white", size=1),  

        panel.grid.minor.x = element_line(colour="white", size=0.5), 

        axis.title.x = element_text(size = 12, vjust=-0.35), 

        axis.title.y = element_text(size = 12 , vjust=3)) +  

  scale_x_continuous(minor_breaks = c(2.048,5.12,12.8,32,80,200,500), breaks = 

c(2,10,100,1000)) + 

  scale_y_continuous(breaks = c(20,50,80)) + 

  annotation_logticks(scaled = FALSE, colour = "white", sides = "b") 

Seeing no gross deviations between the regression and observed data, the model can be 

tested for lack of fit against an ANOVA (the most general model, so P > 0.05 indicates 

no significant difference from this and thus may indicate an appropriate model): 

#lack of fit test 

modelFit(AssayData.curve)  

Note that the function mselect() can be used to determine the best model between the 

4PL and a number of other sigmoid curves (many available but generally only 4PL and 

5PL should be considered for this type of assay) by comparing the Akaike Information 
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Criterion (lower value means better model; Akaike, 1973; Anderson & Burnham, 2002). 

It also shows the lack of fit results: 

#model selection 

mselect(LL.5()) 

It should be ensured that the distribution of the residuals is not in violation of the 

assumptions of performing a regression, namely homoscedacity and normality. This can 

be determined visually and with formal tests (Figure 3.2): 

plot(residuals(AssayData.curve) ~ fitted(AssayData.curve), main="Residuals vs Fitted") 

abline(h=0) 

qqnorm(residuals(AssayData.curve)) 

qqline(residuals(AssayData.curve)) 

bartlett.test(residuals(AssayData.curve),fitted(AssayData.curve)) 

shapiro.test(residuals(AssayData.curve)) 

 

3.2.6. Statistical analysis 

As all EIAs selected were developed by the same laboratory, using the same label type 

(i.e. biotin), and were run in the same laboratory by the same personnel, non-specific 

variables were minimized, supporting the assumption that the only factor greatly 

affecting values was the specific metabolites targeted (Table 3.1) and their cross-

reactivities (Table 3.2). Therefore, analysis of the data began with simple Pearson’s 

correlations to compare the different EIA assay profiles (but see K. V. Fanson et al., 

2017, who used principal component analysis with factor rotation to compare assays 

developed by different labs with some using different label types). Due to the presence 

of FGM peaks, the data were log-transformed to meet the assumption of normality. 

Pearson correlation coefficients (r) between EIAs were then calculated and scatterplots 

of pairwise comparisons created for personal visualisation (Figure 3.3: examples of 

scatterplots and normality plots):  

#Import FGM concentrations and assign them to a data frame: MyData 

#Note: the assay names in the spreadsheet are different as it is best to avoid starting 

names with numerals as R can miss characterise them. Thus 72a = EIAa, 72t = EIAt, 

37e = EIAe and Cortisol = EIAc 

MyData <- read.csv("SumatranTigerFGM_PilotData.csv") 

#test normality of untransformed data, only 72a shown 

Assay72a <- select(filter(MyData, Assay == "EIAa"), Conc) 

gghistogram(Assay72a$Conc, bins = 30) 

ggdensity(Assay72a$Conc) 
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ggqqplot(Assay72a$Conc) 

shapiro.test(Assay72a$Conc) 

#test normality of log-transformed data, only 72a shown 

gghistogram(log(Assay72a$Conc), bins = 30, xlab = "log") 

ggdensity(log(Assay72a$Conc), xlab = "log") 

ggqqplot(log(Assay72a$Conc), xlab = "log") 

shapiro.test(log(Assay72a$Conc)) 

#add log data column to data frame using the mutate function  

MyData <- 

  mutate(MyData, log = log10(Conc)) 

#create a matrix of log column grouped by EIA 

logmatrix <- setNames(data.frame( 

  select(filter(MyData, Assay == "EIAa"), log), 

  select(filter(MyData, Assay == "EIAt"), log), 

  select(filter(MyData, Assay == "EIAe"), log), 

  select(filter(MyData, Assay == "EIAc"), log)), 

  c(EIAa, EIAt, EIAe, EIAc)) %>% 

as.matrix() 

#performing correlations 

rcorr(logmatrix, type="pearson") 

#Basic scatter plot 

pairs(logmatrix, pch = 21) 

#Advanced scatter plot 

panel.cor <- function(x, y, digits=2, prefix="", cex.cor)  

{ 

  usr <- par("usr"); on.exit(par(usr))  

  par(usr = c(0, 1, 0, 1))  

  r <- abs(cor(x, y, method = "pearson"))  

  txt <- format(c(r, 0.123456789), digits=digits)[1]  

  txt <- paste(prefix, txt, sep="")  

  if(missing(cex.cor)) cex <- 0.8/strwidth(txt)  

  test <- cor.test(x, y, method = "pearson")  

  Signif <-  

    symnum(test$p.value, corr = FALSE, na = FALSE,  

           cutpoints = c(0, 0.001, 0.01, 0.05, 0.1, 1), 

           symbols = c("***", "**", "*", ".", " "))  

  text(0.5, 0.5, txt, cex = cex * r)  

  text(.8, .8, Signif, cex=cex, col=2)  

} 

pairs(logmatrix, lower.panel=panel.smooth, upper.panel=panel.cor) 

Evaluation of the biological sensitivity of each assay was performed by 

measuring the signal to noise ratio (K. V. Fanson et al., 2017). First, peak FGM 

concentrations, indicative of a potential stress response, were identified using an 

iterative process whereby all values greater than the mean plus 2.5 SD were identified 

as “peak data” and removed before repeating the process. This continued until no new 
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peak values were identified (Brown, Citino, Shaw, & Miller, 1994). All remaining data 

were considered to be “baseline data”. Typically, 2 SD is used to determine peak values, 

however, given the data set used in this analysis involved multiple animals across 

several facilities, a more conservative approach was taken by setting the upper limit to 

the mean + 2.5 SD in an attempt to prevent false positives in terms of identifying peaks. 

The R package hormLong (B. G. Fanson & Fanson, 2014) used for this provided a 

platform to perform these calculations for each assay (see supplementary material 

‘Enzyme immunoassay selection using R’ for examples of plots possible with this data 

or the package guide cited for more details): 

#Read in data and format date and time variables 

#Note: data must be in univariate (long) form and saved as a csv file 

FGM <- hormRead() 

FGM <- hormDate(data = FGM, date_var = 'Date', time_var = NULL) 

#Identify peak and baseline values. Creates csv file as output 

#Note: "criteria" option determines number of SD for peak determination 

base <- hormBaseline( 

  data = FGM, by_var = 'AnimalID, Assay', 

  conc_var = 'Conc', time_var = 'datetime', criteria = 2.5, 

  event_var = 'Events') 

#Summary stats. Creates csv file as output 

hormSumTable(x = base,num_decimals=4) 

#Import summary table from the csv output 

#Note: table does not include standard deviation using only baseline values, so calculate 

that from the other values and add a column for the result 

SumData <- read.csv("hormSumTable.csv") %>% 

  mutate(base_sd = (cutoff - base_mean)/2.5) 

Next, Z-scores were calculated relative to respective assay baseline values such that: 

Zbaseline score = (observed value - Meanbaseline)/SDbaseline:  

#Calculate the Z score using baseline mean and SD for each data point in the original 

data frame and display in a new column.  

MyData <-  

  mutate(MyData, base_Zscore =  

           c((MyData[MyData$Assay == "EIAa", "Conc"] -  

                SumData[SumData$Assay == "EIAa","base_mean"]) /  

               SumData[SumData$Assay == "EIAa","base_sd"],  

             (MyData[MyData$Assay == "EIAt", "Conc"] -  

                SumData[SumData$Assay == "EIAt","base_mean"]) /  

               SumData[SumData$Assay == "EIAt","base_sd"],  

             (MyData[MyData$Assay == "EIAe", "Conc"] -  

                SumData[SumData$Assay == "EIAe","base_mean"]) /  

               SumData[SumData$Assay == "EIAe","base_sd"],  

             (MyData[MyData$Assay == "EIAc", "Conc"] -  
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                SumData[SumData$Assay == "EIAc","base_mean"]) /  

               SumData[SumData$Assay == "EIAc","base_sd"])) 

The assay that produced the greatest Zbaseline score in the post transport sample (Zpts) was 

deemed the most sensitive to biologically significant changes in FGMs and thus the 

most appropriate. An additional inclusion criterion was that Zpts > 2.5, failure of an 

assay meeting this deemed it not validated. 

 

3.3. Results    

Immunoreactivity detected by each of the four FGM EIAs varied considerably, with 

baseline means of 6775, 1592, 1053 and 17 ng/g for 72t, 72a, 37e and Cortisol, 

respectively. However, all showed significant positive correlations (range from r = 0.61, 

between 72t and Cortisol to r = 0.84 between 72t and 72a), with 72a generally showing 

the highest correlations with each comparison and Cortisol the lowest (Figure 3.3 E). 

Despite this, only the 72a and 37e EIAs determined the post transport sample to be a 

peak by showing a Zpts greater than 2.5, with 72a = 9.25 and 37e = 4.88 compared to 72t 

= 1.03 and Cortisol = 1.24. However, all EIAs identified peaks (n = 6, 3, 3, 2 for 72a, 

37e, 72t, Cortisol, respectively), with maximum Zbaseline = 10.18, 6.20, 4.58 and 3.40, 

respectively. All three peaks identified by the 37e EIA coincided with peaks identified 

by the 72a EIA, but only one of these was identified by the Cortisol EIA and none by 

the 72t EIA. The other sample identified as a peak by the Cortisol EIA was only 

supported by the 72t EIA, which had its other two peaks detected by 72a EIA, and 72t’s 

final peak was attributed to a sample not identified by any others as a peak (Figure 3.4). 

 

3.4. Discussion 

The data indicate that the 72a EIA is best suited for measuring Sumatran tiger FGMs. 

This EIA generated data identifying peak FGM concentrations with the strongest signal 

to noise ratio of post transport samples with Zpts = 9.25, while the 72t and Cortisol EIAs 

were not appropriate with Zpts = 1.03 and 1.24, respectively. The 37e EIA, having a Zpts 

= 4.88, is deemed acceptable but not as biologically sensitive as the 72a EIA. However, 

the raw data from a given experiment should not be taken to dismiss an assay under all 

circumstances as unsuccessful validation could be due to methodological constraints 

(e.g. opportunistic sampling). This was highlighted by K. V. Fanson et al. (2017) when 
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all five EIAs they tested on three woylies (Bettongia penicillata) given ACTH and 

sampled daily failed to detect a peak, but later a higher ACTH dose and sampling three 

times per day identified a peak in one individual sample. The authors concluded that 

either the sampling frequency or initial lower ACTH dose was insufficient to capture an 

FGM peak. However, in the present scenario this was not the case as both the 72a and 

37e EIAs detected a large peak (Zpts > 4.5). Indeed, the relatively long gut transit time in 

tigers shows daily faecal sampling is sufficient to capture peak concentrations one to 

two days after ACTH challenge or an imposed stressor (Naidenko et al., 2011, Narayan 

et al., 2013, Rozhnov et al., 2010), allowing for greater leniency with collection 

frequency. 

A methodological factor that needs to be considered is the stability of the 

measured metabolites post defecation, especially with the sampling regime in the 

Sumatran tiger pilot study. Post defecation, GCs (if any remain) and FGMs can continue 

to be metabolised, which is largely attributed to the action of bacterial enzymes (Lexen, 

El-Bahr, Sommerfeld-Stur, Palme, & Mostl, 2008; Möstl et al., 2005), although this can 

be prevented for up to two years when freezing samples at -20°C or by lyophilisation 

(Hunt & Wasser, 2003). If samples cannot be immediately collected it is important to 

know the immediate effects. Indeed, Lexen et al. (2008) used both the 72a and 72t EIAs 

to measure FGMs in sheep faeces and found concentrations to increase and decrease 

soon after defecation, respectively. The actions of gut bacteria exhibiting 17,20 

desmolase activity likely explains the increase in immunoreactivity measured by the 72a 

EIA in sheep faeces as it measures C19 steroids (being specific for the C17-oxo group). 

Although the 72t EIA antibody was raised against the same steroid (5β-3α-ol-11,17-

dione) it is joined at C17, therefore specific for the 3α-hydroxyl group, and thus shows 

cross-reactivity with a number of C21 steroids (Table 3.2). This likely explains the 

higher immunoreactivity detected in tiger faeces than estimated by the 72a EIA. 

However, this also makes the 72t EIA susceptible to loss of immunoreactivity if the 

FGM C3 hydroxyl group is oxidised. A number of bacterial genera containing 

homologues of the 3α- hydroxysteroid dehydrogenase protein such as the aerobic, 

oxidase positive, Comamonas testosteroni bacterium have been detected in gut 

microbiota (Kisiela, Skarka, Ebert, & Maser, 2012; Steinberg & Burd, 2015). This 

makes the use of the 72t EIA unreliable when sample exposure time cannot be 

controlled, as shown by the relatively low FGM concentrations determined in the post 

transport sample, which likely had the greatest exposure time prior to being collected.  
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Morris, Winter, Cato, Ritchie, and Bokkenheuser (1986), reported large amounts 

of a novel 17,20 desmolase producing bacteria, Eubacterium desmolans (now 

Agathobaculum desmolans: Ahn et al., 2016), in the faeces of domestic cats. Cultures of 

this bacterium were able to completely metabolise cortisol (100 µg/ml) to 11β-

hydroxyandrostenedione (a C19 steroid) within approximately 16 h (Bokkenheuser, 

Winter, Morris, & Locascio, 1986), which is within the digesta transit time from 

duodenum to rectum in cats (Schatz & Palme, 2001). This indicates that 17,20 

desmolase activity is likely to be almost complete prior to defecation in domestic cats. 

Furthermore, Webster, Burroughs, Laver, and Ganswindt (2018) used the 72a EIA to 

estimate FGM concentrations in fresh leopard samples that had been left outside for 1, 

6, 12, 48, 72 and 144 h. These authors reported no significant change detected by the 

72a EIA over this time-period, suggesting that the 17,20 desmolase activity may be 

consistent across feline species. This provides further evidence to support the use of the 

72a EIA for FGM measurement in Sumatran tiger faeces, with the 37e EIA also 

appearing appropriate though possibly less biologically sensitive.  

Further experiments would be required to fully validate the 72a EIA for use with 

Sumatran tiger faecal samples in both sexes. Ideally, at least two individuals from each 

sex should be used with more samples taken, both before and after an imposed stressor 

or ACTH challenge. The importance of this has been observed by Webster et al. (2018), 

who found that the 72t EIA was not appropriate for FGM detection in female leopards, 

with them only showing a 33.25% increase post ACTH injection despite males having a 

333.55% increase. Regarding individual variation, K. V. Fanson et al. (2017) assessed a 

number of different marsupial species and found variation between individuals of the 

same species and sex in response to ACTH injection or imposed stressor, with some 

showing a peak response and others not. Indeed, individual variation may be considered 

the greatest caveat within the GC field in general, affecting all levels of the HPA axis, 

potentially including the metabolism and excretion of GCs (Cockrem, 2013; Palme, 

2019).  

In addition to increasing sample animal size, for added rigour a dexamethasone 

suppression test could also be applied to ensure limited immunoreactivity detected by 

the EIA from interfering substances such as by lipids or solvents used for extraction 

(Palme, 2019), or from gonadal steroid metabolites as was found to be the case in 

African elephant (Loxodonta africana) and dog faeces (Ganswindt, Palme, 

Heistermann, Borragan, & Hodges, 2003, Schatz & Palme, 2001). Fortunately, Schatz 
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and Palme (2001) performed HPLC radiometabolism studies (which are expensive and 

not always possible due to the need for radioactive materials and animal handling) and 

confirmed that the 72a EIA does not cross-react with androgen metabolites in cat faeces. 

This may extend to felids in general. As previously mentioned, not all of these 

validations are always possible in species such as tigers, and this pilot study was time 

restricted needing an assay to be selected in Austria to bring back to Australia before 

collecting annual samples. However, further sampling and analysis with the 72a EIA 

has now been performed by our group in both sexes providing further validation for its 

use with Sumatran tiger faeces (data not shown). 

 

3.5. Conclusion 

From this initial small sample investigation, the 72a EIA appears to be the best suited 

EIA of those tested to measure FGM concentrations in Sumatran tiger faeces. This is 

due both to the biological sensitivity displayed and the possible tolerance of detected 

FGMs to alterations over time in felid species. It is important when selecting an assay 

that the variables that influence non-specific variations in assay data are controlled 

throughout the entire study. There is little point selecting an assay in “ideal” conditions 

if they will not be possible in the long term (e.g. selection pilot study sampling fresh 

faeces if fresh faeces cannot be reliably obtained). 

 This report has provided a guide for assay selection, an integral step for 

measuring endocrine response. The code can be copied with minor alterations to 

accommodate other data sets, however, it is recommended that researchers new to R 

develop those skills to understand the code fully so they can trouble-shoot and 

implement effective quality assurance in detecting and controlling for aberrant data 

output. 
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Table 3.1. Characteristics of the four EIAs used to measure faecal glucocorticoid metabolites (FGMs). 

EIA: 

Reference 

Cortisol 

(Palme & Möstl, 1997) 

37e 

(Touma et al., 2003) 

72a 

(Palme & Möstl, 1997) 

72t 

(Möstl et al., 2002) 

Antibody against: 

(coupled with BSA) 

cortisol-3-CMO 3β-Allotetrahydro-

corticosterone-20-CMO 

11-oxoetiocholanolone-3-

hemisuccinate 

11-oxoetiocholanolone-

17-CMO 

+DADOO-biotin/ #biotinyl-LC  

label coupled with: 

cortisol-3-CMO+ 3β-Allotetrahydro-

corticosterone-20-CMO# 

11-oxoetiocholanolone- 

3-glucuronide+ 

11-oxoetiocholanolone- 

17-CMO# 

Standard cortisol  

(4-pregnene- 

11β,17α,21-triol- 

3,20-dione) 

3β-Allotetrahydro-

corticosterone-20-one 

(5α-pregnane- 

3β,11β,21-triol-20-one) 

11-oxoetiocholanolone 

(5β-androstane- 

3α-ol- 

11,17-dione) 

11-oxoetiocholanolone 

(5β-androstane- 

3α-ol- 

11,17-dione) 

Metabolite structure targeted 11β,17α,21-triol-20-one 5α-3β,11β-diol 11,17-dioxoandrostanes 5β-3α-ol-11-one 

7-point standard curve range (pg) 0.33 - 80 0.82 - 200 2.048 - 500 2.048 - 500 

Antibody (x 103) working dilution 1:250 1:30 1:10 1:60 

Label (x 103) working dilution 1:160 1:40 1:800 1:2000 

Sensitivity (pg/well)* 0.3 1 0.8 3 

Intraassay CV (%)* 8.9 14.0 9.5 2.9 

Interassay CV (%)* 11.1 9.1 11.3 12.5 

Adapted from Palme and Möstl (1997) 

*Values come from the papers in which they were first described (in reference/top row) with the exception of the sensitivity of the 37e EIA which was 

not reported and has instead been estimated by using standard curves produced  at the University of Veterinary Medicine Vienna, and the 72t EIA 

where none of these 3 values were given so were taken from Ganswindt et al. (2003) who additionally gave the values for high and low quality controls 

of intra- and inter- assay CV, the highest for each has been reported here. 
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Table 3.2. Cross-reaction (%) of steroids, as reported in papers where first described, in the four EIAs used. 

Steroid cortisol 

(Cortisol EIA) 

5α-pregnane-

3β,11β,21-triol-20-one 

(37e EIA) 

11-oxoetiocholanolone 

(72a EIA) 

11-oxoetiocholanolone 

(72t EIA) 

4-Pregnene-     

11β,21-diol-3,20-dione 

11β,17α,21-triol-3,20-dione 

6.2 

100.0 

<1 

<1 

<0.01 

<0.01 

 

5α-Pregnane-     

11β,17α,21-triol-3,20-dione 

3α,11β,17α,21-tetrol-20-one 

3β,11β,21-triol-20-one 

3β,11β,20β,21-tetrol 

3β,11β,17α,21-tetrol-20-one 

3β-ol-20-one 

4.6 

0.8 

 

<1 

<1 

100 

110 

45 

<1 

<0.01 

<0.01 

 

 

5β-Pregnane-     

3α,11β,17α,21-tetrol-20-one 

17α,21-diol-3,11,20-trione 

3α,11β,21-triol-20-one 

3α,17α,21-triol-11,20-dione 

3α,17α,20α,21-tetrol-11-one 

3α,11β,17α,20α,21-pentol 

3α,11β,17α,20β,21-pentol 

3α-ol-11,20-dione 

3α,20α-diol 

11β,17α,21-triol-3,20-dione 

3β-ol-11,20-dione 

3α,11β-diol-20-one 

0.1 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

 

 

 

<1 

 

<1 

 

 

<1 

<1 

37 

<1 

<1 

<1 

<1 
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5α-Androstane-     

3α-ol-11,17-dione 

3β-ol-11,17-dione 

3,11,17-trione 

3β,11β-diol-17-one 

3α-ol-17-one 

3,17-dione 

3β-ol-17-one 

3β,17β-diol 

<0.01  

<0.01 

<0.01 

 

<1 

 

230 

 

 

<1 

<1 

5.7 

6.7 

14.7 

 

<0.1 

<0.1 

<0.1 

<1 

 

5β-Androstane-     

3α,11β-diol-17-one 

3α-ol-11,17-dione 

3,11,17-trione 

3α-ol-17-one 

3,17-dione 

 

<0.01  

<0.01 

<0.01 

 

 

 

 

 

 

0.6 

100.0 

84.0 

4.8 

7.8 

3.3 

100 

1.2 

<1 

Adapted from Palme and Möstl (1997) who described the Cortisol and 72a EIA. It was modified to include information on the 72t and 37e EIAs 

reported in text by Möstl et al., (2002) and Touma et al., (2003), respectively, and 72a was updated with some cross-reactivities with androgen 

metabolites (no 11-oxo/hydroxyl group) tested by (Ganswindt et al., 2003). Note that Touma et al., (2003) did not list specific metabolites tested when 

they cross-reacted <1%, rather simply stated: “Cortisol, corticosterone or metabolites, which differed at one of the three recognized positions (5α,3β- or 

11β-ol) showed cross-reactivities less than 1%. If more positions differed, the cross-reactivity was even less (<0.1%). All tested gonadal steroids such 

as progesterone, androstenedione, and dehydroepiandrosterone or their reduced metabolites (e.g., 5α/β-pregnane-3β-ol-20-one; 5α/β-androstane- 

3β,17β-diol; 5α/β-androstane-3β-ol-17-one) cross-reacted less than 1%”. As such, the glucocorticoid metabolites differing at only one of the three 

points listed (when that metabolite was already listed in the table due to being reported in one of the other assays) were included even when not 

specifically named as they were assumed to be tested (<1). This assumption was deemed acceptable as all the assays were developed by the same lab 

and would have the same steroids available to test for cross-reactivity.  
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Table 3.3. Required packages for all analyses described in text 

R package Main usage in this paper Reference  

tidyverse Includes multiple packages with 

similar data structures 

for use together. Many functions, data 

handling, etc 

(Wickham et al., 2019) 

readxl Importing data from excel spreadsheets (Wickham & Bryan, 2019)  

drc Curve fitting (Ritz, et al., 2015)  

ggpubr For easy customization of ggplots.  

Useful for novice R users 

(Kassambara, 2020)  

Hmisc Normality tests (Harrell et al., 2020)  

devtools Allows installation of github packages  (Wickham, Hester, & 

Chang, 2020) 

 

hormLong

* 

Iterative peak/baseline identification (B. G. Fanson & Fanson, 

2014) 

 

RCurl+ Required for proper functioning of 

hormLong 

(Lang, 2021)  

usethis+ Required for proper functioning of 

hormLong 

(Wickham & Bryan, 2021)  

Packages need to be installed once only, e.g. install.packages(“tidyverse”) and 

generally loaded each time R is started, e.g library(tidyverse). 

*hormLong is installed from github and therefore requires the code: 

install_github('bfanson/hormLong')  
+Packages do not need to be loaded, but must be installed as hormLong depends on 

them 
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Figure 3.1. Example of standard curves produced by the R package drc. Top: basic plot 

output capable within the drc packages functionality, useful for personal visualisation to 

determine fit acceptability. Bottom: a figure of publishable quality produced by altering 

the original with the package ggplot2. Code to produce both is provided. 

 

 



96 
 

  

 

Figure 3.2. Example of basic R plots for personal visual testing of regression 

assumptions using model residuals. Top: test of homoscedacity by plotting residuals 

against fitted values. Bottom: testing normality of residuals using a normal Q-Q plot. 

Code to produce both is provided. 
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Figure 3.3. Some examples of basic plots produced in R and used to visually test for normality using 72a EIA FGM log-transformed data only: A, B, 

and C, and to check correlation by means of pairwise comparisons between 72a, 72t, 37e, and Cortisol EIA FGM log-transformed data (df = 30): C 

and E. Note that these should be used for personal visualisation when analysing data and not for reproducing in publications which would require 

additional code. A: histogram; B: qq plot; C: density plot; D: pairwise comparisons between the four EIAs listed in the diagonal, panes below where 

they intersect displays a scatterplot which is repeated above the diagonal, or, when slightly more complex R code is used as in figure E: intersects 

above show the correlation coefficient (r), with font size of the correlation coefficients indicative of their p-value with larger font indicating lower 

values and *** denotes statistical significance P < 0.001. All code is shown in text. 
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Figure 3.4. Plot of Z scores relative to respective assay baseline values such that: 

Zbaseline = (observed value - Meanbaseline)/SDbaseline. Due to samples being from multiple 

tigers sampled at different facilities at different times, for ease of viewing/comparison 

the x-axis shows samples 1 to 30 in ascending order of concentration found by the 72a 

EIA. Dashed horizontal line is the cut off for baseline concentration classification 

(Meanbaseline + 2.5 * SDbaseline), everything above is considered a peak. Sample 29 

(second last sample) represents the post transport sample. 
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Chapter 4. Non-invasive longitudinal assessment of faecal 

glucocorticoid metabolite output from captive Sumatran 

tigers around Australia. 

 

Abstract 

Optimizing welfare is one of the key tenets of modern zoological societies. One step 

towards ensuring this is the assessment and monitoring of drivers of stress that captive 

animals are exposed to throughout the year. Analysis of faeces for metabolites of 

glucocorticoids (GCs) has become a popular method for obtaining a non-invasive 

measure of physiological stress in animals. However, when used with zoo animals such 

as tigers there is often an issue of sample size due to low numbers of individuals at a 

given facility. It has therefore been recommended that only multi-institutional studies be 

conducted, but sampling animals in different locations means that they are exposed to 

different conditions. This study sampled seven Sumatran tigers, Panthera tigris 

sumatrae, from three zoos around Australia throughout the year to determine factors 

that may be used to predict changes in faecal glucocorticoid metabolites (FGM), 

measured using a validated enzyme immunoassay, and/or the chance of a peak 

occurring, indicative of a stress response. It was found that colder temperatures, 

specifically assessed by the maximum recorded temperature for the day, was the best 

predictor of a peak response occurring. Depending on the zoo (site), this resulted in the 

mean maximum temperatures in Winter predicting an FGM peak with up to three times 

more likelihood than at the mean temperatures of other seasons. However, season as a 

whole was the best climatic predictor of FGM concentrations, although zoo was also a 

co-determinant with some seasons having different effects at different zoos. It appeared 

that seasons which replicated the Sumatran tiger’s native environment, tropical with 

warm temperatures and a lot of precipitation each month, more closely predicted lower 

FGM concentrations. This may be linked to the amount of precipitation recorded in the 

season, with rainier seasons predicting lower FGM concentrations. In addition, seasons 

with relatively cold temperatures were predicted to cause an increase in FGM 

concentrations, with the tolerance for cold lowered for older individuals. Rain also 

appeared to have a slight acute effect on FGM concentrations, predicting decreased 

FGM concentrations in the study tigers during seasons other than Winter, though more 

rain day data points would be required to confirm this finding. Additionally, visitor 
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number and sex did not significantly influence FGM concentration or the chance of an 

FGM peak.  
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4.1. Introduction 

Faecal glucocorticoid metabolite (FGM) analysis has become an increasingly popular 

tool for non-invasive evaluation of adrenocortical activity as a measure of physiological 

stress (Palme, 2019). Sample collection is simple and low cost, making it ideal for 

longitudinal studies requiring large sample numbers and/or frequent sampling, and can 

be performed without causing stress to the animals. It also provides a pooled measure of 

glucocorticoid (GC) output over time, equivalent to the time it takes for digesta to travel 

from the duodenum to the rectum (Palme, Fischer, Schildorfer, & Ismail, 1996). This 

means that FGM samples are not greatly influenced by the pulsatile secretion of 

hormones into the circulatory system which can cast doubt on the reliability of 

individual point measures using other biological samples such as blood (Palme, 

Rettenbacher, Touma, El‐Bahr, & Möstl, 2005). These factors have made it a 

particularly attractive option for studies on livestock (Möstl, Messmann, Bagu, Robia, 

& Palme, 1999) and free ranging animals that live in large groups, where pooled 

samples are needed rather than individual samples (Ganswindt, Tordiffe, Stam, Howitt, 

& Jori, 2012). The non-invasive nature of faecal sampling also makes it a useful tool for 

assessing zoo animals, particularly dangerous and/or cryptic species where other 

sampling methods could cause adverse effects to the animal and/or sampler (Kersey & 

Dehnhard, 2014). However, there are some caveats to using hormone analysis to assess 

physiological stress (regardless of biological sample type), some of which are 

particularly relevant for certain species. 

Individual variation in GC output is high among animals, even between 

members of the same species (Touma & Palme, 2005). This is not an issue for species 

that live in large groups and can have large numbers sampled to be representative, but 

many zoo species are kept in small numbers to mimic their natural settings (e.g. solitary 

animals). For such species it has been suggested that multi-institutional studies be 

conducted to allow enough animals to be sampled to attain sufficient statistical power. 

However, this opens up the possibility of other factors influencing GC output. An 

obvious example is that different zoos may keep animals in different ways, with 

changes to GC output known to occur due to things such as changing enclosure size and 

complexity (Li, Jiang, Tang, & Zeng, 2007). Diet is another factor that is particularly 

important especially when it comes to measuring FGMs, as anything that affects 

passage rate will affect the metabolite concentration without there necessarily being any 
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change in hormone secretion (e.g. vegetarian/high fibre diet in humans; Goldin et al., 

1982).  

Multi-institutional sampling often takes place at different times of the year at 

each facility, adding an additional layer of complexity, despite there being clear 

seasonal effects on GC/FGM measures (Jachowski, Washburn, & Millspaugh, 2015). 

Climate can also be vastly different from one sample site to another, especially in 

studies involving zoos greater distances apart. In zoos, time of sampling is not only 

important in terms of climatic variables when it comes to zoos, but also in terms of 

visitor numbers. It has been shown that certain zoo species can show signs of impaired 

welfare when visitor numbers are high (Sherwen & Hemsworth, 2019). Although tigers 

have not been shown to be negatively impacted by high visitor numbers, few studies 

have assessed this (Margulis, Hoyos, & Anderson, 2003), and no multi-institutional 

longitudinal studies assessing the effects of sampling day on FGM concentrations in 

captive tigers have been reported. 

The present study attempts to determine the effects that differing climatic 

variables, changing seasons, and visitor numbers have on captive tigers in Australia 

throughout the year in terms of their FGM output, and if these are dependent on the 

animal’s sex and/or age. Models of varying complexity were created to determine if 

certain factors universally affect FGM concentrations in one way or another. If this is 

the case, then samples collected from animals at different facilities and/or different 

times of the year may be able to be pooled or compared, helping deal with the issues of 

small sample numbers. We hypothesise that given the differences in climate, Australia 

being temperate and Sumatra tropical, that we will see some variation throughout the 

year in a season dependant manner. 

 

4.2. Materials and methods 

4.2.1. Study animals and permissions 

Samples for the study (n = 515) came from seven tigers in three zoos around Australia 

(Table 4.1). Sampling at National Zoo and Aquarium (NZA) ran from 10-10-2017 to 

19-01-2019, at Adelaide Zoo (AZ) from 11-02-2018 to 14-04-2019, and Perth Zoo (PZ) 

from 3-01-2018 to 6-03-2019. Samples were collected from each tiger 1 – 2 times per 

week, however, if a tiger experienced a known significant disturbance or change in 

management (e.g. transfer to another facility, surgery, permanent enclosure change, 
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introduction/change of medication) then samples from the following 1 – 2 weeks were 

not included in the longitudinal study. All tigers were of the Sumatran tiger sub-species 

Panthera tigris sumatrae. At each zoo, tigers were kept in a similar manner: with 

keepers employing protected contact, housing tigers separately, feeding a mix of meats 

with bone and hide included. Feeding amounts, times, and frequency varied between 

and within zoos, mainly depending on the tigers’ age and size/body condition, with no 

starve days for the youngest and oldest tigers and 1 – 3 for the others. However, initial 

analysis did not find a significant effect of the number of starve days on FGM 

concentration or the chance of an FGM peak being detected (detailed below). 

 

4.2.2. Faecal glucocorticoid extraction and analysis 

Hormone metabolites were extracted as described in section 2.4.4. Extraction of faecal 

metabolites, and the extracts quantified as described in section 2.4.5. Faecal metabolite 

enzyme immunoassays. However, all faecal glucocorticoid extractions and assays were 

performed at Charles Sturt University in Australia. 

 

4.2.3. Faecal glucocorticoid metabolite peak determination 

Samples were classified as peaks following the iterative process detailed in section 

3.2.6. Statistical analysis using 2 SD as the upper limit for peak determination. 

However, the tiger that was transferred between zoos during the study had its data 

collected from each zoo analysed separately so that it had a different baseline and peak 

determination cut off value for each zoo. In total there were 70 peaks detected among 

the samples collected. 

 

4.2.4. Data modelling 

A complex R script (R Core Team, 2020) was created to determine which models best 

predicted either FGM concentration (FGMC) or the probability of an FGM peak 

(FGMP) occurring using linear mixed-effects models (LMM) or generalised linear 

mixed-effects models (GLMM) with a binomial family and logit link, respectively. The 

methods employed determined the variables for inclusion or exclusion in the 

combination of fixed effects (or predictor variables) and the resulting model that best 
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predicted the dependent variable, i.e. FGM concentration or probability of an FGM peak 

(0 = baseline sample, 1 = peak sample). Mixed models expand on linear models by 

allowing the inclusion of random effects as well as fixed effects. Models created used 

the individual animal (AnimalID) as a random effect. 

 

4.2.5. Fixed effects 

A large number of potential variables that could affect FGM concentrations were 

considered. However, zoos typically housed all their tigers in the same way, 

establishing multicollinearity among many of the variables. When this occurred 

between two variables then the one that caused the least improvement to the model (see 

4.2.6. data analysis) was removed, and the variable “Zoo” was taken to incorporate the 

combination of factors within each facility not addressed by the retained fixed effects. 

Coefficients for each zoo therefore indicated the differences between zoos regardless of 

the other fixed effects used in a given model. However, this must not be taken to mean 

one zoo caused a greater or lesser physiological response to stress than another as these 

differences could merely have been caused by differences in the metabolism of the 

parent hormone from each animal. For variables that may change from one day to 

another (e.g. temperature, rain), sample values were paired with variables relevant to the 

preceding day to account for the FGM time lag. 

 

4.2.5.1. Age 

As age is a known predictor of glucocorticoid secretion in many species (Levy et al., 

2020), it was included as a continuous fixed effect in the modelling. However, initial 

modelling indicated no significant effect of age on FGM in tigers. It is possible that this 

was due to the small number of subjects and also the rather limited spread of animal 

ages. Furthermore, it is not clear if there exists a linear relationship (on which G/LMMs 

analyses rely) between age and GC concentrations. Therefore, Age was coded as the 

categorical variable, AgeClass, with two categories: Geriatric for tigers over the age of 

15 years, as is the common classification for domestic felines, with all others being 

classified under the Adult category. All tigers were over 7 years of age at the time their 

sampling commenced except for one individual that was 3.75 years old. The exact 

definition for adulthood is debateable, Sumatran tiger dispersal age is approximately 2.5 
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years but males may not reach sexual maturity until 4-5 years in the wild (Sunquist & 

Sunquist, 2002), though in captivity this may be sooner due to the presence of non-

related sexually mature conspecifics. The data for this tiger, being an age outlier, was 

originally modelled under a separate age category of Subadult. However, the variable 

was not significant and likely only reflected slight variations due to the individual and 

thus the coefficient for Subadult provided by the model may not have been a true 

reflection, thus this tiger was also classified as an Adult. This resulted in six tigers given 

the Adult classification and one the Geriatric. 

 

4.2.5.2. Climate variables 

Most of Australia, including the locations of all sample sites, experiences 4 seasons. 

According to the Köppen classification system, PZ and AZ observe a hot summer 

Mediterranean climate, and NZA an oceanic climate. “Season” was coded as a 

categorical variable with four levels: Autumn (1st of March to 31st of May), Winter (1st 

of June to 31st of August), Spring (1st of September to 30th of November), and 

Summer (1st of December to 28th/29th of February). Daily values for maximum and 

minimum temperature (°C; MaxTemp and MinTemp, respectively), solar exposure 

(MJ/m2; SolarExp), and rain (mm; Rain) recorded by local weather stations were 

accessed via the Australian Bureau of Meteorology website (http://www.bom.gov.au). 

As daily rain data were most commonly 0 mm but varied from < 1 mm to > 30 mm, 

data were coded by adding 1 mm to every daily value and the resulting modified values 

were then log-transformed (RainLog). However, since the presence or absence of rain 

may have impacted the response variables, regardless of the volume of rain, Rain was 

also coded as a 2-level categorical factor of either “Rain” or “NoRain”. As these are 

both measures of rain, only one was ever included in a model at a time. Day length (h; 

DayLength) was calculated using the R package geosphere (Hijmans, 2021). Except for 

rain, data for each climate variable was mean centred to ensure meaningful zero values 

in the data set, as recommended for LMM/GLMM analysis (Harrison et al., 2018). 

 

4.2.5.3. Visitor numbers 

The number of visitors at a given zoo varied greatly depending on factors such as the 

population of the surrounding area and its popularity as a tourist destination. Since 
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animals within a given facility may become habituated to the number of visitors, it may 

not make sense to have visitor number as a continuous variable as the actual number of 

visitors each day may not be an issue, but more likely their relative abundance 

compared to a “normal” day at the given facility. Therefore, the two-level category 

“SchoolHolidays” was created to code each sample date as a school holiday or not, as 

these days typically had the highest number of visitors. An alternative two-level 

category, PeakDay, was also created where a peak day was a school holiday or any 

weekend as these also had a higher number of visitors than throughout the week (though 

not as high as school holidays). And finally, a “Visitors” category was made with 3 

levels: “High” for school holidays, “Medium” for weekends not on a school holiday, 

and “Low” for all other days. Whilst a full set of actual visitor data was not available, 

some visitor data was gained and that was consistent with this coding. As with the fixed 

effects for rain, only one was ever included in a model at a time. 

 

4.2.5.4. Sex  

Sex is a known predictor of GC secretion and/or metabolism in many species (Parnell et 

al., 2014) including tigers (Palme et al., 2005). As such, it was included as a fixed effect 

with two categories: male and female. 

 

4.2.6. Data analysis 

Model assumptions for LMM and GLMM were met by testing as described in section 

2.5.1. Model assumptions. As is common with biological data, there was an apparent 

increase in variance as FGMC increased. It was also found that the variance of values 

differed according to AgeClass level and, unsurprisingly, FGMP (i.e. difference in 

variance between baseline and peak samples). Rather than log transforming the data 

which is highly contentious in the literature (Harrison et al., 2018), the nlme R package 

allows modelling these differences by passing a weights argument (“varPower” 

representing a power variance function and “varIdent” to allow different variances for 

each level of the grouping factor/s to be identified). Thus, the following R code was 

used: 

lme(FGMC ~ FixedEffects, random=~1|AnimalID, weights = varComb(varPower(),  

varIdent(form= ~ 1 | FGMP*AgeClass)), data=data)    
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New diagnostic plots were created, confirming that model assumptions were met, 

verifying model adequacy.  

After ensuring the GLMM null model also met all the assumptions, the 

following code was used: 

glmer(FGMP ~  FixedEffects + (1|AnimalID), data=data, family=binomial) 

As this model uses a binomial family with a logit link, the coefficients produced were 

logits and thus needed to be exponentiated to find the odds and then converted to 

probabilities: 

exp(logit) = odds 

odds/(1 + odds) = probability 

To use model output coefficients to predict the probability of an FGMP, the associated 

logit values were all added before converting to a single probability. 

The created R script for LMM and GLMM model selection (4.2.4. Data 

modelling) was then run which automatically tested different models covering all 

possible combinations of the fixed effects and listed them from “best” to “worst” 

according to the Akaike Information Criterion (AIC; lower AIC indicates better fit; 

Akaike, 1973; Anderson & Burnham, 2002). Collinearity of fixed effects was 

determined by calculating the variance inflation factor (VIF) and models including 

variables with VIF > 3 were excluded (Zuur, Ieno, & Elphick, 2010). As increasing 

numbers of fixed effects led to exponentially more models to be fit (the 12 fixed effects 

detailed in 4.2.5. Fixed effects = 213 = 8,192 models including the null model), no 

interaction terms were included for the first run as this exceeded the computational 

power available. After the initial analyses, the variables that had multiple potential 

measuring methods were reduced to one option each and a number of “climate variable” 

fixed effects that performed worse than similar options, according to AIC, were 

removed (e.g. if maximum temperature appeared in better models than minimum 

temperature then the latter would be removed). This allowed the analyses to be run 

again with meaningful interaction terms of the remaining main effects included. 

However, this was not only to avoid exceeding the computational power of the 

software, but to avoid overfitting a model which is a real risk if providing all the 

interactions in the first instance (Harrison et al., 2018). Even after narrowing down the 

main effects caution is advised when including interaction terms as each one 

(particularly for categorical variables) reduces the number of data points applicable to 
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each, thereby increasing the chance of producing a model that mimics the specific data 

better but has little applicability (or logical reasoning) to anything else. And finally, 

although it has been argued that VIF is not important when only high between terms 

involved in interactions with each other (Friedrich, 1982), the criterion was maintained 

but extended to VIF < 10 for two-way interactions which some authors have argued is 

acceptable without interactions present (Quinn & Keough, 2002). Model selection 

should not be based solely on the numbers but also requires logical reasoning as to the 

inclusion, or not, of main effects and interaction terms (Harrison et al., 2018). As such, 

the final models determined to be “best” were not typically those with the lowest AIC. 

Models within 2 AIC are considered to have comparable support (Anderson & 

Burnham, 2002) which was the guideline criterion followed for the present study, 

though others have argued that AIC within 6 is acceptable (Richards, 2005). 

Significance of specific fixed effects of each model was tested by refitting the model 

without that fixed effect, if dropping the variable resulted in an increase in AIC greater 

than 2 then it was considered significant. Note that although the R code often provides P 

values they are not provided here as they do not have the same meaning as with 

hypothesis testing and their use for these models is discouraged (Bates, Mächler, 

Bolker, & Walker, 2015). Also note that LMMs were fit using ML to allow for 

meaningful comparisons between models with different fixed effects, had they been 

fitted with restricted maximum likelihood (REML) then comparison of their AICs 

would be nonsensical (Zuur, Ieno, Walker, Saveliev, & Smith, 2009). However, LMMs 

fitted with REML provided a more accurate estimate of the random effects parameter, 

therefore, the final models selected were refit using REML to calculate the random and 

fixed effects coefficients. These models were used to generate new diagnostic plots to 

ensure the assumptions were still met after the addition of the specific models fixed 

effects. Coefficients from LMMs are given as µg of FGMs per g of dry faecal matter 

(µg/g) whereas coefficients from GLMMs are presented as logits which were then 

transformed to probability (% [95% CI]) of an FGMP occurring. Further details for 

model selection and fit can be found in section 2.5.3. Model selection. Top LMMs were 

also remodelled based on alternative methods from the literature to determine whether 

this method produced vastly different results (supplementary material ‘Alternative 

Modelling’).  
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4.3. Results 

4.3.1. GLMM comparisons: Maximum temperature and zoo (site) are the best 

predictors of an FGM peak 

Initial GLMM analysis identified that a model containing the fixed effects Zoo and 

MaxTemp was best for predicting FGMP according to AIC (386.57), and this model is 

herein after referred to as the Top Model. Both fixed effects were significant as removal 

of either resulted in an increase of AIC greater than 2 (AIC = 391.13 when Zoo is 

removed, 402.12 when MaxTemp is removed). Furthermore, all models within 2 AIC of 

this model contained these same fixed effects plus an additional one (Table 4.2). 

Therefore, none of the fixed effects added to the Top Model were considered 

significant, as they not only failed to cause a reduction of at least 2 AIC but increased it 

slightly. The intercept determined using the Top Model had a coefficient of -1.438, 

meaning that this is the logit for predicting an FGMP when continuous fixed effects 

equal zero and categorical fixed effects were at their reference level (Table 4.3). As 

coefficients produced by the GLMM are logits, changes in MaxTemp (coefficient = -

0.084) did not result in a linear change in probabilities and indicated an exponentially 

increasing chance of an FGMP at lower temperatures (Figure 4.1). This model explains 

14.65% of the variation in the probability of having an FGMP, as determined by the 

conditional R2. However, the marginal R2 was also 14.65% indicating that the random 

effect (AnimalID) of this model made no difference. This was confirmed because the 

random effect standard deviation was close to 0. Meaning that a generalised linear 

model (GLM) could be used instead to obtain very similar results for this model, and 

when the GLM was used a reduction of 2 AIC was the outcome (as AIC is penalised for 

each term, data not shown as no other difference). However, if Zoo was removed from 

the model, this ceased to be the case (note the MaxTemp only model in Table 4.2), 

indicating that all the variability accounted for by the individual animal can also be 

accounted for by the zoo at which the tiger was kept. The variation caused by a fixed 

effect can be estimated by subtracting the marginal R2 of the model without it from the 

one with it, which for this model determined that MaxTemp accounted for 8.62% of the 

variability and Zoo 5.29%. 

Due to the low R2 value, which was similar among all models within 2 AIC, the 

next model outside this conservative cut off is also described (AIC = 388.85, 2.28 more 

than the top model). This model added the fixed effect of season and resulted in R2 

values of 16.28% (Table 4.4). Adding these coefficients for Season effectively tempered 



115 
 

the exponential nature of the logit response at the extreme ends of the MaxTemp range 

(the Summer and Winter coefficients being most important for this) and caused slight 

differences between the two models in these regions (Figure 4.2 c.f. Figure 4.1). 

However, the effect was not significant. Although this second model did not include an 

interaction term for MaxTemp and Season (i.e. MaxTemp:Season), the fact that the 

extremes of the MaxTemp range only occurred in specific levels of the Season fixed 

effect (i.e. Summer and Winter) meant that these fixed effects interactions were being 

modelled to a degree. Furthermore, coefficients were calculated when all others were 

held at 0, yet Winter and Summer categories had few samples where MaxTemp = 0 

(due to mean centring, actual is 23.56°C) so predictions in these months were 

influenced more by the MaxTemp coefficient. For example, at PZ the lowest recorded 

maximum temperature in Summer was 22.2°C, which means that the relatively large 

coefficient of 0.801 for Summer will almost always be considerably reduced by the -

0.106 coefficient of MaxTemp applied for every degree over 23.56°C. Without Season 

as a fixed effect, low MaxTemp increased the chance of identifying an FGMP 

exponentially, but when it was included it appears that Summer (which consistently has 

higher temperatures than the other seasons) predicted FGMPs similarly to Autumn and 

Spring (Table 4.3). Having season as a fixed effect provided a coefficient for each 

season correcting for the variability of daily temperature across Season categories. Each 

season has a set MaxTemp range, which may explain why adding their interaction to the 

model resulted in a much higher AIC (394.64), as it adds a fixed effect term (which 

automatically increases AIC) while not adding to the strength of the model as these 

variables are already interacting in a way (data not shown).  

 

4.3.2. LMM comparisons: Season, Zoo, and AgeClass are the best predictors of FGMC 

Initial LMM analysis found that a model containing the fixed effects Zoo, Season, 

AgeClass, and Rain, was most appropriate for predicting FGMC based on the AIC 

(1619.60, with ML) and complexity of the model. Note that coefficients for AgeClass 

are only relevant for AZ as this was the only zoo containing tigers classified as 

Geriatric. Furthermore, a model including the same fixed effects plus SolarExp had a 

slightly better AIC (1619.29), but given this was only a change of 0.31 AIC it suggests 

SolarExp is not significant and therefore the simpler model was considered to provide a 

more reliable predictor of FGMC. Furthermore, when DayLength was added to this 

“best” model instead there was a decrease of 2.99 AIC (AIC = 1616.61). But when 
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DayLength was included together with Season this resulted in a VIF greater than 5 

indicating potential issues of collinearity (Summer and Spring have very similar 

DayLength, as do Autumn and Winter though not to the same degree). Given these are 

both climatic variables a strict VIF < 3 approach was adopted. Therefore, when another 

5 models including DayLength and one or two other fixed effects were added to the 

“best” model AICs differing by less than two were generated (i.e. 1616.61 > AIC > 

1619.60) and are not reported (Table 4.5).  

This “best” model, when re-fit with REML, had an intercept with a coefficient 

of 1.817 [1.449, 2.184], meaning that this is the predicted FGMC when fixed effects 

were at their reference levels (Zoo = AZ, Season = Autumn, AgeClass = Adult, Rain = 

NoRain; Table 4.6). Changing Zoo reference category to NZA or PZ while keeping all 

other fixed effects the same predicted an FGMC of 2.802 [2.432, 3.172] or 1.799 

[1.384, 2.214]), respectively. Concentrations of FGM were predicted to be similar in 

Summer but lower in Spring and Winter: coefficients = 0.027 [-0.215, 0.268], -0.209 [-

0.451, 0.033], and -0.363 [-0.607, -0.118], respectively. The presence of rain also 

predicted lower FGMC by 0.197 (coefficient = -0.197 [-0.369, -0.025]). Geriatric tigers 

were predicted to have higher FGMCs (coefficient = 1.707 [0.953, 2.461]). This would 

imply that rain has the same effect regardless of season, which seems unlikely; a 

downpour on a hot summer’s day may be refreshing and contribute to lower GC levels 

but on a cold winter’s day might be predicted to have a different effect. Therefore, the 

code was rerun with these four main fixed effects and the interaction term 

“Season:Rain” included as a necessity, with the addition of all other possible interaction 

terms and combinations of such tested to find the best model (Table 4.7). This approach 

greatly reduced the AIC, resulting in a new “best” model which added the interaction 

terms Zoo:Season + Season:AgeClass + Season:Rain (Table 4.8). The model with all 

possible interactions was included in Table 4.7 to show that although its predictive 

power was high for the current data set, it was determined to be an inferior model for 

predicting FGMC at the population level (hence the higher AIC). This highlights 

potential issues caused by overfitting models, when including all interactions many 

categories with five or fewer samples were created (e.g. PZ while raining for in 

Autumn, Spring, or Winter, and Geriatric AgeClass in any season while raining). 

Comparing the predicted FGMC produced by both models shows that those predicted 

by the all-interactions model fell within the simpler model, which may be more 

applicable to other data sets (Figure 4.3). However, it may be that there is not enough 
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rainfall data to accurately model its effects, so the next best model, without Rain (AIC = 

1608.23), is described (Table 4.9). 

This new model added the interaction terms Zoo:Season and Season:AgeClass 

to main effects Zoo, Season, and AgeClass, and could explain 72.68% of the variation 

in FGMC (conditional R2 = 72.68%, marginal R2 = 65.66%). The addition of the new 

terms predicted reference (Season = Autumn, AgeClass = Adult) FGMCs of 1.898 

[1.417, 2.379], 2.913 [2.405, 3.421], and 1.671 [1.240, 2.102], for AZ, NZA, and PZ, 

respectively (Figure 4.4). Season had a similar effect at AZ as in the model without 

interactions, with Summer predicting similar FGMC and Spring and Winter lower. For 

NZA the pattern was different with all Seasons showing lower FGMCs than Autumn, 

with Summer showing the biggest change. And PZ showed slight variation between 

Seasons except Winter which showed a relatively large decrease in expected FGMC. 

Interestingly, with the Season:AgeClass interaction included, the model predicted an 

opposite pattern for Geriatric tigers from Adult tigers at AZ (only zoo with geriatric 

tigers in the study), with the colder Seasons predicting higher FGMCs (Figure 4.4). 

 

4.4. Discussion 

The results indicate that daily maximum temperature may be the single best predictor of 

a spike in FGMC, which may reflect a stress response, with lower temperatures 

increasing the probability of an FGMP. It must be noted that the R2 values were rather 

low, but this was to be expected given that an FGMP will likely occur due to stressful 

stimuli. If no such stimulus is present, then the fixed effects included would likely not 

matter. However, although samples that were taken around the time of known stressful 

events (e.g. major management change, veterinary procedure) were removed the 

animals were not constantly watched. Animals in zoos can be exposed to a number of 

stressors, and there may even be events occurring that an animal may find stressful but 

to which we are completely oblivious. Zoo animals are arguably exposed to stressors of 

varying intensities every day; it could be that the tigers in this study are more likely to 

mount a physiological stress response to minor stressors when maximum temperatures 

are lower. Given there was a relatively large number of FGMP samples collected (n = 

70) and the fact that MaxTemp performed much better in models than any of the other 

predictor variables, this, albeit small, effect may be a significant finding.   
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The Sumatran tiger’s habitat is restricted to the Indonesian island of Sumatra 

where they survive in fragmented populations in the remaining forests across the island 

(Linkie, Wibisono, Martyr, & Sunarto, 2008). Most of Sumatra’s climate falls under the 

Köppen climate classification of tropical rainforest, signified by average temperatures 

18°C or higher and an average precipitation of at least 60 mm in every month 

(https://www.bmkg.go.id/). Conversely, at the Australian zoo sites in this study 

minimum and maximum temperatures varied by over 30°C throughout the year. When 

assessing this at the season level it appeared AZ consistently had greater variation in 

both maximum and minimum temperatures associated with faecal samples, having a 

mean variation of 19.4 and 22.2°C, respectively (NZA = 16.6 and 16.2°C and PZ = 15.3 

and 14.0°C). Across zoos the season’s maximum temperatures associated with faecal 

samples ranged from 13.4 – 38.1°C in Autumn, 13.2 – 34.2°C in Spring, 17.6 – 41.4°C 

in Summer, and 8.5 – 22.6°C in Winter. It may be that given the warm climate with 

minimal variation exhibited in the Sumatran tiger’s home range that a significant drop 

in temperature from one day to the next may evoke a situation in which a tiger is more 

likely to mount a physiological stress response, and that this is most likely to occur in 

colder environments with the Winter range showing no overlap with even the colder 

temperature range provided for Sumatra. 

A final point related to the FGMP modelling: the fact that the random effect was 

not significant could actually be an interesting discovery, indicating that despite the 

differences between animals in their FGMCs (see next section), animals within the same 

facility (and in this case meaning they are managed in very similar ways) do not 

significantly differ in their response to stressful stimuli (models without Zoo as a fixed 

effect the random effect does contribute, note the R2 value in Table 4.2). To our 

knowledge, this study is the first to look at what factors may predict an FGMP in tigers, 

rather than just the FGMC. However, given the low number of animals per zoo (n = 2 – 

3), further experiments involving larger numbers of tigers per study site should be 

conducted to confirm these findings.  

Counter to predictions of FGMPs by GLMMs, the LMMs typically had colder 

months predicting decreased FGMCs (Figure 4.4). In the top model (interaction model 

without rain modelled) Winter predicted clearly lower FGMCs at PZ compared to all 

other seasons which showed little variation between them, while at AZ Winter as well 

as Spring predicted lower FGMCs than Summer and Autumn for adult tigers. However, 

for NZA Winter and Autumn predicted higher FGMCs than Summer and Spring, with 
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Autumn predicting the greatest amount. For predicting FGMC, temperature variables 

did not have as much support as for predicting FGMPs, and the significance of Rain is 

questionable due to the number of rain days recorded between seasons. However, this 

could be because GC levels normally fluctuate to a small degree from one day to the 

next as well as within the day itself (Palme et al., 2005). Although large drops to low 

temperatures may make a tiger more likely to mount a stress response, it is unlikely that 

small deviations in temperature from one day to the next will have an immediate 

noticeable effect on FGMCs. It is more likely to be a result of a cumulation of days and 

natural fluctuations, hence why season was the best predictor, as this is a measure of the 

general environment over a period of time. This is in agreement with Ivanov, Rozhnov, 

and Naidenko (2017), who assessed the effects of ambient temperature on Siberian 

tigers (Panthera tigris altaica) by testing measures of daily average temperature from 

the day before sampling, as well as the median temperature from the previous one, two, 

and three weeks. Stepwise analysis removed all but the previous three-week median 

temperature measure, leading them to concluded that short-term ambient temperature 

changes have little effect. As to why the seasons had some differences between the sites 

in the present study, this may reflect the difference between climatic conditions of the 

Sumatran tiger’s native environment and those at our study sites.  

Both PZ and AZ fall under the Köppen classification of hot summer 

Mediterranean, which in part is signified by much more precipitation in the colder 

months than the warmer (http://www.bom.gov.au). Both PZ and AZ had approximately 

half of their Winter days with measurable precipitation, 52 and 45 respectively 

(http://www.bom.gov.au). They also had relatively mild Winters, with average 

minimum to maximum temperatures of 8.7 – 18.9°C and 8.2 – 16.5°C for PZ and AZ, 

respectively. Conversely, NZA exhibits an oceanic climate and as such shows less 

difference in precipitation between seasons, and it also happened to have a much colder 

Winter range of 0.2 – 14.0°C. The lower end of the temperature range in particular was 

much lower than any of the other sites, and also the Sumatran tiger’s native climate, 

which along with lower precipitation (25 rain days) may explain why it predicted higher 

FGMCs in NZA tiger. However, Autumn showed the highest FGMC at NZA despite 

showing a temperature range similar to Winter at the other two zoos, 7.6 – 21.7°C. This 

may be due to the fact that it also showed the least amount of rainfall at NZA both in 

terms of rain days and total recorded precipitation (15 days totalling only 43.8 mm). It 

appears likely that climates which deviate most from the native environment exhibit the 
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highest FGMCs and that Sumatran tigers may be more tolerant to deviations in 

temperature than they are to a lack of rain, though significantly cold temperatures will 

cause an increase (as well as a greater chance of an FGMP as per the previous section). 

Note that Spring at AZ also showed lower FGMCs than in Autumn and Summer, 

although it did not rain as much as in Winter it did have the second highest number of 

rain days, 34, and coming after Winter this may have been enough to keep FGMCs in 

the lower range. However, all of the AZ results are reversed for the geriatric tiger, 

suggesting that a lower temperature tolerance may apply for this age class. 

In general, older animals are more adversely affected by the cold, but there has 

been little evidence in the literature for the effects of temperature on tigers of any age. 

However, Naidenko et al. (2011) found that wild Siberian tigers (samples collected 

from the Ussuriiskii forest reserve), exhibited significantly higher FGMCs in the colder 

months of the year, though captive ones at a breeding centre in the Moscow Zoo did 

not. They attributed this in part to the extreme cold faced by the wild tigers, inhabiting a 

region of Siberia which is much colder than Moscow, and the captive tigers would no 

doubt have had some protection provided from the weather. Siberian tigers have 

developed thicker fur than the other extant sub-species to help them tolerate the extreme 

colds of their natural habitat (Kitchener, Valkenburgh, & Yamaguchi, 2010), yet still it 

appears they were affected. The natural habitat of Sumatran tigers on the other hand is 

much warmer. Given the relatively mild Winters experienced throughout most of 

Australia, few protective measures are likely to be taken against the cold.   

It could be argued that the negative effect Rain was typically seen to have on 

FGMC indicates that the faecal sample may have been exposed to rain and this affected 

its metabolite profile rather than it having an effect on the tigers GC production. 

However, it must be recalled that all climate variables used the data from the day before 

sample collection, which may not have experienced any rain, to account for the time lag 

between GC secretion and FGM appearance in faeces. Furthermore, the case for rain 

affecting the FGMC of a sample is largely attributed to the fact that water can assist 

microbial proliferation (Potts, 1994) and changes in FGMC is generally attributed to 

bacterial action (Lexen, El-Bahr, Sommerfeld-Stur, Palme, & Mostl, 2008; Mesa-Cruz, 

Brown, & Kelly, 2014). However, all previous studies looking at the effects of 

environment on FGMC measured by the EIA used in the present study have shown 

concentrations to increase over time (Morrow, Kolver, Verkerk, & Matthews, 2002) or 

remain stable (Hadinger, Haymerle, Knauer, Schwarzenberger, & Walzer, 2015), 
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depending on the species. In fact, the only felid species whose faeces have been 

measured with this EIA and assessed for the effects of environmental degradation found 

no significant changes post defecation regardless of the setting (Webster, Burroughs, 

Laver, & Ganswindt, 2018). This is likely due to the relatively long transit time in felids 

compared to other species assessed, and because the bacteria found in felids responsible 

for the cleavage of cortisol to the main metabolites measured by this EIA complete their 

action within the time taken for digesta to reach the rectum (Morris, Winter, Cato, 

Ritchie, & Bokkenheuser, 1986). This means that most of the microbial action related to 

changes in FGMs should have taken place before defecation, so the effects of rain, if 

any, should be minimal in this regard. The fact that samples were freeze dried prevents 

the potential effects of rainwater changing the sample weight. The only possible 

unaccounted for effect could be if the rain literally washes away some of the metabolites 

at a disproportionate rate compared to the faecal sample as a whole. However, it seems 

more likely that the data represents an actual change in the tiger GC output. Sumatran 

tigers live in a climate subject to high precipitation and all tiger sub-species studied are 

known to enjoy water, with behavioural studies showing improved signs of welfare 

when a pool is present in the tiger’s enclosure (Biolatti et al., 2016). Given that the 

tigers in this study had access to pools in their enclosures, but still appeared to benefit 

from rain, this could suggest that the use of sprinklers to simulate rain could be a 

potential form of enrichment for tigers even when permanent water features are present. 

This is of course provided it is not Winter or considered too cold. 

The fixed effects that were not selected due to being deemed not to have a 

significant effect are also important findings. Sex is often a significant factor in FGMC. 

In the limited captive tiger literature, sex has been reported using two different EIAs to 

cause either no significant difference (Naidenko et al., 2011) or female tigers to have 

significantly greater FGMCs (Narayan et al., 2013). In the Narayan et al. (2013) paper, 

the greater FGMC detected in female tigers may have been to do with the EIA detecting 

other metabolites rather than being representative of an actual difference in GC output 

by the sexes (Ganswindt, Palme, Heistermann, Borragan, & Hodges, 2003; Schatz & 

Palme, 2001). In the present study, if Sex was added as a fixed effect to the top model 

(without Rain) it caused an increase of 1.93 AIC (meaning the model itself was 

considered comparable but the variable not significant) and was assigned a coefficient 

of -0.034 for males, meaning there is no difference between the sexes detected by the 

EIA utilised in this study for the current data set.  
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Zoo visitor numbers are also often linked to signs of impaired welfare, but few 

have assessed this in tigers and none to our knowledge have attempted to do so by 

assessing GCs or their metabolites. However, tigers have shown elevated FGMCs in 

response to anthropogenic disturbance in Indian tiger reserves (Bhattacharjee et al., 

2015; Tyagi et al., 2019), with significant differences shown between the tourist and 

non-tourist seasons (Tyagi et al., 2019). In the current study, adding the PeakDay fixed 

effect to the top model caused little difference to the AIC (+0.21) and was given the 

coefficient 0.103 for a peak day. This is in agreement with behavioural measures of 

welfare having shown no signs of visitor impact on zoo tigers (Margulis et al., 2003). 

Tigers are apex predators, so it is unlikely that zoo tigers (with most lineages having 

been in zoological institutions for some time) would be born with particularly strong 

natural avoidance behaviour of humans (Geffroy et al., 2020; Jule, Leaver, & Lea, 

2008). This could be a potential hurdle to rewilding attempts as human tiger conflict is 

one of the biggest threats to their safety in the wild (Goodrich, 2010). 

 

4.5. Conclusion 

This study provides the first attempt to determine what factors affect the chances of 

captive Sumatran tigers experiencing an FGMP throughout the year without the 

presence of an observed stressor. Given an FGMP is unlikely to occur without the 

presence of a significant stressor, it is unsurprising that explanatory models were 

relatively poor. However, it does appear that daily measures of maximum temperature 

may provide some insight into the chances of a tiger experiencing an FGMP due to the 

daily stress of captivity, especially when framed within the season the sample is taken. 

Depending on the zoo, mean maximum temperatures in Winter were predicted to cause 

an FGMP with up to 3X more likelihood as the means in other seasons. These results 

suggest that Australian tiger holders, particularly in colder parts of Australia, should 

ensure their tigers have adequate protection against the elements during the colder 

months, especially in the case of older individuals.  

This study also created models to predict the change in FGMC throughout the 

year in captive Sumatran tigers. While sex and the number of visitors attending the zoo 

caused no discernible difference, season and the age classification of the tigers was 

highly predictive. However, individual climate data (e.g. daily minimum/maximum 

temperature) did not show any acute effects on FGMC output and the effect of season 
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was dependent on the zoo. It appears likely that seasons that more closely match the 

Sumatran tiger’s native environment produce the lowest FGMCs. Particularly important 

was the amount of precipitation with seasons showing more (closer to that in Sumatra) 

having the lowest FGMCs, while deviations in temperature were less impactful except 

when exposed to relative extreme cold (with old tigers being less tolerant) at which 

point FGMCs were higher. This unfortunately indicates that no universal coefficients 

were identified that could be applied to allow direct comparisons of FGMC between 

facilities, and the effects of climate at each needs to be assessed. Or at least there is no 

linear relationship between the variables tested and FGMC. It is recommended that 

longitudinal sampling in facilities that are exposed to different temperature ranges be 

conducted to further assess this. However, the results can still be used to offer 

suggestions of novel enrichment ideas, such as the use of sprinklers to replicate the 

higher precipitation levels observed in their native Sumatra.  
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Table 4.1. Details of the tigers involved in longitudinal faecal glucocorticoid metabolite 

sampling. Unless otherwise stated, all tigers were healthy individuals and had been at 

their zoo for at least one year prior to the study. 

Tiger Sex D.O.B. 

(D/M/Y) 

Medical 

conditions 

Age 

class 

Zooa Transfer 

during study 

1 M 4/04/2003 N/A Adult PZ N/A 

2 M 20/08/2008 N/A Adult PZ N/A 

3 M 9/02/2010 N/A Adult NZA N/A 

4 F 9/06/2008 N/A Adult NZA N/A 

5 F 31/03/2007 N/A Adult NZA, then 

AZ 

22/03/2018 

6 F 18/05/1999 Arthritis  Geriatric AZ N/A 

7 M 16/11/2014 N/A Adult AZ 15/06/2018b 

a PZ = Perth Zoo (20 Labouchere Rd, South Perth, WA, 6151), NZA = National Zoo 

and Aquarium (NZA; 999 Lady Denman Dr, Yarralumla, ACT, 2611), AZ = Adelaide 

Zoo (AZ; Frome Rd, Adelaide, SA, 5000). 
b Tiger 7 was transferred from Hamilton Zoo (183 Brymer Road, Rotokauri, 

Baverstock, 3289, New Zealand)  
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Table 4.2. Best ranked general linear mixed models to predict the probability of a tiger 

faecal glucocorticoid metabolite (FGM) sample to be classified as occurring within peak 

levels. Models are ranked according to AIC with all models within 2 AIC considered to 

be comparable. If dropping a fixed effect from a model caused an increase > 2 AIC then 

the fixed effect was considered significant (MaxTemp and Zoo). Models in grey are 

included to provide this comparison with the Top Model. R2 values are the conditional 

R2, when the marginal R2 was different it is included in parentheses. 

Model fixed effects AIC AIC from 

best 

AIC from 

null 

R2 % 

MaxTemp + Zoo 386.57 0.00 -20.49 14.65 

MaxTemp + Zoo + Sex 387.86 1.29 -19.20 14.57 

MaxTemp + Zoo + DayLength 388.03 1.46 -19.03 15.15 

MaxTemp + Zoo + SchoolHolidays 388.23 1.66 -18.83 14.65 

MaxTemp + Zoo + Rain 388.35 1.78 -18.71 14.76 

MaxTemp + Zoo + SolarExp 388.37 1.80 -18.69 14.83 

MaxTemp + Zoo + AgeClass 388.41 1.84 -18.65 14.76 

MaxTemp + Zoo + RainLog 388.50 1.92 -18.56 14.70 

MaxTemp + Zoo + MinTemp 388.57 2.00 -18.49 14.64 

MaxTemp + Zoo + Season* 388.85 2.28 -18.21 16.28 

MaxTemp 391.13 4.56 -15.93 15.36 (9.36) 

Zoo 402.12 15.55 -4.94 6.03 

Null model  407.06 20.49 0.00 4.33 (0) 

*Although the model with Season is slightly outside of the 2 AIC cut off it was included 

due to the higher R2. 
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Table 4.3. Summary of the generalised linear mixed model with binomial family and 

logit link found to be best for predicting faecal glucocorticoid metabolite peaks 

(FGMPs) in captive tiger faecal samples.  

Fixed effects Coefficient Std. Error Prob. %c lower 95%  upper 95%  

Intercepta -1.438 0.200 19.19 13.83 26.00 

Zoo: NZA -1.198 0.329 6.69 3.98 11.03 

Zoo: PZ  -0.440 0.323 13.26 8.47 20.17 

MaxTempb -0.084 0.021    

a The intercept occurs when Zoo is Adelaide Zoo and MaxTemp is 0 (due to mean 

centring, equivalent to 23.56°C). 
b Coefficients are logits so the probability of a continuous variable (i.e. MaxTemp) does 

not change in a linear fashion, thus a probability for when MaxTemp = 1 has not been 

included as this does not equate to a 1 unit increase in MaxTemp. 
c Probabilities cannot be added or subtracted. Therefore, probabilities and 95% 

confidence intervals are calculated using logits before converting to probability. For 

example, probabilities when Zoo is NZA = -1.438 (coefficient intercept) – 1.198 (Zoo: 

NZA intercept) ± 0.279 (std. error under both conditions, found by the model (not 

shown)) *1.96 = -2.635 ± 0.547 which is then converted to probability using the 

formula exp(logit)/(1 + exp(logit))   
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Table 4.4. Summary of a top-ranking general linear mixed model for predicting faecal 

glucocorticoid metabolite peaks (FGMPs) in captive tiger faecal samples.  

Fixed effects Coefficient Std. Error Prob. %c lower 95% upper 95% 

Intercepta -1.747 0.348 14.84 8.09 25.65 

Zoo [NZA] -1.226 0.335 4.86 2.17 10.55 

Zoo [PZ] -0.453 0.327 9.97 4.81 19.52 

Season [Spring] 0.106 0.430 16.23 9.37 26.64 

Season [Summer] 0.801 0.459 27.97 16.77 42.80 

Season [Winter] 0.184 0.463 17.32 9.00 30.71 

MaxTempb -0.106 0.032    

a The intercept occurs when Zoo is Adelaide Zoo, MaxTemp is 0 (due to mean centring, 

equivalent to 23.56°C), and Season is Autumn. 
b Coefficients are logits so the probability of a continuous variable (i.e. MaxTemp) does 

not change in a linear fashion, thus a probability for when MaxTemp = 1 has not been 

included as this does not equate to a 1 unit increase in MaxTemp. 
c Probabilities cannot be added nor subtracted. Therefore, probabilities and 95% 

confidence intervals were calculated using logits before converting to probability. 

Probabilities given for Spring, Summer, and Winter apply to AZ only. 
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Table 4.5. Best ranked linear mixed models, without interaction terms, to predict the 

faecal glucocorticoid metabolite concentrations (FGMCs) of tiger faecal samples. 

Models were fit with maximum likelihood to allow ranking according to AICa, with all 

models within 2 AIC considered to be comparable. If dropping a fixed effect from a 

model caused an increase > 2 AIC then the fixed effect was considered significant. 

Models in grey are included to provide this comparison with the top model.  

Model fixed effects AIC AIC from 

besta 

Marginal 

R2 % 

Conditional 

R2 % 

Zoo + Season + AgeClass + Raina 1619.60 0.00 63.18 68.14 

Zoo + Season + AgeClass + Rain 

+ SolarExp 

1619.29 -0.31 63.93 68.71 

Zoo + Season + AgeClass + Rain 

+ MaxTemp 

1620.11 0.51 62.52 67.43 

Zoo + Season + AgeClass + Rain 

+ SolarExp + PeakDay 

1620.44 0.84 63.91 68.82 

Zoo + Season + AgeClass + Rain 

+ SolarExp + MaxTemp 

1620.88 1.28 63.15 67.94 

Zoo + Season + AgeClass + Rain 

+ Sex + SolarExp 

1621.09 1.49 64.26 68.86 

Zoo + Season + AgeClass + Rain 

+ PeakDay 

1621.09 1.49 62.97 68.03 

Zoo + Season + AgeClass + Rain 

+ SolarExp + SchoolHolidays 

1621.20 1.60 64.06 68.78 

Zoo + Season + AgeClass + Rain 

+ PeakDay + MaxTemp 

1621.43 1.82 62.37 67.38 

Zoo + AgeClass + Season + Rain 

+ Sex 

1621.47 1.87 63.46 68.23 

Zoo + AgeClass + Season + 

RainLog10 + SolarExp 

1621.51 1.90 62.92 67.57 

Zoo + Season + AgeClass + Rain 

+ SolarExp + MinTemp 

1621.59 1.99 63.31 68.17 

Zoo + Season + AgeClass  1622.31 2.71 63.31 68.58 

Zoo + AgeClass + Rain 1623.57 3.97 60.17 64.25 

Zoo + Season + Rain 1632.95 13.35 36.90 72.44 

Season + AgeClass + Rain 1667.33 47.73 33.51 62.94 

a Although the second model listed has a lower AIC, it was ranked lower as the only 

difference was the inclusion of a fixed effect which is deemed to not be significant but 

increased model complexity. 

 



129 
 

Table 4.6. Summary of the linear mixed model found to be best (without interaction 

terms) for predicting faecal glucocorticoid metabolite concentrations (FGMCs) in tiger 

faecal samples (fit with restricted maximum likelihood (REML)).  

Fixed effectsa Coefficient Std. Error lower 95% upper 95% 

Zoo [AZ] 1.817 0.187 1.449 2.184 

Zoo [NZA] 2.802 0.189 2.432 3.172 

Zoo [PZ] 1.799 0.212 1.384 2.214 

Season [Spring] -0.209 0.124 -0.451 0.033 

Season [Summer] 0.027 0.123 -0.215 0.268 

Season [Winter] -0.363 0.125 -0.607 -0.118 

AgeClass [Geriatric] 1.707 0.385 0.953 2.461 

Rain [Rain] -0.197 0.088 -0.369 -0.025 

Random effects: 

AnimalID 

 Std. Dev.   

Intercept  0.258 0.115 0.581 

Residual  0.476 0.396 0.571 

Variance structuresb     

Power 0.829  0.593 1.065 

Adult:Peak 5.284  4.261 6.553 

Geriatric:Baseline 1.303  1.031 1.645 

Geriatric:Peak 11.627  7.942 17.022 

REML fit AIC  Marginal R2 Conditional 

R2 

 1637.63  59.25% 68.51% 

a Table values were produced by refitting the model with a “+ 0” in the fixed effects to 

remove the intercept allowing for easier interpretation of values. Coefficients, std. errors 

and CI for each Zoo can be read directly off the table, assuming Season = Autumn, 

AgeClass = Adult, and Rain = NoRain. Other fixed effects represent the change from 

these values.  
b The power variance structure accounts for increasing variance as the dependent 

variable increases. If v is the variance covariate and s2(v) the variance function at v, 

then the power variance function is s2(v) = |v|^(2*t), where t is the variance function 

coefficient (0.829).  

The next variance structures indicate a different standard deviation being used for each 

level of the grouping factor (AgeClass*FGMP), where Adult:Baseline is the reference 

level (coefficient 1) and the coefficients for each listed level represent the ratio between 

them and the reference. 
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Table 4.7. Best ranked linear mixed models, including interaction terms, to predict the 

faecal glucocorticoid metabolite concentration of tiger faecal samples. Models are fit 

with maximum likelihood to allow ranking according to AIC, with all models within 2 

AIC considered to be comparable. The full interaction models with Rain included 

(bottom model) and excluding Rain all together (2nd bottom) are listed in grey.  

Model fixed effects AIC AIC from 

besta 

Marginal 

R2 % 

Conditional 

R2 % 

Zoo + Season + AgeClass + Rain 

+ 

Zoo:Season + Season:AgeClass + 

Season:Rain 

1605.91 0.00 69.35 72.58 

Zoo + Season + AgeClass + Rain 

+ Zoo:Season + Season:AgeClass 

+ Season:Rain + Zoo:Rain 

1606.29 0.38 70.02 73.19 

Zoo + Season + AgeClass  + Rain 

+ Zoo:Season + Season:AgeClass 

+ Season:Rain + AgeClass:Rain 

1607.86 1.95 69.28 72.50 

Zoo + Season +  AgeClass  + 

Zoo:Season + Season:AgeClass 

 

1608.22 2.31 68.97 72.50 

Zoo + Season + AgeClass + Rain 

+ AgeClass:Rain + 

Season:AgeClass + Zoo:Season + 

Zoo:Rain + Season:Rain + 

Zoo:Season:Rain + 

Season:AgeClass:Rain 

1624.45 18.54 69.00 71.77 
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Table 4.8. Summary of a linear mixed model, including interaction terms, found to be 

best for predicting faecal glucocorticoid metabolite concentrations in tiger faecal 

samples according to zoo, season, age classification, and rain (fit with restricted 

maximum likelihood (REML)). Fixed effects R code: 

FGMC ~ Zoo*Season + Season*AgeClass + Season*Rain 

Fixed effectsa Coefficient Std. Error lower 95% upper 95% 

Zoo [AZ] 1.922 0.255 1.422 2.421 

Zoo [NZA] 

:Spring 

:Summer 

:Winter 

2.940 

0.183 

-0.528 

0.501 

0.259 

0.336 

0.370 

0.365 

2.431 

-0.475 

-1.254 

-0.214 

3.448 

0.841 

0.197 

1.216 

Zoo [PZ]b 

:Spring 

:Summer 

:Winter 

 

1.685 

0.581 

-0.039 

0.376 

0.217 

0.317 

0.314 

0.301 

1.259 

-0.040 

-0.655 

-0.214 

2.111 

1.203 

0.577 

0.967 

Season [Spring] -0.496 0.256 -0.999 0.006 

Season [Summer] 0.209 0.272 -0.324 0.742 

Season [Winter] -0.768 0.254 -1.266 -0.271 

AgeClass [Geriatric]b 

:Spring 

:Summer 

:Winter 

 

1.012 

2.007 

-0.528 

2.000 

0.450 

0.667 

0.510 

0.731 

0.130 

0.700 

-1.527 

0.567 

1.894 

3.313 

0.472 

3.433 

Rain [Rain] 

:Spring 

:Summer 

:Winter 

-0.112 

-0.189 

-0.307 

0.091 

0.235 

0.281 

0.299 

0.281 

-0.572 

-0.739 

-0.893 

-0.460 

0.348 

0.361 

0.279 

0.641 

Random effects: AnimalID  Std. Dev.   

Intercept  0.238 0.103 0.549 

Residual  0.491 0.415 0.582 

Variance structuresc     

Power 0.762  0.552 0.972 
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Adult:Peak 5.415  4.363 6.721 

Geriatric:Baseline 1.222  0.973 1.535 

Geriatric:Peak 10.718  7.323 15.687 

REML fit AIC  Marginal R2 Conditional 

R2 

 1631.57  65.89% 72.38% 

a Table values were produced by refitting the model with a “+ 0” in the fixed effects to 

remove the intercept allowing for easier interpretation of values. Coefficients, std. errors  

and CI for each Zoo can be read directly off the table, assuming reference values of 

Season = Autumn, AgeClass = Adult, and Rain = NoRain. Other fixed effects represent 

the change from these values, a “:” indicates an interaction with the previous bold term. 

To find the change in FGMC caused by, for example, Summer with rain on NZA tigers 

all instances of Summer, NZA and rain must be added (excluding when in an interaction 

with non-specified terms):  

2.940 – 0.528 + 0.209 – 0.112 – 0.307 = 2.202 
c The power variance structure accounts for increasing variance as the dependent 

variable increases. If v is the variance covariate and s2(v) the variance function at v, 

then the power variance function is s2(v) = |v|^(2*t), where t is the variance function 

coefficient (0.762).  

The next variance structures indicate a different standard deviation being used for each 

level of the grouping factor (AgeClass*FGMP), where Adult:Baseline is the reference 

level (coefficient 1) and the coefficients for each listed level represent the ratio between 

them and the reference. 
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Table 4.9. Summary of a linear mixed model, including interaction terms, found to be 

best for predicting faecal glucocorticoid metabolite concentrations in tiger faecal 

samples according to zoo, season, and age classification (fit with restricted maximum 

likelihood (REML)). Fixed effects R code: 

FGMC  ~ Zoo*Season + AgeClass*Season  

Fixed effectsa Coefficient Std. Error lower 95% upper 95% 

Zoo [AZ] 1.898 0.245 1.417 2.379 

Zoo [NZA] 

:Spring 

:Summer 

:Winter 

2.913 

0.201 

-0.577 

0.494 

0.259 

0.338 

0.372 

0.366 

2.405 

-0.461 

-1.307 

-0.223 

3.421 

0.864 

0.153 

1.211 

Zoo [PZ] 

:Spring 

:Summer 

:Winter 

1.671 

0.628 

-0.014 

0.356 

0.220 

0.310 

0.311 

0.294 

1.240 

0.020 

-0.624 

-0.219 

2.102 

1.235 

0.596 

0.932 

Season [Spring] -0.598 0.232 -1.052 -0.144 

Season [Summer] 0.149 0.258 -0.357 0.654 

Season [Winter] -0.750 0.236 -1.213 -0.287 

AgeClass [Geriatric] 

:Spring 

:Summer 

:Winter 

1.004 

2.047 

-0.452 

2.017 

0.457 

0.675 

0.515 

0.739 

0.108 

0.723 

-1.462 

0.568 

1.899 

3.371 

0.557 

3.466 

Random effects: AnimalID  Std. Dev.   

Intercept  0.246 0.108 0.562 

Residual  0.486 0.412 0.575 

Variance structuresb     

Power 0.784  0.576 0.992 

Adult:Peak 5.489  4.421 6.814 

Geriatric:Baseline 1.213  0.967 1.520 

Geriatric:Peak 10.089  6.861 14.836 

REML fit AIC  Marginal R2 Conditional 

R2 

 1627.19  65.66% 72.68% 
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a Table values were produced by refitting the model with a “+ 0” in the fixed effects to 

remove the intercept allowing for easier interpretation of values. Coefficients, std. errors 

and CI for each Zoo can be read directly off the table, assuming reference values of 

Season = Autumn, and AgeClass = Adult. Other fixed effects represent the change from 

these values, a “:” indicates an interaction with the previous bold term. To find the 

change in FGMC caused by, for example, Summer on NZA tigers all instances of 

Summer and NZA must be added (excluding when in an interaction with non-specified 

terms):  

2.913 – 0.577 + 0.149 = 2.485 
b The power variance structure accounts for increasing variance as the dependent 

variable increases. If v is the variance covariate and s2(v) the variance function at v, 

then the power variance function is s2(v) = |v|^(2*t), where t is the variance function 

coefficient (0.784).  

The next variance structures indicate a different standard deviation being used for each 

level of the grouping factor (AgeClass*FGMP), where Adult:Baseline is the reference 

level (coefficient 1) and the coefficients for each listed level represent the ratio between 

them and the reference. 
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Figure 4.1. Probability with 95% CI of a tiger faecal sample being classified as 

occurring within a faecal glucocorticoid metabolite peak (FGMP) at Adelaide Zoo (AZ), 

National Zoo and Aquarium (NZA), or Perth Zoo (PZ), according to the maximum 

temperature recorded on day of sampling. The range of maximum temperatures 

recorded at each facility were AZ = 10.1°C – 41.4°C (upper limit of x-axis), NZA = 

8.5°C (lower limit of x-axis) – 40.6°C, and PZ = 14.4°C – 41.2°C. However, the 

majority of samples from each zoo were collected under MaxTemp ranges within the 

mean ± 1SD: AZ = 16.1 – 30.8°C, NZA = 15.6 – 29.8°C, and PZ = 19.1 – 30.8°C. 

Model used to predict FGMP data in figure: glmer(FGMP ~  MaxTemp + Zoo + 

(1|AnimalID), data=data, family=binomial). 
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Figure 4.2. Probability with 95% CI of a tiger faecal sample being classified as 

occurring within a faecal glucocorticoid metabolite peak (FGMP) at Adelaide Zoo (AZ), 

National Zoo and Aquarium (NZA), or Perth Zoo (PZ), according to the maximum 

temperature recorded on day of sampling plotted according to season. Note that the 

range of maximum temperatures recorded at each facility were AZ: Winter = 10.1– 

22.6°C (mean = 15.13°C), Spring = 13.9 – 34.2°C (mean = 23.80°C), Autumn = 13.4 – 

34.4°C (mean = 24.07°C), Summer = 17.6 – 41.4°C (mean = 30.41°C); NZA: Winter = 

8.5 – 17.6°C (mean = 13.3°C), Spring = 13.2 – 31.0°C (mean = 22.38°C), Autumn = 

13.4 – 31.8°C (mean = 23.21°C), Summer = 19.6 – 40.6°C (mean = 29.60°C); PZ 

Winter = 14.4 – 21.9°C (mean = 18.47°C), Spring = 15.7 – 31.5°C (mean = 22.57°C), 

Autumn = 19.2 – 38.1°C (mean = 26.35°C), Summer = 22.2 – 41.2°C (mean = 

29.99°C). Model used to predict FGMP data in figure: glmer(FGMP ~  MaxTemp + 

Zoo + Season + (1|AnimalID), data=data, family=binomial). 
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Figure 4.3. Predicted faecal glucocorticoid metabolite concentrations (FGMCs) with 

95% CI of tiger faecal samples at Perth Zoo (PZ), National Zoo and Aquarium (NZA), 

and Adelaide Zoo (AZ), with the last having a separate category for old tigers 

(AZ:Geriatric), according to Season and Rain. Top model is simpler and more likely to 

be applicable on the population level, R code:  

lme(FGMC ~ FGMC ~ Zoo*Season + Season*AgeClass + Season*Rain, random = 

~1|AnimalID,  varComb(varPower(), varIdent(form = ~ 1|FGMP*AgeClass)), data = 

data) 

Bottom model includes all possible interaction terms and models the actual data almost 

perfectly (i.e. overfit). Some data points are based off few samples and therefore is more 

likely to only apply to the current data set, R code: 

lme(FGMC ~ Zoo*Rain*Season + AgeClass*Season*Rain, random = ~1|AnimalID,  
varComb(varPower(), varIdent(form = ~ 1|FGMP*AgeClass)), data = data) 
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Figure 4.4. Predicted faecal glucocorticoid metabolite concentrations (FGMCs) with 

95% CI of tiger faecal samples at Perth Zoo (PZ), National Zoo and Aquarium (NZA), 

and Adelaide Zoo (AZ), with the last having a separate category for old tigers 

(AZ:Geriatric), according to Season. Model used to predict FGMC data in figure:  

lme(FGMC ~ Zoo*Season + AgeClass*Season, random = ~1|AnimalID, 
varComb(varPower(), varIdent(form = ~ 1 | FGMP*AgeClass)), data = data) 
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Chapter 5. An information-theoretic approach to examine 

variation in captive tiger behaviour 

 

Abstract 

Studies on a large and diverse group of tigers, which consider a wide range of 

explanatory variables are necessary to better understand the behaviour of captive tigers. 

Here I employed one-zero sampling using a detailed ethogram of 51 behaviours to 

obtain over 900 hours of data of extensive behavioural profiles from twelve tigers of 

varying ages. An information-theoretic approach was used to examine the impact of 

variables relating to the tigers’ management and individual characteristics that best 

predicted behaviour. Key findings confirmed some previous accounts of the importance 

of a water source for captive tiger welfare. Models revealed that the presence and 

quality of a pool in a tiger’s enclosure led to a reduction in observed pacing, in the most 

extreme cases explaining a change from 27.9% observed pacing in an enclosure without 

a pool to 2.2% in an enclosure with a large pool for the same tiger. Furthermore, the 

addition of an enclosure pool also predicted the natural behaviour of patrolling to 

increase. However, both pool use and pacing increased (depending on co-variables) 

when a tiger was in oestrus or if it had olfactory access to a tiger in oestrus (regardless 

of the focal tiger’s sex). The enclosure size and presence of conspecifics in the same 

enclosure likely also contributed to higher rates of patrolling. Although oestrus scents 

increased pacing in certain situations (e.g. individually held tigers with their mate in an 

adjacent enclosure), if adequate enclosure space and complexity is provided oestrus 

scents lead to an increase in patrolling behaviour. Conversely, when tigers are 

completely deprived of scents from conspecific adults then patrolling rates are brought 

to a minimum (0.08%). Combined, my study highlights the largely neglected impact 

that olfactory stimulus can have on tiger welfare. In conclusion, this study begins to 

reveal the wide range of variables that impact captive tiger behaviour and highlights the 

value in using an information-theoretic approach to explore tiger welfare. It is important 

to take all variables into consideration, and in certain cases different groups of animals 

need to be analysed separately as the behavioural repertoires and meaning behind them 

may change, particularly with age.  
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5.1. Introduction 

Tigers (Panthera tigris) are highly charismatic, endangered animals commonly included 

in zoological collections around the world. However, ensuring their welfare in captivity 

is a challenge due to their complex behaviour and wide-ranging natural behaviour. 

Recent reviews highlight the importance not just of sufficient space for captive tigers, 

but also their need for a range of resources to allow them to express important species-

specific exploratory behaviours (Veasey, 2020). Previous studies have found that tigers 

are less likely to pace when in larger enclosures and/or those that have a pool (Biolatti et 

al., 2016; Breton & Barrot, 2014; Pitsko, 2003). However, the potential for other 

influential factors to impact tiger behaviour is less well understood, and research into 

this topic is limited due to the challenges of obtaining a large sample size and 

examining many variables.  

In most long ranging carnivores, including tigers, stereotypic pacing is 

considered the most common and clearest indicator of impaired welfare (Clubb & 

Mason, 2007; Mason, Clubb, Latham, & Vickery, 2007). Most people are familiar with 

the sight of a tiger pacing back and forth along its enclosure perimeter, with percentages 

of total observed time pacing in the literature varying widely (see review by Clubb & 

Mason, 2007, who found a median of 16.43%). However, although monitoring signs of 

impaired welfare is of utmost importance for animal holders, in more recent times there 

has been a push to also ensure animals are experiencing positive states of welfare 

indicated by the presence of positive behaviours rather than just the absence of negative 

ones (Yeates & Main, 2008). In order to achieve a more complete understanding of tiger 

behaviour it is necessary to record as broad a range of behavioural patterns as possible, 

from as many animals as possible. 

In addition, although the effect of some environmental variables on tiger 

behaviour are well known, such as the effect of hunting enrichments on behaviour (Law 

& Kitchener, 2019), less is known about how other management and environmental 

variables impact tiger welfare. Tigers in captivity experience a wide range of 

management and climatic factors, such as changes to their enclosure settings, both 

regarding the physical parameters of their enclosure (e.g. size, water features) and social 

grouping, climate throughout the year in temperate regions, and visitor disturbances. In 

order to begin to obtain a complete picture of how management and climatic factors 

impact tiger welfare it is necessary to understand the impact of these broad range of 

factors on tiger behaviour. An information-theoretic approach has emerged as a 
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powerful statistical technique to examine the influence of many possible explanatory 

variables (Anderson & Burnham, 2004). For example, an information-theoretic 

approach has proved useful in revealing which factors influence pacing in cheetahs 

(Quirke, O’Riordan, & Zuur, 2012). 

I aimed to use an information-theoretic model selection approach to determine 

which factors are most likely to explain a wide range of positive and negative 

behaviours. Using this approach, we aimed to determine what sets of variables relating 

to tiger management (e.g. enclosure size, social grouping) and the individual (e.g. age, 

sex) in an Australian zoo, known for its larger than usual number of tigers housed in 

more dynamic social settings than is the norm, affect a variety of positive, natural, and 

negative, behaviours.    

 

5.2. Methods 

5.2.1. Subjects 

Twelve tigers (Table 5.1) were observed at Dreamworld during three observational 

periods: 27/08/2016 to 2/09/2016, 18/09/2016 to 29/09/2016, and 10/11/2018 to 

16/11/2018. However, due to restricted access to back of house areas or construction 

blocking off viewing areas at certain times, and the death of the two geriatric tigers 

before the last trip, not all tigers were viewed during every visit (see section 2.3.5 

Dreamworld for more background on Dreamworld and its tigers, and section 2.2 Study 

animal permissions for study permissions).  

 

5.2.2. Oestrus 

Various tigers were reported by keeping staff to be in oestrus during certain 

observational periods, determined by behavioural indicators. These signs of oestrus are 

very clear to staff when walking past the tigers’ night dens. It often presents as the tigers 

acting overly affectionately towards keepers when they walk past, vocalising, and 

rolling on the ground (personal communications from keeping staff). This was also 

confirmed by analysing faecal oestrogen metabolites (see sections 2.4.1 Faecal sample 

collection, 2.4.4 Extraction of faecal metabolites, 2.4.5 Faecal metabolite enzyme 

immunoassays, and 2.4.6 Faecal steroid hormone metabolite peak determination for 

details). Furthermore, the staff were under the impression that Jaya and Shanti were 
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acyclic, never seeing them exhibited behavioural signs of oestrus. However, my 

analysis of faecal oestrogen metabolites showed Jaya to exhibit normal patterns, even 

being in oestrus during the behavioural observation periods in which she was observed, 

though it did confirm that Shanti was acyclic showing levels lower than juvenile tigers 

that had not yet reached sexual maturity. As oestrus clearly influences the behaviour of 

the individual, as it does with most felids (Andrews, Thomas, Yapura, & Potter, 2019), 

it is an important variable to consider. Furthermore, oestrus in one individual may also 

influence the behaviour of conspecifics in the same or adjacent enclosure (De Rouck, 

Kitchener, Law, & Nelissen, 2005). 

 

5.2.3. Enclosures and their shifting dynamics 

Due to Dreamworld practising hands-on management with all of their tigers except for 

Nika and Raja (as they were not hand reared), they were able to move them between 

enclosures with relative ease. This allowed them to operate with a level of flexibility, 

meaning there was no rigid schedule for exactly how the tigers were managed on a 

given day. However, the following information describes the general daily management 

of the tigers (see section 2.3.6 Overview of management at Dreamworld for more 

details). Note that due to having more tiger groups than enclosures (4 – 5 in use during 

each trip) some tigers were swapped out of their enclosure part way through the day 

(normally around 12:00) or alternated days in the enclosure, times in which an 

enclosure is not mentioned for a tiger means that it is in its night den (where they all are 

outside of opening hours). Each tiger has its own night den except the pairs of cub litter 

mates: Akasha and Adira, and Kiko and Kali, who shared during the first two trips, all 

night dens were approximately 30 m2. Enclosures visible to the public typically had 

tigers observable from approximately 10:00 – 16:30, while those off-exhibit were 

brought in a little sooner at around 16:00. 

 During the first trip, the four female cubs, Adira, Akasha, Kali, and Kiko, were 

housed in the CubKindy enclosure during opening hours with daily 1 – 2 hour visits 

from the older and bigger male cub Kai (Table 5.2). This was the only enclosure that 

was non-naturalistic, with a substrate of fake grass with a small section of mulch 

containing a solitary tree, instead being littered with enrichment items: tyres, balls, and 

large plastic tubes and circles they could walk through. During the second trip this 

dynamic changed to the newly renovated Tiger Island enclosure (TI2), with Kai’s visits 
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extended to 1 – 3.5 hours. The geriatric female tiger Sita was also added to the mix, 

being present throughout the day, and the male adult tiger Pi would also visit for 1 – 3.5 

hours per day. By the third trip Sita was deceased, the cubs ranged from sub-adults to 

adults, and Kai and Pi only visited for brief periods before performing in a daily show 

and then exiting again. For statistical purposes, during the third trip the enclosure is 

termed TI3 to differentiate between the dynamic involved compared to TI2. In these 

three enclosure settings, keepers were always present in the enclosures and would 

interact with the tigers (mostly playing with the cubs or patting them while walking past 

or at rest) and giving information to the public/answering their questions. 

 During the first trip, Sita was in an off-exhibit enclosure, termed by the staff as 

Beast Master (BM). She was only present in this for part of every second day 

(mornings). She alternated with the geriatric male tiger Rama, who would also only 

spend part of the day in the enclosure (morning or afternoon recorded). When neither 

tiger was present, BM was occupied by the female adult tigers Jaya and Shanti (morning 

or afternoon recorded). For statistical purposes the enclosure was termed BMS, BMR, 

and BMJS to differentiate between when it was occupied by Sita, Rama, or Jaya and 

Shanti, respectively. During the second and third trips the enclosure was not observed. 

During the third trip, Jaya and Shanti were in the UpClose enclosure which was 

constructed between the first and second trips, and Sita and Rama were deceased. 

 During all trips when Kai and Pi were not in the CubKindy enclosure they were 

in an off-exhibit enclosure referred to by the staff as the Cougars, as it was shared with a 

pair of cougars swapping part way through the day (Pi and Kia always in the morning). 

However, the Cougars enclosure was not observed during the third trip. 

 The non-contact tigers Nika and Raja were always in an enclosure termed the 

Lair, spending all of opening hours in it on alternating days. However, they were not 

able to be viewed during the first trip due to construction blocking the visitor viewing 

area. These two tigers are a breeding pair (present offspring include Adira, Akasha, and 

Kai), and their night dens are directly next to their enclosure, facilitating movement in 

and out (not necessary for the hand reared tigers as they are simply walked on a leash to 

their enclosures). This means that although they were only in the enclosure one at a time 

during the observational periods, they had visual and olfactory access to each other. For 

this reason, when Nika was in oestrus during the second trip it was assumed to affect 

both tigers or the enclosure as a whole, thus two enclosure dynamics were recorded: 

Lair2 when Nika was in oestrus and Lair3 when not.   
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 Furthermore, various tigers were involved in visitor interactions throughout the 

observational period. As all behaviours during visitor interactions were 

controlled/influenced by keepers, behaviour observed during interactions was not 

included in any analyses. However, the fact that the tiger had participated in such an 

activity was recorded as a potential independent variable for modelling to determine if 

participation influenced behaviour throughout the day. This information along with 

some enclosure stats (e.g. size) and a summary of the preceding information is given in 

Table 5.2. 

  

5.2.4. Observational methods 

Full details for the observational methods can be found in sections 2.4.2 Behavioural 

observations and 2.4.3 Ensuring observer agreement in behaviour interpretation. 

Briefly, multiple observers recorded the behaviour of all tigers for the entire time. 

Observers used one-zero sampling with a 1 min interval (Martin & Bateson, 2007) to 

record behaviour, using the behavioural scoring sheet (Table 5.3), according to a 

detailed and comprehensive ethogram. The ethogram was developed based on the 

published literature (Biolatti et al., 2016; De Rouck et al., 2005; Miller & Kuhar, 2008; 

Mohapatra, Panda, & Acharya, 2014; Pitsko, 2003) and my previous experience as a 

tiger keeper (Appendix 2). 

In order to ensure inter-observer reliability, detailed instructions on the use of 

the ethogram was given to volunteers, which includes descriptions of all behaviours 

(Appendix 2). The ethogram was tested and fine-tuned for several days during a pre-

observational period immediately prior to the first observational period. This also 

allowed testing of the inter-observer reliability, which obtained a score of at least 81% 

providing confidence in observer agreement (Kaler, Wassink, & Green, 2009; Shrout, 

1998). One exception to the one-zero sampling was for the behaviours Spray and Hiss, 

which had all instances recorded but with the latter being capped at 3 counts per minute.  

 

5.2.5. Data scoring 

All completed behavioural scoring sheets were tallied and entered into a spreadsheet by 

me. To allow for analysis, behaviours were assigned a main category and sub-category 

as per Table 5.4. Each tiger had a behavioural profile made, graphically displaying all 



149 
 

behaviour groupings of interest performed (Figure 5.1 & 5.2). All behaviours were 

scored individually for every tiger to obtain daily values for each one. Behaviours 

assigned main categories were used to calculate the total activity budget of tigers, 

detailed in the following sections. Furthermore, behaviours assigned sub-categories 

were used to calculate scores for behaviour categories of interest (dependent variables) 

to be modelled (section 5.2.6. Statistical analyses).  

 

5.2.5.1. Total resting 

Total resting was the total of minute blocks in which tigers were observed performing a 

behaviour with the main category “resting”. Due to the scoring technique, an individual 

minute may have multiple resting behaviours listed, for example a tiger may be 

observed performing the lying on front/side behaviour from 12:03 – 12:46 then lying on 

back from 12:46 – 12:53 and back to lying on front/side 12:53 – 13:12, in this case, 2 

would be subtracted from the “total resting” tally. As resting behaviours are typically 

timed observations, which are inclusive of start and end times, this would lead to a 

slight over estimation of actual resting time. 

 

5.2.5.2. True resting 

True resting was calculated as “total resting” minus the total of minute blocks in which 

tigers were observed performing a behaviour with the main category “active 

subtractions” at the same time as performing a behaviour with the main category 

“resting”. However, a single minute block may contain multiple “active subtractions”, 

as active behaviours are typically very short and occur in concert with each other, in 

these cases only one subtraction will count. Behaviours are assigned to the “active 

subtractions” main category if they are a behaviour that could not be done while the 

tiger is at rest. This “true resting” will therefore indicate the number of minute blocks in 

which a tiger is only observed to be performing a resting behaviour and hence be “truly” 

at rest, as opposed to, for example, a minute block in which a tiger is recorded as lying 

on front/side and also as play fight because another tiger has jumped on it resulting in a 

short play fight before it could return to lying down. However, for example, if a tiger 

was recorded to be lying on front/side from 13:05 – 13:35 and walking at 13:07 and 

13:27, which may have only been two short 2 second walks to change location, two 
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minute-blocks were subtracted from resting behaviour, therefore this “true resting” will 

be a slight underestimation of actual resting time. The only way to devise a more 

accurate method of measuring actual time spent resting would be to time exactly how 

long each observation took place, which is simply impractical if not impossible 

considering that observers would often have to watch more than one tiger at a time. As 

neither true resting nor total resting provide a perfect metric, and they are assessing 

slightly different questions, both were analysed.  

 

5.2.5.3. Active 

Active was calculated as the “Observed” time (see next section, 5.2.5.4. Observed) 

minus “true resting”. This is a tally of minute blocks in which any active behaviour is 

occurring, not the exact amount of time tigers are constantly active. Note that total 

active plus true resting constitutes 100% of observed activity.  

 

5.2.5.4. Observed 

The Observed time was calculated by taking the total time observed and subtracting the 

minute blocks in which the tiger was only scored as out-of-sight. This value was used to 

convert all the previously mentioned categories into probabilities of occurring in a 1-

minute observational window for statistical analysis (proportion data). Note that the 

Observed variable is also necessary to use as a “weights” or “offset” argument in the 

statistical modelling in the following section (with code detailed in section 5.2.6. 

Statistical analyses). 

 

5.2.5.5. Behaviours/behaviour sub-categories of interest 

More specific observations of interest for analysis included the behaviours stereotypic 

and non-stereotypic pacing. These were calculated as the total of one minute-blocks in 

which the behaviour was observed. However, it turned out that very few tigers partook 

in stereotypic pacing and those that did, did so infrequently. There were also concerns 

about observers not always being able to distinguish between the two types. As such, 

they were combined to the single “AllPacing”. The Patrol behaviour was also one of 

interest and calculated in the same way. Note that although Patrol fell under the sub-
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category “exploratory”, it was defined as occurring when the tiger was walking while 

performing other “exploratory” behaviours (e.g. Smelling, Spray). As such, the other 

exploratory behaviours only occurred concurrently with Patrol (which could constitute 

long bouts of continuous patrolling over several minutes). Therefore, analysis of the 

Patrol behaviour gives an approximation of the time tigers spend patrolling/performing 

exploratory behaviours. 

The sub-categories Play, Agonistic, Affiliative, and Comfort and maintenance 

(Comfort), were also of interest (Table 5.4). These were scored by adding the score of 

all behaviours associated with their sub-category together, therefore they were 

considered count data as an individual minute block could have multiple different 

behaviours from the same sub-category occurring. However, for the Agonistic 

behaviours a weighting system applied to give more significance per minute block 

observed to certain behaviours than others: Aversion = 1, Growl = 2, Roar and any of 

the aggression behaviours (all involved aggressively striking at another tigers) = 3, and 

Hiss = 1 – 3 (as each count of Hiss was scored up to a maximum of 3 per minute). And 

finally, the behaviour Spray was also of interest and analysed on its own, but as every 

count was recorded it too was considered as count data.   

  

5.2.6. Statistical analyses  

The categories “total resting” (TotalRest) and “active” (Active) were converted to 

proportion of time (as per the previous sections) and analysed using general linear 

mixed models (GLMMs). Models were fit using maximum likelihood with Laplace 

approximation and a binomial family with a logit link function. Due to overdispersion 

being detected, an observation level random effect (OLRE) was added to the model 

resolving the issue (see section 2.5.1. model assumptions for additional details). Thus, 

the following R code was used (note the random effects are AnimalID and “obs” for the 

OLRE, and “Observed” relates to the minutes observed from which the proportion was 

calculated): 

glmer(“CategoryOfInterestProportion” ~ FixedEffects + (1|AnimalID) + (1|obs), data = 

data, family = "binomial", weights = Observed) 

Different models were created using two different data sets to model behaviours of tiger 

cubs and non-cub tigers separately, as they have different sets of behavioural 

repertories. For example, cubs do not patrol, spray, nor pace, but play substantially 
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more than non-cubs. This results in vastly different distributions that violate the 

normality assumption of the models. 

Further behaviours/behaviour categories of interest were modelled including 

AllPacing, Patrol, Spray, Play, Agonistic, Affiliative, and Comfort. As these were all 

expressed as counts or smaller proportions, they were modelled using negative binomial 

models with a log link function (see section 2.5.1. model assumptions for additional 

details): 

glmmTMB(“CategoryOfInterestCount” ~  Fixed effects + offset(log(Observed)) + 

(1|AnimalID), ziformula = ~0, data = data, family = "nbinom2") 

In the case of dependent variables (the categories of interest) that showed zero-inflation 

(Table 5.6), a negative binomial zero-inflation (NBZI) model was fit instead by 

changing the zero-inflation formula in the code above (“ziformula”). 

 Coefficients produced by models of dependent variables from proportion data 

were converted to probabilities of the behaviour occurring in a 1-minute observational 

block (equivalent to the proportion of minute blocks the behaviour was performed). 

Whereas those produced by models of count data were converted to the rate at which 

they were observed per minute, and then multiplied by 60 to give the rate per hour (see 

section 2.5.2. Model interpretation for further details). 

The negative binomial model and conditional portion of the NBZI model uses a 

log link and therefore coefficients only need to be exponentiated. In this case, the 

exponentiated coefficients equate to the number of counts of the behaviour of interest a 

tiger performed which is the multiplied by 60 to make it per hour. For NBZI models this 

is then multiplied by 1 minus the probability found for the related zero-inflation part of 

the model. 

 Due to the number of variables and specificity of the management style in each 

enclosure at Dreamworld, two main types of models were fitted for each behaviour of 

interest (dependent variable). The first was termed the “EnclosureGroup” model and 

included only a single fixed effect category (independent variable). This variable of the 

same name as the model, EnclosureGroup, was made of nine levels, one for each 

enclosure grouping at Dreamworld. Note that this is not just the physical enclosure, but 

also the group of tigers specific to it (Table 5.2). This in effect analyses the behaviours 

on the level of the enclosure, treating each as its own functional group rather than 
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looking at the individual tiger. Note though that the random effect “AnimalID” allows 

the variation between tigers to help shape the model. 

 Explanatory models were also created by assessing behaviours on the individual 

level, instead of enclosure, by passing a number of different variables to the fixed effect 

formula. The fixed effects were taken from the individual and enclosure-based variables 

listed in Tables 5.1 and 5.2: E2Cycle, social dynamic (Social/Solo), medical conditions 

(Health), Sex, AgeClass, Reproductive status (Repro), EnclosurePool, EnclosureSize, 

Phenotype, VisitorInteraction, and enclosure time (Afternoon). Note that the fixed effect 

Afternoon, related to the time spent in enclosure, was only scored according to whether 

a tiger entered an enclosure in the afternoon after a different tiger/s had been in the 

enclosure the same morning (indicating potential fresh scents left behind) or not. 

Furthermore, an additional fixed effect “Presence” was created to signify an opposite 

situation of sorts: if an enclosure contained only one adult tiger, with no others ever 

entering it, then that tiger was assigned the fixed effect level Presence[No], indicating 

that no other tiger marking scents are ever present (this affected Pi in the Cougars 

enclosure). An information-theoretic approach was used to compare models comprised 

of all possible combinations of the fixed effects, but only including interaction terms 

between variables where an interaction is biologically relevant rather than using an all-

sub-sets approach which can lead to overfitting (Anderson & Burnham, 2002). Fixed 

effects in each model were tested for collinearity according to the variance inflation 

factor (VIF), given the complexity of the variable dynamic at Dreamworld a less 

conservative limit of VIF < 10 was adopted (Quinn & Keough, 2002), models with 

fixed effects exceeding the VIF cut off were excluded from further analysis. Remaining 

models were ranked according to the Akaike Information Criterion (AIC) with those 

within 2 AIC of each other considered comparable (Akaike, 1973; Anderson & 

Burnham, 2002). However, as AIC is known to lend itself towards more complex 

models and therefore the potential for overfitting (Anderson & Burnham, 2002), the 

nesting rule was applied whereby models in the top 2 AIC that are more complex 

versions of simpler nested models also in the top 2 AIC were removed (Arnold, 2010). 

Therefore, only fixed effects that if removed would cause an increase of more than 2 

AIC were retained, ensuring only variables with significant effects and thus likely to be 

of biological significance were included. Of the remaining models, the one with the 

lowest AIC was termed the “Best” model and was compared to the EnclosureGroup 

model and “Null” model (model with intercept only, i.e. no fixed effects). Table 5.5 lists 
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all the variables that were significant for the dependant variables modelled (note each 

model will use a subset of the list).  

 

5.3. Results and Discussion 

5.3.1. Model selection and interpretation 

Over 900 hours of observational data was collected by trained volunteers and me from 

outside the tigers’ enclosures (lowest ≈ 10.5 h for Rama as he died after the first 

observational period, highest ≈ 140.5 h, mean ≈ 75.5 h). For all behaviours of interest 

except for Patrol, the EnclosureGroup model was deemed a better model than the Null 

model according to the AIC (Tables 5.6/5.7). However, for this one exception the Null 

model was not a true null model as it contained fixed effects within the zero-inflation 

component of the model as was necessary to pass the model assumptions. Similarly, the 

Best models improved upon the EnclosureGroup models for all behaviours of interest 

with the exception of the Affiliative behaviours for the non-cub tigers, as well as 

producing the exact same AIC for the Comfort behaviours of tiger cubs (Tables 

5.6/5.7). Interpreting the effect on the predicted probability or predicted number of 

counts of a behaviour of interest is straightforward for the EnclosureGroup models, with 

the values attributed to each enclosure able to be read directly off the associated table 

(Tables 5.8 – 5.22, see bold values on second half of tables). However, these values 

represent averages for the whole enclosure, to attempt predictions for individual tigers 

more complex assessment of the Best model is required. These models can also offer 

predictions as to the contribution of individual variables relating to the tiger and/or its 

enclosure (see Table 5.5 for variable intercept and non-intercept levels). However, as 

these models are GLMMs with either a logit or log link function the response scale is 

not linear, and the effect of a variable will depend on the other variables involved. 

Interpretations from probabilities of individual variables would be misleading as the 

logit/log coefficients of all of the model’s fixed effects applicable to the individual tiger 

need to be added before converting to probabilities. Therefore, direct probabilities or 

rates for individual variables have been left out of Tables 5.8 – 5.22.  
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5.3.2. Analysis of non-cub tigers 

5.3.2.1. TotalRest probability 

The EnclosureGroup model for TotalRest probability predicts that the greatest 

likelihood of seeing an individual tiger at rest in each minute is in the BMS enclosure, 

with a 95.3% chance (Table 5.8). There is then a fairly steady decrease from BMS to 

Lair3 (87.5%), TI2 (85.4%), BMR (79.4%), TI3 (77.0%), UpClose (74.3%), Lair2 

(70.7%), and Cougars (68.3%), before a relatively large drop to BMJS (52.7%). This is 

interesting as the enclosures BMS, BMR, and BMJS, are all the same enclosure but with 

different occupants, yet they represent the most TotalRest, a mid-range TotalRest, and 

the lowest TotalRest recorded, respectively. 

The Best model contained the fixed effects E2Cycle, Presence, Health, Sex, 

AgeClass, Repro, and Afternoon, with a logit intercept coefficient of 2.098. This 

equates to a probability of 89.1%, which was that predicted by the tiger Nika in Lair3 

(note the lack of fixed effects for Nika in Table 5.8, listed under the “#’s involved” 

column, indicating her value was equivalent to that of the intercept). E2Cycle[Yes] was 

attributed a coefficient of -0.845, which when only combined with the intercept (as was 

the case for Nika in Lair2 and Akasha/Adira in TI2) resulted in a probability of 77.8% 

representing a decrease of 11.3 percentage points or a 12.7% decrease. The tiger Raja is 

in the same enclosures as Nika (on alternating days) and is affected by the same 

variables plus Sex[Male], which has a coefficient of  -0.732. This results in a probability 

of 79.7% with E2Cycle[No] (so only intercept plus Sex[Male]) and 62.7% with 

E2Cycle[Yes], showing that for males E2Cycle[Yes] causes a reduction of 17 

percentage points or a 21.3% decrease (when all other variables are at intercept level). 

This highlights the difference caused by the same variable due to the co-variables 

present. Even so, the direction (-/+) and value of the coefficient does still give some 

general guidance. However, with complex models involving many fixed effects such as 

this one, further caution is advised when interpreting individual fixed effect coefficients 

alone as some may only occur when other specific fixed effects are also present. For 

example, according to Table 5.8 the fixed effect with the single greatest influence is 

Health[VS] having a coefficient of -1.637. However, it only occurs concurrently with 

AgeClass[SubAdult] which has a coefficient of 1.283, but this only occurs with 

Repro[NotActive] (coefficient -0.612) as well as E2Cycle[Yes]. Taken all together this 

is a -1.811 logit change from the intercept, resulting in a probability of 57.2% (see tiger 

Kali in Table 5.8). Although Health[VS] could theoretically occur with any combination 
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of other variables, when AgeClass[SubAdult] is present so must Repro[NotActive] 

(given our definition of a sub-adult tiger being pre-reproductive) which means 

AgeClass[SubAdult] should be more interpreted as having a coefficient of 0.671 (1.283 

– 0.612). Repro[NotActive] also applies to individuals with AgeClass[Geriatric] (tiger 

Sita due to an ovariohysterectomy) and AgeClass[Adult] (tiger Shanti believed by 

Dreamworld staff to not cycle due to no behavioural signs of oestrus, and confirmed to 

have E2 concentrations lower than pre-reproductive tigers, reason unknown). 

Repro[NotActive] likely has different connotations according to the AgeClass level, 

which is accounted for in their coefficients hence the exaggerated high coefficient for 

AgeClass[SubAdult]. Note that an interaction term of AgeClass*Repro was tested to 

model this, but it proved to be a worse model (according to AIC). However, in studies 

with more individuals this may be more beneficial. Although this may raise concerns 

for multicollinearity, VIF’s were low (<3; Table 5.6) indicating the coefficients when 

taken with their consistently concurrent fixed effects (i.e. AgeClass[SubAdult] and 

Repro[NotActive]) are accurate indicators for this data set. Though a final caveat for 

this particular combination of fixed effects is that 

AgeClass[SubAdult]:Repro[NotActive] only applied to the two white tigers so may be 

more of a reflection of this rather than their age and reproductive classification. Recall 

that Kiko and Kali are actually close to one month older than Akasha and Adira, yet 

were given their classifications as the keepers had not identified any oestrus behaviours 

in them at the time of the study, nor had the E2 assays identified any oestrus cycling. 

Furthermore, Adira and Akasha were just coming into their first observed oestrus cycle 

(both by keepers and faecal assays), so only slight variation in time to sexual maturity 

was required for this effect to occur. Phenotype could not be used as a fixed effect with 

the non-cub tigers as it caused rank deficiency in the modelling as when Phenotype = 

White, AgeClass = SubAdult, when Phenotype = Golden Tabby, AgeClass = Geriatric, 

and when Phenotype = Orange, AgeClass = Adult. This does not invalidate the results, 

it just need to be noted that results pertaining to AgeClass[SubAdult] (whether or not 

the Repro fixed effect is included in the model) may be a reflection of the white 

phenotype or those two tigers history (e.g. having been transferred as young cubs as 

opposed to born on site). 

There are more clear-cut effects in this analysis. Recall that the EnclosureGroup 

model predicted the enclosure BMS to have the highest probability of TotalRest at 

95.3%. BMS had the lone occupant Sita, which the Best model predicted as 91.9%, this 
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is only slightly more than Nika in Lair2 (the intercept only tiger) with the 89.1% 

prediction. The increase was due to Sita’s AgeClass[Geriatric] (coefficient 0.947) and 

Repro[NotActive] (coefficient -0.612) classifications having a combined coefficient of 

0.335, but in the extreme ends of a logit scale larger coefficients are required to impart 

sizeable change. Rama in BMR was similar when his only deviations from the intercept 

model were the fixed effects AgeClass[Geriatric] and Sex[Male] (coefficient -0.732, 

combined value of 0.215), but half of his observations took place under the additional 

variable levels of Afternoon[Yes] (coefficient -0.959) and E2Cycle[Yes] (coefficient -

0.845, combined value -1.804) which caused a large reduction in predicted TotalRest 

probability from 91.0% to 62.4% representing a 31.4% decrease. The enclosure BMJS 

(lowest predicted TotalRest probability) contains Jaya and Shanti with 5 out of 7 

observation days listed as Afternoon[Yes], and every observation day additionally 

having either just the fixed effect E2Cycle[Yes] (Jaya) or also having Repro[NotActive] 

(Shanti). In BMJS tigers, Afternoon[Yes] resulted in a change of TotalRest probability 

of 77.8% and 65.5% to 57.3% and 42.1% for Jaya and Shanti, respectively, representing 

decreases of 26.3% and 35.7%. The fact that the majority of observation days were 

Afternoon[Yes] means that its lower resulting probability contributed more strongly to 

BMJS having the lowest score in the EnglosureGroup analysis. The analysis also 

highlighted the difference in AgeClass[Adult] tigers caused by Repro[NotActive].  

 Another clear effect unrelated to the BM enclosure groups is that of 

Presence[No]. Presence[No] is the only difference for the male tiger Pi when in the 

Cougars enclosure as opposed to TI2 and caused a decrease in TotalRest probability 

from 79.7% to 60.9%, representing an 18.8 percentage point drop or a 23.6% decrease. 

The obvious implication of this result may seem somewhat contradictory to that for 

Afternoon[Yes]. The results seemed to suggest that if a tiger is moved into an enclosure 

where another tiger had previously been (Afternoon[Yes]) then it would have less 

TotalRest, perhaps due to wanting to explore the scents left by the previous tigers. Yet a 

tiger in an enclosure that never has other tigers in it (Presence[No]) also appears to have 

less probability of TotalRest recorded. However, this model does not tell us what the 

tigers are doing to reduce the TotalRest observed so any in depth interpretation in this 

area is merely conjecture. 

Although the Best model had a considerably lower AIC than the Null and 

EnclosureGroup models (1041 vs 1073 and 1062, respectively), the R2 value remained 

relatively low indicating the model only explains 13.6% of the variability (Table 5.6). 
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This may be a result of how TotalRest was recorded. Recall that if a tiger is observed 

performing any rest behaviour in a 1-minute block then it will contribute to the 

TotalRest tally, regardless of whether or not active behaviours were also recorded in the 

same minute. Some of these active behaviours are very short lived and may therefore 

often not impact the TotalRest count at all. For example, if a tiger is lying down 

(TotalRest scored) and another tiger walks past initiating a brief play (< 1 minute), then 

the following minute may also still be recorded as a TotalRest count as opposed to if the 

play lasted several minutes. Therefore, fixed effects that reduce the TotalRest observed 

due to these active behaviours may have inconsistent results. Conversely, a fixed effect 

that more often results in a tiger getting up from lying down and pacing for several 

minutes on end will have a more consistent effect on TotalRest. Due to the recording 

method this cannot be assessed, and if some fixed effects are internally consistent and 

others not then it may be a cause of the weak fit implied by the low R2. To answer these 

questions it is necessary to look at the models for the active behaviours. 

 

5.3.2.2. Active probability 

The Enclosure model for Active probability predicts the greatest likelihood of seeing an 

individual tiger active is in the BMJS enclosure with a 52.6% chance (Table 5.9). 

Unsurprisingly, the pattern is similar to TotalRest but in reverse order, starting with a 

relatively large decrease from BMJS to Cougars (44.6%), then continuing to decrease 

steadily in smaller increments to Lair2 (40.4%), TI3 (36.1%), UpClose (32.5%), BMR 

(31.6%), TI2 (29.0%), and then relatively large decreases again to Lair3 (20.8%) and 

BMS (9.1%). The Best model for Active probability was also similar to that for 

TotalRest probability, sharing the fixed effects E2Cycle, Health, Sex, AgeClass, Repro 

and Afternoon, with the only change being that it also had the fixed effect Social instead 

of Presence. The logit intercept coefficient was -1.780, which is also similar as to that 

for TotalRest but in the opposite direction (2.098). This was similar with all the 

coefficients of the shared fixed effects (Table 5.9 cf. Table 5.8). The largest 

discrepancies were for AgeClass[SubAdult] having coefficients of 1.283 and -0.818 for 

TotalRest and Active, respectively. However, as mentioned in the previous section 

(5.2.1 TotalRest probability) AgeClass[SubAdult] only appears in concert with 

Repro[NotActive], and due to some discrepancy in these values the coefficient gap 

closes when combining them to 0.671 and -0.423 for TotalRest and Active, 

respectively. As for the different fixed effect included in the Active probability model, 
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Social included three levels: [Group] (the intercept level), [None] (coefficient of 0.053 

meaning very little difference to intercept), and [Cubs]. Social[Cubs] had a coefficient 

of 0.907, almost the exact opposite of the TrueRest model’s Presence[No] of -0.924. 

However, where Presence[No] only applied to the tiger Pi in the Cougars enclosure, 

Social[Cubs] applied to Pi in the Cougars and TI2 enclosures, as well as the tiger Sita in 

TI2. This resulted in Pi afforded a predicted probability of having an active behaviour 

observed as 43.9% in either of these two enclosures but had a predicted TotalRest 

probability of 60.9% and 79.7% in the Cougars and TI2 enclosures, respectively. As 

discussed in the previous section (5.2.1 TotalRest probability), this may indicate that the 

types of behaviours in the two enclosures are different, with those in TI2 likely to be 

more short lived than those in Cougars which may be more continuous, thus preventing 

resting behaviours occurring in the same minute block thereby reducing TotalRest. 

The Active probability model only attempts to predict total activity regardless of 

its type. Tiger behaviour is varied, and the behaviours have different meanings and 

motivations behind them. If one variable increases play behaviour to the same extent 

that another variable increases pacing behaviours then modelling total activity would be 

unable to detect this and be of little value, producing weak models. This can be seen 

reflected in the low R2 values, with the Best model having the highest despite only 

explaining 8.6% of the variability (Table 5.6). Therefore, active probability will not be 

addressed further, we will instead look at the specific active behaviours of interest. 

Furthermore, as Active was calculated as Observed – TrueRest the models for TrueRest 

were exactly the same but with coefficients having the opposite direction, thus they will 

not be discussed.  

 

5.3.2.3. AllPacing probability 

Tigers housed alone (Solo[Yes]) did not pace at all except when a tiger that is in oestrus 

had been in the enclosure. Therefore, an NBZI model was fit with the zero-inflation part 

of the model containing the interaction of the two fixed effects involved E2Cycle*Solo. 

And the conditional portion of the model contained the fixed effects Health, AgeClass, 

EnclosurePool, and Solo. Note that the conditional portion of the Best model did not 

contain the fixed effect E2Cycle as it was deemed to not be significant. This indicated 

that although it can contribute to whether or not a tiger will pace, it does not change the 

amount that a tiger paces if it is to pace. Recalling that the zero-inflation portion of the 
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model indicates the chance of having a zero not necessarily directly related to the 

conditional model, but due to unknown/unobserved effects. Furthermore, note that in 

the EnclosureGroup model some of the variable levels became redundant as they were 

explained by combinations of the zero-inflation model’s fixed effects causing rank 

deficiency in the model. Therefore, the BMS and BMR levels were collapsed to a single 

level “BMSolo” and Lair2 and Lair3 levels were collapsed to a single level “Lair”, as 

these can be perfectly separated by the E2Cycle*Solo interaction (see 

BMSoloA/BMSoloB and LairA/LairB in Table 5.10) 

In the zero-inflation portion of the EnclosureGroup model, the intercept alone 

predicted a 44.8% chance of a zero, meaning that at least close to half of the time a tiger 

is observed it is unlikely to pace not for reasons to do with the fixed effect at their 

intercept levels of E2Cycle[No], and Solo[No]. However, if the tiger is housed alone, 

Solo[Yes], then the model predicts it to never pace. Note that the coefficient for 

Solo[Yes] was very high (19.674) resulting in a 100% probability of a zero (Table 

5.10), but the standard deviation has been listed as NA. This is because they were 

extremely large/nonsensical (in the thousands), and the VIF for the interaction terms 

was even more so (in the millions). These results came about because for every single 

observation of a solo tiger when E2Cycle[No] was applicable it had a 0 for pacing, so 

for this study the probability of a 0 is 100% but this would not be the case for every 

tiger or even for these tigers if they were viewed over a longer study period. These 

values could simply be removed before modelling and not have any effect on the 

interpretation of the other variables, but by including them it allows us to show that this 

was the case for our study. However, if E2Cycle[Yes] was recorded for the same 

observations as Solo[Yes] then the 100% probability of a zero disappeared. In fact, 

E2Cycle[Yes]*Solo[Yes] resulted in a similar probability of a 0 as E2Cyle[Yes] when 

Solo[No] was recorded, 24.3% and 29.0%, respectively. This implies that when 

E2Cycle[Yes] is applicable it has about the same effect on tigers regardless of whether 

or not they are housed alone, and that it decreases the chance of unexplained 0’s from 

normal levels (intercept being 44.8%). 

To predict AllPacing, probabilities found by the conditional part of the model 

were multiplied by 1 minus the associated zero-inflation probabilities (Cond.*ZI Prob. 

column of Table 5.10, see section 2.5.2 Model interpretation for further details and 

formula). This resulted in Cougars 20.3%, BMJS 18.0%, LairB 16.6%, UpClose 6.9%, 

BMSoloB 3.9%, TI2 1.8%, TI3 1.5%, and LairA and BMSoloA at 0%. The 
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EnclosureGroup model improved the Null model (not a true null model as it included 

the same zero-inflated fixed effects formula) as shown by a reduction in AIC from 

679.5 to 651.0, though the conditional R2 was worse dropping from 50.5% to 35.9% 

(Table 5.6). 

As previously stated, the Best model contained the fixed effects Health, 

AgeClass, EnclosurePool, and Solo, in its conditional component. This was an 

improvement on the EnclosureGroup model in terms of AIC (639.8), and it also 

significantly improved the model fit according to the conditional R2 (58.7%). By 

assigning fixed effects in the creation of the Best model we can attempt to determine 

what variables may be driving differences between the enclosures. This is already 

apparent by looking at the difference in the zero-inflation model. In the Best model the 

intercept only predicts 8.5% of unexplained zero’s (down from 44.8%) with the addition 

of E2Cycle[Yes] adding some uncertainty as opposed to lowering it in the 

EnclosureGroup model. However, the overall result E2Cycle[Yes] and E2Cycle[Yes] 

:Solo[Yes] is similar between the two models with the Best model having a probability 

of 21.9% and 24.1%, respectively, and the EnclosureGroup model 29.0% and 24.3%. 

The largest coefficient changes for the conditional part of the Best model were 

attributed to the AgeClass variable with AgeClass[SubAdult] having -2.479 and 

AgeClass[Geriatric] -2.343, and also the Health variable with Health[VS] having 2.649. 

The EnclosurePool variable also had large coefficients of 1.133 and -1.411 for 

EnclosurePool[None] and EnclosurePool[Swimming], respectively.  

The tigers in the TI3 enclosure offer a comparison for the effects some of these 

variables. This enclosure falls under EnclosurePool[Swimming] and the zero-inflation 

fixed effect E2Cycle[Yes], allowing Akasha/Adira to be compared to Kiko differing 

only in that the former is classified under AgeClass[Adult] (the intercept level) and the 

latter AgeClass[SubAdult], resulting in a pacing Cond.*ZI Prob. of 1.9% and 0.2%, 

respectively. The effects of Health[VS] can also be seen by comparing the tigers Kiko 

and Kali as this is the only difference between these two tigers, with the resulting 

probability for Kali being 2.2%. Although the coefficients associated with these 

variables are large, given they are on the log scale they have little influence when 

already in the low range where they started due to the intercept of -2.321 and 

EnclosurePool[Swimming] coefficient of -1.411 (-3.732 total). However, when 

comparing Akasha/Adira to the tigers Jaya/Shanti in the BMJS or UpClose enclosure, 

the only difference is the EnclosurePool variable being EnclosurePool[Swimming], 
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EnclosurePool[Wading], and EnclosurePool[None], in each respectively, resulting in 

them having a pacing Cond.*ZI Prob. of 1.9%, 7.7%, and 23.8%.  

It must also be noted that the effect of Health[VS] on pacing may be greatly 

under reported here depending on the interpretation of pacing. Due to her VS, Kali often 

walked in tight circles with no apparent reason. Besides the fact that it involved walking 

in circles as opposed to back and forth between two points it looked the same as regular 

pacing, either non-stereotypic with her clearly looking at various objects of interest (e.g. 

the big overhead screen) or stereotypic pacing with head lowered and appearing not to 

be responsive to her surroundings. It was ignored for this analysis, but another model 

was analysed that added her minute counts of circling to her AllPacing counts. This had 

little effect except for on Health[VS], causing Kali’s Cond.*ZI Prob. to be 21.6% 

(model summary not shown). Her condition may have even caused a greater increase, 

but if her circling persisted for too long then the keepers would take her off exhibit. 

An interesting observation is that the coefficient for Solo[Yes] in the conditional 

part of the Best model is that it is in the positive direction, 0.780, indicating that it 

increases the amount of pacing when pacing occurs (i.e. when E2Cycle[Yes]). The 

closest we can get to a direct comparison of the effect of Solo[Yes] vs Solo[No] is by 

comparing Nika2/Raja2 to Jaya/Shanti in the UpClose enclosure, as it is the only 

difference, and we find a Cond.*ZI Prob. of 16.3% and 7.7%, respectively. However, it 

must be noted that Nika and Raja are a mating pair housed side by side, so when Nika is 

in oestrus it may cause an increased effect compared to what might happen with other 

individually housed tigers. Additional variables for this specific condition were 

considered, but as previously mentioned using too many variables, especially ones so 

specific to individual tigers, risks overfitting as well as the potential for high VIFs with 

co-factors, thus invalidating the model. The only other instance of Solo[Yes] with the 

zero inflation Solo[Yes]:E2Cycle[Yes] (probability of zero’s 24.1%) is for Rama who 

also falls under AgeClass[Geriatric] and EnclosurePool[None] and can be closely 

compared to Jaya/Shanti in BMJS having a similar zero inflation effect with 

E2Cycle[Yes] (probability of extra zero’s 21.9%) and sharing the conditional model 

fixed effect EnclosurePool[None], significantly differing only with Solo[No] and 

AgeClass[Adult]. The associated Cond.*ZI Prob. for Rama and Jaya/Shanti under these 

conditions is 4.8% and 23.8%, respectively. However, the effect of Solo in this 

comparison is lost in the bigger effect of AgeClass[Geriatric] (coefficients 0.780 and -

2.343, respectively) separating these comparisons. And the only comparison available to 
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look solely at AgeClass[Geriatric] was in the difference between Pi and Sita in TI2, but 

this was at the low end of the scale due to the other fixed effect being 

EnclosurePool[Swimming] (coefficient -1.411), resulting in a Cond.*ZI Prob. of 2.2% 

and 0.2%, respectively. Therefore, the conditional model coefficient for Solo[Yes] of 

0.780 may mostly be representative of Nika and Raja and their specific circumstances, 

and its inclusion in the model is mitigated for in the other tigers it applies to by 

adjustment of other applicable fixed effects. This may also explain why the variable 

level E2Cycle[Yes] in the zero-inflation part of the model predicted more unexplained 

0’s than the intercept did as there is more uncertainty with this variable due to the 

Nika/Raja dynamic. 

 

5.3.2.4. Patrol probability 

Patrol was also fit with an NBZI model, with the zero-inflation component containing 

the fixed effects Health and Presence, while the conditional part of the Best model had 

E2Cycle, Sex, AgeClass, Repro, Afternoon, and EnclosurePool. The zero-inflation part 

of the models had a similar effect in both the EnclosureGroup and Best model, resulting 

in a predicted 3.3% and 4.1% at the intercept level, respectively, and 90.4% and 90.8% 

when Presence[No] was recorded. Both predicted 100% 0’s for Health[VS] (Table 

5.11). 

 The combination of the conditional and zero-inflation parts of the 

EnclosureGroup model indicated that the enclosure containing tigers most likely to be 

observed patrolling in a 1-minute observational block is BMR with a Cond.*ZI Prob. of 

19.6%. This was followed by BMJS (17.4%), Lair2 (13.7%), UpClose and TI3 (10.1%), 

Lair3 and TI2 (7.4%), BMS (6.1%), and Cougars (0.2%). However, note that the value 

given for TI3 was calculated using the zero-inflation intercept only, but one of the tigers 

in that enclosure, Kali, was recorded with Health[VS] which results in a 100% chance 

of a 0 and therefore a Cond.*ZI Prob. of 0% patrolling. The EnclosureGroup model was 

actually a worse predictor than the Null model (though not a true null model as it 

included the same zero-inflated fixed effects formula) as shown by an  increase in AIC 

from 796.4 to 801.5, though the conditional R2 was significantly better showing an 

increase from 34.1% to 52.0% (Table 5.6). This implies that the variability caused by 

the random effect AnimalID is more informative than trying to apply meaning to the 

enclosures when this zero-inflation formula is applied. However, when using fixed 
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effects for specific variables that apply to the enclosures and the tigers in the 

construction of the Best model, we found a significant improvement according to AIC 

(759.7) with an R2 of 51.9%. 

 The Best model intercept alone (conditional and zero-inflated parts) predicted a 

relatively low probability (Cond.*ZI Prob.) of 5.6%. These variable levels applied to the 

tiger Nika in Lair3 and thus represent her proportion of patrolling. Comparing this to 

Raja’s value in Lair3 offers useful insight into the effects of Sex as this is the only 

variable that differs in this comparison. We find a Cond.*ZI Prob. of 12.7%, indicating 

that the coefficient for Sex[Male] of 0.826 causes a more than doubling effect on the 

probability when all other variables are at their intercept level. These two tigers also 

offer insights into the effect of E2Cycle2[Yes] (coefficient 0.591) as when they are in 

the enclosure designated Lair2 this is the only difference. This resulted in a Cond.*ZI 

Prob. increase from 5.6% to 10.1% and 12.7% to 23.0% for Nika and Raja, respectively, 

representing a roughly doubling of the amount of patrolling in this region of the log 

scale.  

The largest difference caused can be seen in the effect of Afternoon[Yes] with a 

coefficient of 1.401. The tigers Jaya and Shanti in the enclosure BMJS had observations 

taken under Afternoon[Yes] and Afternoon[No], while their other fixed effects of 

E2Cycle[Yes] and EnclosurePool[None] were kept constant. This resulted in an 

increase in Cond.*ZI Prob. from 6.4% to 25.8% and 4.3% to 17.5% for Jaya and Shanti, 

respectively. And the differences between these two tigers was caused by the fact that 

Shanti, despite being an Adult, falls under Repro[NotActive] (coefficient -0.392). The 

tiger Rama in BMR also offers a comparison to see the effects of Afternoon[Yes], but 

also in conjunction with E2Cycle[Yes] as for this tiger they coincided with each other, 

while his other observations had both as the [No] level. Rama was also affected by 

EnclosurePool[None] and Sex[Male], all together resulting in a Cond.*ZI Prob. of 5.5% 

under Afternoon[No] and E2Cycle[No] and showing a very large increase to 40.1% 

when observed with Afternoon[Yes] and E2Cycle[Yes].  

Jaya (when observed under Afternoon[No]), Nika/Jaya (in Lair2/UpClose), and 

Adira/Akasha, have all observations under E2Cycle[Yes] and so offer comparisons for 

the effects of EnclosurePool[None/Wading/Swimming], respectively, resulting in 

Cond.*ZI Prob. of 6.4%, 10.1%, and 13.8%. Unsurprisingly, another large affect is that 

AgeClass[SubAdult] tigers are predicted to patrol much less, with a coefficient of -

0.747 which is always combined with that of Repro[NotActive] (-0.392) making for a 
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total of -1.139. This applied to the tiger Kiko (and Kali but she had no patrolling due to 

Health[VS]) as well as EnclosurePool[Swimming], altogether resulting in a Cond.*ZI 

Prob. of 4.4% compared to the AgeClass[Adult]/Repro[Mature] Akasha and Adira 

having 13.8%.  

One final significant finding is that the tiger Pi in the Cougars enclosure only 

had a Cond.*ZI Prob. of 0.8% despite being a male which is predicted to patrol more. 

This was due to the zero-inflation fixed effect Presence[No] indicating a 90.8% chance 

of an additional 0. This indicates that the presence of other tigers of interest 

significantly increase the amount of patrolling observed in tigers. The other results 

indicate that this can be increased further if those tigers are in oestrus or by moving a 

tiger into an enclosure that has had a tiger of interest in it earlier in the same day. 

Already some of the confusion from the original TotalRest and Active models 

can be unravelled (section 5.2.1 TotalRest probability and 5.2.2 Active probability). 

Less TotalRest was observed in E2Cycle[Yes], Health[VS], Sex[Male],  

Afternoon[Yes], and Presence[No], much of which can potentially be seen expressed as 

an increase in Patrol associated withE2Cycle[Yes], especially with Afternoon[Yes], as 

well as Sex[Male]. However, the effect of Health[VS] in reducing TotalRest (and 

increasing Active) had nothing to do with patrolling as the zero-inflation part of the 

Patrol model predicted 0 counts, whereas for the AllPacing model it was very high 

(section 5.2.3 AllPacing probability). Presence[No] causing a decrease in TotalRest was 

also not accounted for in the Patrol model, with the zero-inflation part of the model 

predicting very little patrolling to ever take place. Presence[No] was not included in the 

AllPacing model, if added to the fixed effects of the AllPacing model it results in a 

coefficient of  0.385 indicating a potential moderate increase (dependant on other fixed 

effects in play determining location on the log scale) with the model having an increase 

in AIC of approximately 1, which indicates the model is comparable but the fixed effect 

itself is not significant so was dropped in the model optimisation process (model not 

shown). This could be because the effect can be explained by the EnclosurePool[None] 

variable, as this predicted a large increase in AllPacing and additionally applied to 

BMJS where the tigers also showed a high degree of pacing, but the effect in BMS and 

BMR was mitigated by the AgeClass[Geriatric] variable level keeping Sita and Rama’s 

predictions low, all in line with the actual observed proportions (Figure 5.1).  
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5.3.2.5. Spray counts 

The number of sprays could be modelled using a standard negative binomial as despite 

having similar effects as patrol in that Health[VS] and Presence[No] resulted in almost 

no counts observed, the data was not zero-inflated. Note that a high number of 0’s does 

not mean zero-inflated, it is only when there is a high number of unexpected 0’s. 

However, Health and Presence were of course included in the fixed effects of the Best 

model, along with E2Cycle, Social, Repro, and Sex. 

 The EnclosureGroup model indicated that the enclosure containing tigers that 

spray the most per hour was BMR, predicting 6.631 sprays/h. Following this was Lair2 

at 4.602 sprays/h, then BMJS (3.778), UpClose (3.372), TI3 (2.290), Lair3 (2.169), 

BMS (1.170), TI2 (1.153), and with the lowest in Cougars with 0.078 sprays/h (Table 

5.12). This model was a substantial improvement from the Null model with an AIC of 

694.0, down from the Null of 712.7, and a conditional R2 of 86.8% (Null had 75.9%) 

showing it is quite a good fit (Table 5.6). However, the Best model decreased the AIC 

further by more than 40 at 650.1 and had a comparable conditional R2 of 85.7%. 

  As already stated, the fixed effects Health[VS] (coefficient -3.393) and 

Presence[No] (-2.870) had the largest impact on the amount of spray counts recorded in 

tigers. The variable level Presence[No] is only applicable for the tiger Pi in the 

enclosure Cougars and occurs in conjunction with the variable levels Social[Cubs] 

(coefficient -1.045) and Sex[Male] (coefficient 0.952). The effect of Presence[No] can 

be assessed directly with a comparison to Pi when in TI2 as this is the only difference. 

This finds Pi to spray 3.170 times per hour in TI2 compared to only 0.180 in Cougars, 

highlighting the significance of this variable. Likewise, the variable level Health[VS] is 

only applicable to one tiger, Kali, and although she does not have observations of 

herself with Health[Healthy] to be compared to (obviously as unlike an enclosure this 

health condition cannot be simply swapped), she can be compared to her sister Kiko 

who shares all other variables with her (E2Cycle[Yes] and Social[Cubs]). This 

comparison finds Kiko to spray 2.385 times per hour while Kali hardly sprays at all 

with only 0.080/h.  

The variable level that has the biggest positive effect on the number of sprays is 

Sex[Male], and the effect can best be observed by comparing Raja and Nika as this is 

the only variable in which they differ. In enclosure Lair3 Nika and Raja are both 

recorded under Social[None] and are predicted to spray 1.448 and 3.752 times per hour, 
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respectively. These tigers also offer the perfect opportunity to observe the effect of the 

next biggest positive coefficient which is caused by E2Cycle[Yes] (coefficient 0.675), 

by comparing their values from enclosure Lair3 to Lair2 as this is the only difference in 

variables. The result is a large increase to 2.843 and 7.364 for Nika and Raja, 

respectively. The effect of Sex[Male] is so great that it resulted in Raja, as well as Rama 

when subject to the same other variable levels, to have the highest predicted sprays per 

hour despite being affected by the negative variable level Social[None] (coefficient -

0.877). Social[Cubs] had a similarly negative effect (coefficient -1.045), implying that 

being in an enclosure with other sexually mature tigers (Social[Group], the intercept 

level) may increase the likelihood of a tiger spraying.  

As expected, another significant negative impact was that of Repro[NotActive] 

(coefficient -1.053), which can be observed by comparing Akasha/Adira to Kiko in TI3 

or Jaya to Shanti in BMJS/UpClose. In all cases the tigers are also observed under 

E2Cycle[Yes] with the Repro[Mature] tigers predicted to spray 6.831 times per hour 

and the repro[NotActive] tigers only 2.385. Note that in this case Kiko and Shanti both 

belong to Repro[NotActive] despite Shanti falling under AgeClass[Adult] and Kiko 

AgeClass[SubAdult], but AgeClass was not included in this analysis as it was deemed 

not significant during model creation and was dropped. AgeClass has often been an 

important variable, with or without Repro also included, but when it comes to predicting 

the amount of sprays it appears that the reproductive status of tigers is more important. 

This can be confirmed by viewing the actual sprays/h recorded for these tigers (Figure 

5.1). 

 

5.3.2.6. Play counts 

Counts of play behaviours could also be modelled using a regular negative binomial 

model despite the high number of 0’s recorded for non-cub tigers. This is because the 

fixed effect Social accounted for much of this, with Social[None] always scoring 0’s for 

the obvious reason that tigers housed alone have no others to play with. The other fixed 

effects in the Best model were EnclosurePool and Afternoon. This model proved better 

than the EnclosureGroup, which was also able to model the high number of 0’s as the 

enclosures were coded according to their occupants. Note that for this analysis the 

EnclosureGroup variable was modified to collapse Lair2 and Lair3 into just Lair to 

avoid rank deficiency issues in the model. The Best model had an AIC of 466.9 and R2 
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of 99.4%, while the EnclosureGroup model had an AIC of 478.9 and R2 of 99.6%, and 

the Null model AIC 535.4 and R2 of 75.9% (Table 5.6). Too high an R2 raises concerns 

of overfitting, however, in this case it has come about due to the apparent perfect 

modelling of variables with all zero values. If these were removed and the 

corresponding variable levels dropped, we get more appropriate values while causing no 

change to the remaining fixed effects coefficients. This gave the Best model AIC 464.6 

and R2 67.3%, EnclosureGroup model AIC 472.9 and R2 61.8%, and Null model AIC 

494.8 and R2 54.1%. As previously the variables will remain in the models as they do 

not affect the outcome of the other fixed effects but allow us to view their effects too. 

 The EnclosureGroup model predicted the most play counts by far to occur in TI3 

at a rate of 3.499 per hour. A relatively large drop found the next highest in TI2 with 

1.942/h, then another relatively large decrease to Cougars at 0.936/h, which was more 

closely followed by UpClose with 0.731/h and BMJS having 0.549/h (Table 5.13). 

 The most impactful variable level in the Best model, besides of course for 

Social[None] which recorded only 0 counts, was EnclosurePool[Swimming] 

(coefficient 1.558). This can be compared directly to its intercept level, 

EnclosurePool[Wading], and its other level, EnclosurePool[None], by comparing the 

tigers Akasha/Adira/Kali/Kiko in TI3 to Jaya/Shanti in UpClose and Jaya/Shanti in 

BMJS, respectively. This results in 3.472 counts of play per hour for the tigers in TI3, 

1.578/h in BMJS, and only 0.731/h for those in the UpClose enclosure. It can be seen 

that EnclosurePool[Swimming/Wading] closely follow the prediction for TI3/UpClose 

from the EnclosureGroup model. The difference with Jaya/Shanti in the BMJS 

enclosure is because some of the observations are affected by the Afternoon[Yes] 

variable level which caused a significant reduction in the amount of play counts 

observed. This is not necessarily because moving a tiger into an enclosure that has 

already had another tiger in it directly causes it to play less, but is likely because the 

tigers are too busy doing other behaviours such a patrolling as seen by Afternoon[Yes] 

having the highest positive coefficient in the Patrol Best model. 

If the Afternoon variable is removed, then the EnclosureGroup model is better 

according to the AIC. It is perhaps not all that surprising that particularly strong models 

cannot be made to predict play behaviour in adult tigers as they do not frequently 

partake in this. It is most likely more due to the groups they are in (or 

EnclosureGroups). The only group with EnclosurePool[Swimming] is the large group of 

tigers similar in age all raised together from cubs, so more likely to play. 
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5.3.2.7. Agonistic counts 

Counts of agonistic behaviours were modelled using a NBZI model, but only required 

an intercept in the zero-inflation portion of the model to meet assumptions. This zero-

inflation intercept had a coefficient of -1.772 and -2.116 in the EnclosureGroup and 

Best models, respectively, resulting in a probability of an excess zero equal to 14.5 and 

10.8% (Table 5.14). Together with the conditional portion for the EnclosureGroup 

model this predicted the highest number of agonistic behaviours in the TI2 enclosure 

with 6.510 counts per hour. This was followed by Cougars (4.810/h), BMJS (1.879/h), 

UpClose (1.871/h), Lair2 (1.752/h), TI3 (1.679/h), BMR (0.379/h), Lair3 (0.375/h) and 

BMS (0.358/h). This model was stronger than the Null model (not a true null as it also 

had the zero-inflation formula) with an AIC of 692.1 (down from the Null model’s 

707.2) and an R2 of 34.1%, Though the R2 is lower than the Null model’s 43.2% (Table 

5.6). The Best model was able to improve on this further, bringing the AIC down to 

671.2 and R2 up to 53.8%. However, to create this model a new variable needed to be 

made specifically to model the tiger Nika, along with the fixed effects E2Cycle and 

Social. This is because during the study it was observed that almost all of her agonistic 

behaviours were caused by visitors banging on the underside of her favourite resting 

place, a see through overhang of the visitor viewing area, causing her to hiss at them. 

Clearly, this could not be modelled by any of the usual variables and would lead to 

incorrect interpretations were it not included. 

 The effect of Nika[Yes] was quite large, being afforded a coefficient of 2.178. 

However, as Nika was housed alone she was also affected by the variable level 

Social[None] which had the largest negative coefficient (except for the intercept) of -

1.934, almost effectively cancelling each other out. As this is the only variable 

separating Nika and Raja its affects can be directly assessed by comparing these two 

tigers under these variables in enclosure Lair3, and also when they are affected by 

E2Cycle[Yes] in enclosure Lair2. Including the effects of the zero-inflation model, this 

results in a predicted 0.651 and 0.074 counts/h in Lair3 for Nika and Raja, respectively, 

and 2.313 and 0.262 counts/h in Lair2. When under E2Cycle2[Yes], Nika can also be 

compared to Akasha/Adira/Kali/Kiko in TI3 and Jaya/Shanti in BMJS and UpClose, all 

predicted to have 1.812 agonistic behaviour counts per hour. This implies that the effect 

of annoying visitors banging on Nika’s resting spot causes slightly more agonistic 

behaviours than having another tiger in the enclosure.  
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However, the single effect is from the variable level Social[Cubs], coefficient 

2.505, which is associated with the largest predictions by far of 6.241 counts per hour 

with all other variables at intercept levels. Keep in mind though that these models only 

describe the behaviours performed without interpreting the meaning behind them. 

Interactions between tigers, whether negative or positive, are natural and may be having 

other unforeseen effects such as establishing social structure within a group, whereas it 

is unlikely any positive can be seen from visitors disturbing a tiger’s rest.  

  

5.3.2.8. Affiliative counts 

Affiliative behaviour counts were modelled under a negative binomial model, with the 

Best model having the fixed effects E2Cycle, EnclosurePool, and Solo. However, the 

EnclosureGroup model was deemed more appropriate having the lowest AIC of 462.4, 

compared to 514.0 and 477.5 for the Null and “Best” models, respectively (Table 5.6). 

However, it had an excessively high R2 value of 98.7% due to one of its variable levels, 

Lair2, recording all 0 values. Removing the Lair2 data resulted in an R2 of 71.9% with 

no difference to the remaining variable levels, thus it has been left in for added 

interpretation. Note that although multiple tigers were always housed alone, some had a 

few counts of affiliative behaviours recorded. This was typically directed towards the 

keepers when they came to take them from the enclosure in the case of the contact 

tigers, or it was seen between the fence separating the two non-contact tigers (Nika and 

Raja). Also note that the fence separating Nika and Raja was mostly out of sight and 

hearing range so more affiliative behaviours may have occurred than was recorded, but 

this would be due to the specific dynamic of Nika and Raja and their proximity to each 

other which as mentioned before could not be modelled as it would result in overfitting. 

The EnclosureGroup model predicted the highest number of affiliative 

behaviour counts to be in TI2 at a rate of 2.828/h (Table 5.15). The next highest was 

approximately half of this value at 1.397/h in TI3, which was followed more closely by 

Cougars with 0.997/h and UpClose predicting 0.945/h, before almost halving again to 

0.532/h in BMS, and then the very low rates of 0.185/h in BMR, 0.178/h in BMJS, 

0.058/h in Lair3, and finally the 0 counts recorded for Lair2.  

The predictions from the EnclosureGroup model were reasonably closely 

followed by the “Best” model except for under the variable level Solo[Yes], which were 

mostly predicted to be much lower in this model. Furthermore, the other variables found 
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to be most significant appear questionable. It assigned E2Cycle[Yes] a coefficient of -

0.821, EnclosurePool[None] -0.727, and EnclosurePool[Swimming] 0.539. Personal 

observations as a tiger keeper, and conversations with the Dreamworld keeping staff 

about their tigers specifically, tigers in oestrus show more affiliative behaviours. 

Although the variable only refers to a tiger in the enclosure (or having recently been in 

the enclosure or is adjacent to the enclosure) being in oestrus, it still seems unlikely that 

a significantly negative effect would result. It may be that given the issues with the Solo 

variable, which applies to many of the enclosures, the remaining enclosures are being 

split by the remaining variables of E2Cycle and EnclosurePool into a way that explains 

the data best but possibly does not do so in a biologically meaningful way. Given that 

the AIC indicated the EnclosureGroup model is better, it is likely that when attempting 

to predict affiliative behaviours it is best to look at the enclosure as a whole. This does 

make sense as the affiliative behaviours are mostly dependant on the other occupants of 

the enclosure. Indeed, it was noted, as alluded to in the previous section (3.2.7 Agonistic 

counts), that affiliative behaviours were often elicited after a cub annoyed an older tiger 

and would get an aggressive vocalisation in return resulting in an apologetic chuff from 

the cub and then often an affiliative interaction such as a responsive chuff from the 

older tiger or a head rub. The enclosure TI2 contained the most cubs and was observed 

to have the highest rate of affiliative behaviours by far (predicted by both models). 

Although TI3 the cubs were all grown up they were still relatively young tigers (Adult 

and SubAdult around 3 years of age) who had all been raised together so also having a 

high rate of affiliative behaviours is understandable. They would often lie together and 

groom each other, and simply having more tigers in an enclosure makes it more likely 

for each to have a tiger lie down with it and then perhaps participate in social grooming.  

The next highest rate was the Cougars enclosure which, although being listed as 

Social[Cubs], consisted of Pi and Kai, the latter being considered a cub though older 

(approximately 13 month) than the 4 cubs in TI3 and rivalling Pi in size given their 

different sub-species (Kai being Sumatran crossed with the larger Bengal sub-species 

whereas Pi was pure Sumatran). Pi did seem far less tolerant of Kai than the smaller 

cubs, and his aggressive responses to Kai’s attempts to play were more likely to be met 

with returned aggression than outright submission. Given the very specific nuances of 

the management at Dreamworld it appears that some behaviours cannot be generalised 

to specific variables so easily, and instead the whole enclosure must be viewed as a 

unique variable. 
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5.3.2.9. Comfort counts 

Counts of comfort behaviours were modelled using a negative binomial model. The 

EnclosureGroup model found the highest rate of comfort behaviours was observed in 

the UpClose enclosure at 9.297/h. There was a fairly steady decrease from this high 

point to TI2 with 8.584/h, TI3 with 8.257/h, Lair3 at 7.849/h, BMS 7.471/h, Lair2 

6.813/h, before a large drop to 2.767/h in BMR, 2.186/h in Cougars, and finally another 

large drop to a very low rate of 0.536/h in BMJS (Table 5.16). This model had an AIC 

of 801.4 and R2 of 81.5% representing a significant improvement on the Null model 

with an AIC of 901.2 and a very low R2 of 8.1%, note also that the Null model was 

zero-inflated and failed other model parameter tests (Table 5.6). The Best model only 

improved on this slightly, with an AIC of 794.4 and R2 of 82.3%.  

 The fixed effects for the Best model included an interaction term between 

AgeClass and EnclosurePool (AgeClass*EnclosurePool), as well as the fixed effects 

Sex and Presence. The biggest change can be seen in EnclosurePool[None] with a 

coefficient of -2.792, and the effect this has on the rate of comfort behaviours observed 

can be seen with the comparison of Jaya and Shanti in the BMJS enclosure 

(EnclosurePool[None]) to when they are in the UpClose enclosure 

(EnclosurePool[Wading]) as they only differ in this variable. It can be seen that when 

EnclosurePool[Wading] is in effect there is a high rate of comfort behaviours at 8.745/h, 

one of the highest, but in BMJS it is the lowest recorded by a large margin at only 

0.536/h. This shows an incredibly large effect of a pool on comfort behaviours; 

however, it may be too large indicating other factors may be at play in determining this. 

Especially when considering that the interaction of 

EnclosurePool[None]:AgeClass[Geriatric] having a coefficient of 2.490 (recalling that 

all coefficients relating to the interaction term must be added together). When 

comparing Jaya/Shanti in the UpClose enclosure (intercept only) to Sita in the BMS 

enclosure (EnclosurePool[None]*AgeClass[Geriatric] interaction only) we get a rate of 

8.745/h and 5.386/h, respectively. The only other non-geriatric tiger that was in an 

enclosure without a pool was Pi in the Cougars enclosure who was further affected by 

Sex[Male], which was also in the negative direction with a coefficient of -0.298, but 

also Presence[No] which had a large positive coefficient of 1.704. The overall effect 

resulted in an observed comfort behaviour rate of 7.842/h. This further indicates that 

something other than EnclosurePool[None] may be causing the low rate for Jaya and 
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Shanti in BMJS as in all other cases of it rather specific fixed effects were also present 

that counteracted it. This is why for the most part interaction terms were avoided as they 

tend to cause overfitting, modelling each tiger perfectly with possibly arbitrary 

variables, but without this interaction term the EnclosureGroup model could not be 

improved upon. Furthermore, the Best model that did result was only a slight 

improvement on the EnclosureGroup model. This indicates that for this behaviour it 

may be best to use the EnclosureGroup model and assume that the nuances of the 

enclosures at Dreamworld are too specific to attribute this behaviour to specific 

variables and we should instead treat it as an EnclosureGroup dependant behaviour. 

 

5.3.3. Analysis of tiger cubs 

The analysis of the tiger cubs was much simpler than that of the non-cubs owing to the 

fact that there were less cubs and they inhabited far fewer enclosures. The four females 

were approximately 9 – 10 months old and Kai 13 months at the beginning of the first 

visit. Although this may seem like a small age range, in tiger development this results in 

a large difference at this stage of their life cycle (possibly also in part due to some 

sexual dimorphism). Table 5.1 shows that at a weighing one week before the first 

observational period Kai was double the weight of the smallest of the female cubs. 

Therefore, it must be noted that differences found in the models attributed to the 

variable Sex may be a reflection of this. Furthermore, Kai was generally kept in an 

enclosure (Cougars) with an adult tiger, Pi, and only visited the other cubs under keeper 

supervision for 1 – 2 hours in the CubKindy enclosure and from 1 – 3.5 hours in the TI2 

enclosure. Also note that Kiko and Kali were more timid around Kai and prone to act 

aggressively when he tried to interact with them whereas Akasha and Adira would 

initiate and often be receptive to interactions with him. Kiko and Kali are white tigers 

(Phenotype[White]) and thus these differences will show as being caused by this effect, 

however it may have less to do with any genetic or phenotypic differences and more to 

do with the fact that they were born off site (though had been transferred to Dreamworld 

6 months prior) and were not related to Kai whereas Adira and Akahsa shared parents 

with him. 

 As cubs did not partake in certain behaviours such as patrolling and spraying 

fewer models were needed for the cubs (Table 5.7). Also note that cubs generally do not 

pace as this is believed to be done out of a lack of ability to explore/patrol territory 
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which is not an aspect of tiger cub’s life (Sunquist & Sunquist, 2002), as such even in 

the very small non-naturalistic CubKindy enclosure pacing was never observed.  

 Due to all these factors, there were also fewer fixed effects included among the 

Best models, with different dependant variables (behaviours of interest) often using the 

same set of fixed effects. Therefore, some of the following sections describe multiple 

behaviour analyses. 

 

5.3.3.1. Tiger cub TotalRest and Active probability 

The Best models for TotalRest and Active probability both consisted of the fixed effects 

EnclosureSize and Phenotype. Both improved on their respective EnclosureGroup 

models by a similar amount decreasing from 1013 to 1000 AIC for TotalRest and from 

1040 to 1028 AIC for Active. However, there were negligible if any difference between 

R2 values which were low, with 6.7% conditional R2 for both TotalRest models and a 

decrease shown going from the EnclosureGroup model to the Best model for Active 

dropping from 10.7 to 9.2% (Table 5.7). Given that TotalRest and Active used the same 

fixed effects to predict these two dependant variables that are essentially opposites, it is 

unsurprising that the associated coefficients are similar but in opposite directions 

(Tables 5.17 cf. 5.18). 

 The EnclosureGroup models for TotalRest and Active probabilities in the 

CubKindy enclosure predict a probability of 86.8 and 25.5%, respectively, 86.2 and 

21.7% in Cougars, and 74.3 and 48.1% in TI2. The result for the CubKindy and Cougar 

enclosures are very similar for both TotalRest and Active probability, with slightly less 

activity in Cougars. The TI2 enclosure on the other hand showed a moderate decrease in 

TotalRest probability, 11.9 – 12.5 percentage points less, and a large increase in Active 

probability showing roughly double the amount, or a 22.6 – 26.4 percentage point 

increase.  

 The Best models revealed that these differences are most likely caused by the 

size of the enclosure with tigers in the CubKindy and Cougar enclosures falling under 

EnclosureSize[Small], intercept level, and in TI2 EnclosureSize[Large], coefficients -

0.815 and 1.010 for TotalRest and Active, respectively. Within the CubKindy and TI2 

enclosures there was also significant variation between the white and orange tigers, with 

Phenotype[White] having a coefficient of 0.761 for Total Rest and -0.808 for Active. 
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Taken all together this caused a predicted TotalRest probability in a small enclosure of 

82.8 and 91.2% for orange and white tiger cubs, respectively. In a large enclosure this 

was reduced to 68.1% for orange tiger cubs and 82.0% for white. Active probability 

showed a similar pattern with small enclosures predicting 31.8 and 17.2% for orange 

and white tiger cubs, respectively. And in a large enclosure this was increased to 56.1% 

for orange and 36.3% for white tiger cubs. 

 

5.3.3.2. Tiger cub Play and Affiliative counts 

The Best models for predicting the rate of Play and Affiliative behaviour counts both 

contained the fixed effects Social, EnclosureSize, and Phenotype, with the Affiliative 

behaviour model also including Sex. Both improved on their respective EnclosureGroup 

models by a similar amount decreasing from 963.4 to 949.0 AIC for Play and from 

648.8 to 634.4 AIC for Affiliative. Both also showed a decrease in conditional R2 values 

from 63.6 to 59.6% for Play and 73.7 to 64.7% for Affiliative, though these are still 

relatively high implying good model fit (Table 5.7).  

 The EnclosureGroup models showed the same patterns between the two 

behaviours in that both were predicted to be observed the most in TI2, followed by 

CubKindy, and least in Cougars. The resulting predicted counts per hour were 13.99 

and 3.148 in TI2, 9.722 and 2.319 in CubKindy, and 2.835 and 0.363 in Cougars, for 

Play and Affiliative behaviours, respectively (Tables 5.19 and 5.20, respectively).  

 The Best models indicated that these differences were largely driven by the 

social structure of the enclosure, with Social[Cubs] afforded large coefficients in both 

behaviour’s model of 1.299 and 1.900 for Play and Affiliative, respectively. For Play 

counts the effects can be easily observed by comparing Kai in the Cougars enclosure to 

his (and Akasha and Adira’s) values from CubKindy as the variable level Social[Cubs] 

is the only difference. This results in a rate of 3.653 counts/h in the Cougar enclosure 

compared to a much larger 13.38 in CubKindy. When the coefficient of 0.362 

associated with EnclsoureSize[Large] is also applied for predictions when in the TI2 

enclosure, the rate of Play behaviours is increased further to 19.23 counts/h. For 

Affiliative behaviour the same comparisons can be made but using Kai only as there is a 

Sex effect with Sex[Male] having a coefficient of 0.626. This finds Kai predicted to 

perform Affiliative behaviours at a rate of 0.691 counts/h in the Cougars enclosure, 

4.616 in CubKindy, and 6.269 in TI2. The Sex[Male] effect on Affiliative behaviours 
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can be viewed by comparing Kai in CubKindy (4.616/h) and TI2 (6.269/h) to 

Akasha/Adira who were predicted to be observed at a rate of 2.470 and 3.354/h in these 

enclosures, respectively. And finally, the effect of Phenotype[White] on both 

behaviours can be seen at both EnclosureSize levels by comparing Kali/Kiko to 

Adira/Akasha. This results in a reduction in Play counts from 13.38/h in CubKindy to 

5.995/h and from 19.23/h in TI2 to 8.612, and a reduction in Affiliative counts from 

2.470/h in CubKindy to 1.536/h, and 3.354/h in TI2 to 2.085/h. 

 

5.3.3.3. Tiger cub Agonistic counts 

The Best model for predicting the rate of observed counts of Agonistic behaviours in 

the tiger cubs included the Fixed effects Social, Health, Sex, and Phenotype. 

Interestingly this is the first, and only, instance of a Best model for cub behaviour not 

including the EnclosureSize variable. This is the main variable separating the four 

female tiger cubs between their two enclosures. The reason this was not deemed 

significant is immediately apparent when seeing that the EnclosureGroup model 

predicted almost identical rates of Agonistic counts in TI2 and CubKindy, at 1.298 and 

1.238/h, respectively. The Cougars on the other hand had a much lower rate of 0.282/h. 

The social structure of the group is clearly more important than the size of the enclosure 

when it comes to agonistic behaviours, and individual tiger level variables affect this 

further as can be seen in the Best model which improves on the EnclosureGroup model 

with a reduction in AIC from 587.6 to 576.1, which itself had improved only marginally 

on the Null model (591). Also note that the Enclosure model did fail some quantile tests 

(Table 5.7). Conditional R2 values were similar at 43.8 and 40.1% for the 

EnclosureGroup and Best models, respectively. 

 The Best model attributed Social[Cubs] with a coefficient of 1.620, which 

resulted in a predicted increase in the rate of Agonistic behaviours observed in the tiger 

Kai from a low 0.654/h when in the Cougars enclosure (Social[Group], intercept level) 

to the highest rate of 3.305/h when in the CubKindy or TI2 enclosures. In these last 

enclosures Kai can also be compared to Adira/Akasha to determine the effect of his 

Sex[Male] coefficient of 0.681. In this range of the log scale it appears to have caused 

the predicted counts to double, with Adira/Akasha having a predicted rate of 1.673/h. 

This rate can then be compared to that predicted for Kiko to observe the effect of the 

Phenotype[White] coefficient of -1.638, as this is the only difference, which results in a 
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rate of 0.325/h. And Kali can be compared to this, as the only difference between the 

two is Health[VS] with a coefficient of 1.057, resulting in an observed Agonistic count 

rate of 0.935/h (Table 5.21).   

 

5.3.3.4. Tiger cub Comfort behaviour counts 

A Best model that improved on the EnclosureGroup model could not be created, 

however, one was still made to attempt to further describe the results rather than just 

according to the specific enclosure they were in. Just using the fixed effects Social and 

EnclosureSize achieved this, having identical AIC and R2 values to the EnclosureGroup 

model (AIC = 805.6, R2 = 45.4%). They were a significant improvement on the Null 

model, which failed quantile tests and was zero-inflated, having an AIC of 835.4 and R2 

of 4.4% (Table 5.7).  

 As the two model were essentially the same, they will be described together. The 

Cougars enclosure in the EnclosureGroup model is equivalent to the intercept in the 

Best model (fixed effects Social[Group] and EnclosureSize[Small], representing the 

tiger Kai) and predicted a rate of 1.482 Comfort behaviour counts per hour. There was a 

dramatic increase caused by Social[Cubs] in the Best model (coefficient 1.460), which 

on its own relates to the CubKindy enclosure (all tiger cubs) and predicts a rate of 

6.380/h. This is slightly reduced in the TI2 enclosure (all tiger cubs), which the Best 

model attributed to EnclosureSize[Large] (coefficient -0.087) and predicted a rate of 

5.847/h. It appears from this that in terms of comfort behaviours performed by tiger 

cubs the size of the enclosure does not matter. In fact, the effect of EnclosureSize was 

not significant, and removal of this fixed effect slightly reduced the AIC, implying that 

the only real thing affecting the amount of comfort behaviours seen in the tiger cubs 

was the social group they were in (Table 5.22). 

 

5.3.4. General discussion 

For both groups analysed, cubs and non-cubs, general activity budgets divided into 

resting and active were unable to produce strong models. Our findings highlight 

potential limitations of investigating behaviour in broad and general terms. Instead, I 

found that models based on specific behaviours had much greater predictive power but 
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only for the behaviours most important to their grouping, which due to the different 

behavioural repertoires typically differed between cubs and non-cubs.  

The degree of all types of pacing in this study was relatively low (Figure 5.1), 

generally occurring in less than 5% of minute blocks observed. Importantly, it was clear 

that pacing was not a characteristic of certain individuals, but instead was strongly 

influenced by certain variables. For example, the tiger Pi had the highest modelled rate 

of pacing in one enclosure (27.9%), yet a very low rate in another (2.2%). It stands to 

reason that if all the tiger’s needs are being met then pacing should not occur (but see 

Cooper and Nicol, 1991, promoting a ‘coping hypothesis’, and also rebuke by Rushen, 

1993). This could be why tigers housed alone never paced except when either in oestrus 

(Nika) or exposed to scents from a tiger in oestrus (Raja and Rama).  

I found strong evidence that pacing was related to mating behaviour, suggesting 

that the prevention of mating behaviour (as reproductive adults of opposite sex were 

never housed together) caused an increase in pacing. The effect was more extreme in 

Nika and Raja, which the model attributed to the fact that Rama was a geriatric tiger and 

predicted to pace less. However, it may be more to do with the fact that Nika and Raja 

were a mating pair and their enclosure (the Lair) shared a mesh fence with the keeper 

area leading to their night dens (where the one not on exhibit was kept). Indeed, most of 

their pacing occurred along this fence line with the other tiger observable on the other 

side, but the modelling was limited in the specificity of variables it could assign to 

avoid overfitting. 

The other key predictor of pacing appeared to be the presence and quality of an 

enclosure pool. For group housed adult tigers, the largest proportions of pacing (>20%) 

were observed in enclosures without a pool, followed by a wading pool (7.7%), and 

were lowest when a swimming pool was present (<2.5%). The provision of a pool has 

been considered to be important for enhancing tiger welfare (Biolatti et al., 2016). In the 

wild, tigers require a water source for drinking purposes, but will also use them to cool 

off in the heat, hunt prey species that come to them to drink, and cubs and their dam 

will urinate and defecate into water to mask their scent from unfamiliar male tigers that 

may pose a threat (Sunquist & Sunquist, 2002). My findings support the importance of a 

pool in reducing behaviour indicative of compromised welfare.  

 Patrolling is a species-specific, natural, exploratory behaviour, suggesting it is a 

positive behaviour indicative of good welfare (Mason, 2006; Veasey, 2020). Therefore, 
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the importance of a pool was further supported by the Patrol model showing the 

opposite trend of pacing in response to the EnclosurePool variable. Given the 

importance of a water source as detailed in the previous paragraph, it is unsurprising 

that tigers would patrol and mark an area that contains such a valuable resource more 

(recall that patrolling was often identified due to the tiger walking around and marking 

objects by spraying, clawing, or rubbing against them: Appendix 2). Although recording 

the locations within the enclosure where behaviours took place was not part of the 

study, anecdotally tigers were observed patrolling and spraying more along the 

perimeter of their enclosure and places of interest such as the rocks around water 

features. Indeed, tigers typically marked in similar locations to each other, which in turn 

could elicit remarking/patrolling behaviour in tigers. It must be noted that the only 

enclosure with a swimming pool also contained multiple tigers, whereas enclosures with 

a wading pool or no pool varied in housing pairs or individuals.  

The Patrol model also predicted an approximately twofold increase in response 

to oestrus signs, which the AllPacing model showed prompted pacing when otherwise 

none would occur. Tigers naturally patrol and mark their territory in response to signal 

their sexual availability (Sunquist & Sunquist, 2002) and also potentially expand their 

exploration to search for a mate. Patrolling and territory marking can be restricted by 

the size and complexity of the enclosure, which if inadequate could result in pacing also 

being increased.  

Note that the only enclosure with the swimming pool was also the only 

enclosure categorised as large (models never contained both variables due to 

collinearity), being more than twice the size of the next biggest, so this too may be a 

factor in reducing pacing. This was an unavoidable limitation due to the limited number 

of tigers at the facility and needs to be taken into consideration when interpreting the 

results. Indeed, Breton and Barrot (2014) conducted one of the largest tiger studies 

looking at the effect of enclosure size on enclosure space usage and pacing and 

recommended a minimum of 1,000 m2 to keep pacing to a minimum. It is likely that all 

these factors play a role, a water source is a valuable resource that will elicit 

patrolling/marking behaviour, if other tigers are present then they too will be patrolling 

and marking which will elicit further patrolling both signified by smelling the other 

tiger scents and also remarking (e.g. spraying). Re-marking behaviour may be the 

reason that females who are not themselves in oestrus will also increase patrolling in 

response to oestrus in another tiger. Furthermore, tigers may also want to mark off a 
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greater perimeter around their valuable resource, but if their enclosure size does not 

permit this then it may result in an increase in pacing too.  

In addition, males were predicted to patrol much more than females, 

approximately twice as much, which also makes sense when considering their 

behaviour in the wild as males have much larger territories than females (Sunquist & 

Sunquist, 2002). However, regardless of sex, the greatest impact on patrolling in healthy 

adult tigers appeared to be olfactory stimuli. Fresh scents of adult conspecifics due to 

another group occupying their enclosure earlier in the day explained the highest rates of 

patrolling, and a lack of any adult conspecific olfactory stimuli explained the lowest. 

Indeed, even the use of spices as a form of olfactory enrichment has been shown to 

decrease stereotypic pacing while increasing other active behaviours in tigers (Skibiel, 

Trevino, & Naugher, 2007). 

And finally, unsurprisingly age class and reproductive status had a significant 

effect on patrolling. Repro[NotActive] was only given a relatively small negative 

coefficient likely because the adult tiger Shanti who it applied to still patrolled a decent 

amount, but the geriatric tiger Sita and sub-adult tiger Kiko hardly patrolled at all 

(Figure 5.1). It is likely that not being sexually active due to not having yet reached 

sexual maturity, or having had an ovariohysterectomy many years prior, would have 

different connotations than for an adult tiger that for some reason is acyclic.  

 Much of the relative proportions of patrolling predicted by the Patrol model 

were mirrored by the Spray model. As patrolling was often confirmed to be occurring 

(as opposed to say walk) due to spraying, it is unsurprising that the two show similar 

patterns. However, there were a number of interesting more unique observations. Male 

tigers were predicted to spray approximately 2.5 times as much as female tigers per 

hour and signs of oestrus predicted approximately double the rate for both. Similar to 

patrolling, tigers with no exposure to scents of adult conspecifics showed very limited 

rates of spraying. However, unlike patrolling, the effect of the tigers’ reproductive status 

was more consistent across age groups in significantly reducing the amount of spraying 

in non-reproductive tigers. Additionally, it appeared that exposure to ‘fresh’ scents of 

other tigers increases patrolling (also confirmed by behaviours such as smelling, 

flehmen, etc) but not necessarily the amount the tiger sprays. Furthermore, group 

housed tigers sprayed over 2 times as much as those housed alone or with cubs. This 

caused female tigers to spray almost as much as males, indicating possible competition 

for territory and mates. Unfortunately, the only situation in which Social[Group] was 
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applicable related to a group of female tigers when signs of oestrus were present, it 

would be interesting to see if this effect is conserved when tigers are not in oestrus and 

if it would also apply to group housed males (though this is rarer due to an increased 

tendency to fight with other sexually mature males; personal experience and 

communication with other tiger keepers). In the wild, female tigers’ territories do not 

typically overlap, yet males’ territories may overlap with several females (Sunquist & 

Sunquist, 2002).  

 The Agonistic models gave some interesting insights into the social behaviours 

of the tigers (recall Table 5.2 for enclosure dynamics). It appeared that regardless of the 

enclosure itself, those with cubs elicit the most agonistic behaviours in both cub and 

non-cub tigers, and the more cubs the more agonistic behaviours that were performed. 

However, these models only describe the behaviours performed without interpreting the 

meaning behind them. Although generally thought of as purely solitary animals, social 

housing of tigers has been suggested to improve welfare (De Rouck et al., 2005). This is 

not a completely “unnatural” treatment, since wild tigers have on occasion been seen in 

groups other than just a mother with her cubs, and even male wild tigers have been 

observed visiting their cubs and engaging in play behaviour with them and sharing kills 

(Sunquist & Sunquist, 2002). Interactions between tigers, whether negative or positive, 

are natural and may be having other unforeseen effects such as establishing social 

structure within a group. Anecdotally, it was observed that most of the agonistic 

behaviours under these circumstances were to do with the cubs disturbing the older 

tigers (e.g. attempting to play) and getting an aggressive vocalisation in response (hiss, 

growl, or roar, apparently depending on how disturbed it was), which typically led to 

the cubs producing an apologetic chuff and then sometimes there would be an affiliative 

interaction between them (e.g. head rubbing). The end result may indeed be positive for 

both, the cubs learn what/or when certain social behaviours are acceptable, and the older 

tigers are able to assert their dominance, get an appropriate response, and move on.  

 Conversely, the other most significant variable explaining Agonistic behaviours 

in the non-cub tigers, which was the variable that needed to be made for an individual 

tiger specifically to accurately model this behaviour, was the variable “Nika”. This was 

because almost all of the Agonistic behaviours Nika performed (mostly hisses) were 

recorded by the observers to be directed to visitors banging on the underside of her 

favourite resting place, a see-through overhang of the visitor viewing area. Some 

visitors would continue to annoy her, producing further hisses and even some swipes at 
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the barrier or causing her to move to another location. Visitor disturbance can have a 

significant impact on the welfare of zoo animals (Sherwen & Hemsworth, 2019), and 

although to my knowledge this has not been reported in tigers, captive jaguar pacing 

and aggression have been found to be influenced by visitor density and noise level 

(Sellinger & Ha, 2005). However, visitors banging directly on the underside of the see-

through platform she is resting on clearly has different connotations to a cub attempting 

to play or even an increase in typical visitor disturbance (e.g. density and noise), 

especially considering that behavioural issues in captivity are in the most general sense 

often attributed to animals not having control over their environment (Clubb & Mason, 

2007). Interestingly, this effect on Nika was much worse when she was in oestrus, 

performing Agonistic behaviours approximately 4 times as frequently (0.651 to 

2.313/h). Furthermore, the two singly held male tigers, Raja (Nika’s mate) and Rama, 

did not show any agonistic behaviours except when exposed to oestrus signs. For Rama 

this could be seen with changes from day to day according to when he was let into his 

enclosure in the afternoon after Jaya (being in oestrus) had been in it, and with Raja 

from behavioural observation period 2 (Nika in oestrus) to 3 (Nika not in oestrus). And 

finally, Nika’s level of Agonistic behaviours was greater than those of the group of 

tigers in TI3, who were not classified as cubs, but were still relatively young (around 3 

years of age) and having been brought up all together (these were the cubs from the first 

two observational periods) played, and fought, a decent amount (1.812/h Agonistic 

behaviour rate). 

 When it came to modelling the affiliative behaviour, it appeared too complex in 

the non-cubs group and as a result the EnclosureGroup model could not be improved 

upon. This implies that the specific social structure of the group could not be modelled 

with general variables. The TI2 enclosure that had the four young cubs showed the most 

affiliative behaviour (2.828/h), recalling that this is modelling Sita’s and Pi’s behaviour 

in the enclosure, but almost all of their affiliative behaviour was with the cubs (in fact 

the keepers would steer them away from each other as they were apparently known to 

fight on occasion). As mentioned above, the presence of cubs led to more agonistic 

behaviours often followed by affiliative behaviours, and the more cubs the more likely 

this is to occur. Furthermore, the specific relationships to each other appeared to 

strongly affect this. Anecdotally, when Pi and/or Kai would enter the TI2 enclosure, it 

was more often Adira and Akasha who would engage with them, while Kali and Kiko 

were more likely to avoid them. When modelling this in the cubs it assigned a negative 



183 
 

coefficient to the Phenotype[White] variable to reflect this (applied to Kali and Kiko), 

though the actual cause may not be anything to do with their genotype or phenotypic 

expression of coat colour, but their social structure within the group. These two cubs 

came from another zoo and were not related to the larger cub Kai (Adira and Akahsa 

were his sisters from another litter), who often evoked aggressive responses when he 

tried to play. However, Kali did have vestibular syndrome and various medical 

conditions have been linked to the genes that produce the white phenotype (Bernays & 

Smith, 1999; Herrero Hernandez, 2009). Regardless, the model is correct in showing 

that the two white tigers perform less affiliative behaviours, but whether it is the cause 

cannot be determined. Note that the Agonistic model for the cubs also had the white 

cubs explained as having a lower rate of Agonistic behaviours, but this was observed to 

be due to them avoiding Kai, if the total number of interactions between each tiger were 

recorded then it would likely show a higher number of Agonistic behaviours out of total 

interactions with Kai, and this was exacerbated for Kali seen in the positive coefficient 

for Health[VS]. It would make sense that if you have a condition that affects your 

perception of your surroundings then having a much larger tiger jump on you may 

produce a more volatile reaction, and she was noted to act the most aggressive to Kai’s 

attempts to play and to do so in almost all instances (Kiko would sometimes play with 

him). Furthermore, the Play model also had the white cubs predicted to play much less, 

to a degree that could not only be related to avoiding Kai, with them being observed to 

play less in general with each other and Adira and Akasha. To explore these social 

interactions more deeply, greater analysis of the specific social interactions and 

networks would be required, as has been undertaken with African lions (Abell et al., 

2013). My findings support the use of social network analyses to further reveal the 

complexity of tiger social behaviour in relatively large and dynamic social groups such 

as those at Dreamworld.  

 In conclusion, my study highlights the value in using an information-theoretic 

approach to explore tiger welfare. A large range of variables was able to be considered 

using this technique. With it I was able to add support to the importance of a water 

source for tiger welfare, and also showed that enclosure complexity in the form of 

conspecifics is also a potential source positive stimulus. Furthermore, my approach 

revealed the potential benefits of the thus far rarely used olfactory enrichment. Simple 

solutions such as enclosure rotation could be employed to provide tigers with interesting 

olfactory stimuli, thus promoting the performance of natural, species-specific, 
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exploratory behaviours such as patrolling while also reducing pacing. However, the 

effects of some of the variables was unable to be adequately assessed due to the limited 

numbers of animals in the study, despite it being conducted at a facility that had the 

single greatest number of tigers in the country (at the time of study start). Collaborations 

with zoos in tiger home range countries, which typically have larger tiger numbers, 

would allow a greater chance of sourcing sufficient numbers of each sex, age group, and 

managerial variables, to answer these questions.  
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Table 5.1. Summary of Dreamworld tigers at the time of the first behavioural trip, 27/08/2016 

Tiger Sex D.O.B. Sub-

species 

Phenotype Weight kg 

(date 

weighed) 

Medical 

conditions 

Reproductive 

statusd 

Age classd Origin Transfer to 

Dreamworld 

Adira F 29/11/2015 Generic Orange 51 

(20/8/16) 

N/A Intact (pre-

reproductive) 

Cub Dreamworld N/A 

Akasha F 29/11/2015 Generic Orange 53 

(20/8/16) 

N/A Intact (pre-

reproductive) 

Cub Dreamworld N/A 

Kali F 2/11/2015 Generic White 65 

(20/8/16) 

VSa Intact (pre-

reproductive) 

Cub Hirakawa Zoo, 

Japan 

16/02/2016 

Kiko F 2/11/2015 Generic White 64 

(20/8/16) 

N/A Intact (pre-

reproductive) 

Cub Hirakawa Zoo, 

Japan 

16/02/2016 

Kai M 25/07/2015 Generic Orange 102 

(20/8/16) 

N/A Intact (pre-

reproductive) 

Cub Dreamworld N/A 

Pi M 19/07/2010 Generic Orange 121 

(20/8/16) 

N/A Intact Adult Cairns 

Wildlife Safari 

Reserve 

 

Jaya F 9/06/2008 Sumatran Orange 91 

(20/8/16) 

N/A Intactc Adult Dreamworld N/A 

Shanti F 9/06/2008 Sumatran Orange 88 

(20/8/16) 

N/A Intact (not 

active)c 

Adult Dreamworld N/A 

Raja M 25/12/2003 Sumatran Orange 106 (~ 

8/14) 

N/A Intact Adult Krefelder Zoo, 

Germany 

2005 

Nika F  Generic Orange 143 (~ 

8/14) 

N/A Intact Adult Poland  

Rama M 23/10/1998 Generic Golden 

tabby 

172 

(13/8/16) 

Arthritisb Intact Geriatric Dreamworld N/A 

Sita F 23/10/1998 Generic Golden 

tabby 

123 

(20/8/16) 

Cataractsb De-sexed Geriatric Dreamworld N/A 
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aKali had vestibular syndrome but it was only very mild during the first and second observational trip, going largely unnoticed by observers. During the 

third trip it was heavily presented by Kali often walking in tight circles, performing many circles at a time.  
bRama’s and Sita’s health conditions were both standard conditions for tigers of such advanced age and therefore statistical analyses did not include 

them as unhealthy as these conditions were accounted for by their Geriatric AgeClass classification. Rama was given Mobic daily to treat his arthritis. 

Both were deceased by the time of the third trip, having been euthanised due to kidney failure. 
c The keeping staff had informed us before the study that Jaya and Shanti did not cycle, never showing behavioural signs of oestrus (e.g. increased 

affection, increased affiliative chuffing vocalisations). However, analysis of faecal oestrogen metabolites showed regular cycles in Jaya, but extremely 

low levels in Shanti (below those of pre-reproductive tigers) 
d During the first two behavioural observation periods Akasha and Adira were classified as cubs and Intact (pre-reproductive), but during the third 

period this changed to Adult and Intact (i.e. sexually mature). Kiko and Kali only changed their age class status to be sub-adult, as they had not been 

observed showing behavioural signs of oestrus by keeper nor did I detect adult levels of faecal oestrogen metabolites.  
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Table 5.2. General daily management and the enclosure dynamics of the tigers at Dreamworld during three observational study periods. 

Enclosure Tigers Enclosure time Social dynamic Enclosure Size Enclosure 

Pool 

E2 

cycleb 

Visitor 

Interaction 

CubKindy Adira, Akasha, Kali, 

Kiko, Kaia 

All day every daya Cubs Small (200m) Wading No GV, Walk 

TI2 Adira, Akasha, Kali, 

Kiko, Sita, Kaia, Pia 

All day every daya Cubs Large (1600m) Swimming No Walk, Show 

TI3 Adira, Akasha, Kali, 

Kiko, Kaia, Pia 

All day every daya Group Large (1600m) Swimming Yes Show 

Cougars Kai, Pi Mornings every day Cubs/ Groupc Small (250m) None No Tong feed 

BMS Sita Mornings every second day Solo Medium (750m) None No None 

BMR Rama Mornings or afternoons 

every second day 

Solo Medium (750m) None No, 

Yesb 

Photos 

BMJS Jaya, Shanti Mornings or afternoons Group Medium (750m) None Yes Tong feed 

UpClose Jaya, Shanti All day every day Group Small (200m) Wading Yes Tong feed 

Lair2 Nika, Raja All day every second day Solo Small (250m) Wading Yesb None 

Lair3 Nika, Raja All day every second day Solo Small (250m) Wading No None 

Visitor Interaction: Guest visit (GV) involved participation in the visitor cub experience, where a few guests could enter the CubKindy with the 

keepers and have some supervised interactions with the cubs (e.g. posing behind them while they are resting for photos). During the first observational 

period this generally took place from approximately 10:10 – 10:30, during the second period these guests were often taken through immediately or just 

prior to opening hours (10am) and as soon as it was over the cubs were transported to TI2. Walk involved keepers taking the cubs Adira and Akasha, 

one at a time, for a walk on a leash through the Theme park. General park visitors could walk behind the cub with the keepers while Dreamworld staff 

walking in front would take photos that could be purchased. After the walk the cub is returned to the CubKindy. Photos involves guests who have 

purchased this experience going into an off-limits area behind Tiger Island in the keeper area next to the dens where they can have supervised photos 

behind an adult tiger, observers did not have access to this area hence no observations of these occurrences took place. Similar to the photos, tong feed 

involves guests who purchase the additional experience to go to the keeper area and feed a tiger some meat through the fencing with a pair of tongs. 

Show involved the keepers getting the tigers in the TI2/3 enclosure to display natural and taught behaviours for food rewards while the keepers and 

other Dreamworld staff gave educational information to the crowd. Note that in TI2 the cubs (Adira, Akasha, Kali, Kiko, and Kai) did not participate in 
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the show and were temporarily removed while it was on (approximately 20 minutes). In TI3 the show normally involved Pi and Kai and two of the 

others, varying from day to day. 

a In CubKindy Kai would visit for around 1 – 2 hours each day. In TI2 Kai and Pi would visit for around 1 – 3.5 each day (not including time 

performing in the show). In TI3 Kai and Pi would only visit for a short time before performing in the show, therefore behavioural observations of them 

in TI3 was not analysed.   

b E2 cycle refers to ANY tiger in the enclosure being in oestrus. However, for Raja it also counted when Nika was in oestrus even though they were not 

housed together as she was just on the other side of a mesh fence shared with the Lair enclosure. And Rama when in BMR during the afternoon was 

listed as E2 cycle yes as he was moved in directly after Jaya and Shanti were moved out, meaning the enclosure had recent olfactory sings of a female 

in oestrus.  

c The Cougars enclosure contained the tiger cub Kai and adult tiger Pi. From Pi’s perspective, he was housed with a cub so was assigned the level of 

cubs for social dynamic. From Kai’s perspective, he was housed with an adult so was assigned the level of Group.  
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Table 5.3. Behaviour scoring sheet used to record behaviours described in the 

comprehensive ethogram (Appendix 2).  

  Active   Interactive Vocalisation Resting 

Other Locomotion 

Feeding 

behaviour       

Smelling Jump Moving food Play fight Roar *  Sitting 

Flehmen Climb Consumptive 

behaviour 

Chase *  Growl  * Sitting in 

water  

Spray Swim Drinking Run from*    Hiss*   Lying in 

water 

Clawing 

tree 

Run Eating grass Aggr 

Unprvk* 

Greeting 

Chuff*   

Rolling 

Clawing 

object* 

Rub body 

against 

object* 

Vomiting  Aggr prvk 

by aggr* 

Apologetic 

Chuff* 

Self-

groom 

Elimination Carrying 

object* 

Stalk *  Aggr prvk 

by non-

aggr*  

 Lying on 

front/side 

Chewing 

object* 

Interacting 

with object* 

Chase *  Aversion *   Lying on 

back 

Alert* Patrol Attack  * Head to 

head 

rubbing 

 Sleeping 

on 

front/side 

Digging     

  

Allo-

grooming 

 Sleeping 

on back 

Stretching Walk By-allo-

grooming 

Out of sight  Pacing 

Standing   Yawn  Mounting Non-stereotypic pacing  
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Table 5.4. Categories for behaviours performed by tigers at Dreamworld used for statistical analysis. Main categories were used to determine total 

activity budgets for tigers. Behavioural analyses were also performed based on certain sub-categories and individual behaviours of interest. 

Behaviour 

recorded 

Recording 

type 

Main 

Category  

Sub-

category 

Possible 

welfare 

implication 

Justification 

Smelling minute 

blocks/h 

 Exploratory 

 

Natural  Tigers in the wild use smell for things such as finding prey, avoiding 

danger (other tigers), determining territories and as such it is clearly 

an important natural behaviour (Sunquist & Sunquist, 2002). The 

complexity of the environment in which they are kept allows for 

them to exercise this behaviour and olfactory enrichment has been 

used to increase activity and decrease pacing in tigers (Skibiel, 2007) 

Flehmen minute 

blocks/h 

 Exploratory  Natural  As smelling above 

Spray counts/h  Exploratory  Natural  Spraying is done to mark territories and to attract mates (Mazak, 

1981; Sunquist & Sunquist, 2002). At Dreamworld, the tigers are 

rotated in and out of enclosures, which often have had other tigers in 

them, eliciting their desire to remark 

Clawing 

tree 

minute 

blocks/h 

 Exploratory  Natural  Clawing trees leaves a visual marker of a tigers territory and can be 

done 11 feet up a tree to enable easy viewing even above tall 

shrubbery/grasses (Mazak, 1981). Furthermore, tigers have scent 

glands between their digits allowing them to leave behind a scent 

marker along with the visual (Poddar-Sakkar & Brahmachary, 2014). 

If the environment had no trees it would not be possible 

Rub 

against 

object 

minute 

blocks/h 

 Exploratory  Natural  Tigers have scent glands in their head, chest and cheeks that they rub 

against objects such as trees to scent mark (Poddar-Sakkar & 

Brahmachary, 2014; Soini et al., 2012) 

Patrol minute 

blocks/h 

Active 

subtractions 

Exploratory   Natural  Tigers patrol their territories, marking to deter conspecifics of the 

same sex from entering their territory (sunquist and Sunquist, 2002). 

Females also mark their territories (through spraying) to signal 

sexual receptivity to males (Poddar-Sakkar & Brahmachary, 2014) 
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Moving 

food 

minute 

blocks/h 

Active 

subtractions 

Feeding Natural  As with consume 

Drink minute 

blocks/h 

 Feeding Natural  Not assigned a category, as it would only be important if at either 

extremes of not drinking enough or drinking excessively, both of 

which are unlikely to be identifiable without 24-hour observation 

Eat grass minute 

blocks/h 

 Feeding Natural  As with the domestic cat tigers eat small amounts of grass to aid in 

digestion. Not possible in an environment without grass 

Stalk minute 

blocks/h 

Active 

subtractions 

Play  Natural/ 

Positive  

Stalk chase attack sequence is part of tiger feeding behaviour and is 

important for psychological wellbeing. This has been shown by the 

positive effects of a hanging barrel as enrichment which was able to 

elicit this behaviour. However, in this study it was almost 

exclusively directed towards another tiger or a keeper (very 

occasionally a lizard that had made its way into the enclosure) and 

would often lead to more extensive play (e.g. play fighting, chase). 

Hence its classification 

Chase minute 

blocks/h 

Active 

subtractions 

Play Natural/ 

Positive  

Attack minute 

blocks/h 

Active 

subtractions 

Play Natural/ 

Positive  

Play fight minute 

blocks/h 

Active 

subtractions 

Play Natural/ 

Positive 

Although no hard evidence exists, it is widely accepted that play 

fighting is a positive experience in many species, particularly for 

juveniles. It also builds fighting skills that they need when faced 

with antagonistic conspecifics in the wild. 

Chase minute 

blocks/h 

Active 

subtractions 

Play Positive  

Run from minute 

blocks/h 

Active 

subtractions 

Play Positive Not to be confused with aversion. This was typically performed by 

cubs during play, with one chasing the other and sometimes 

swapping part way through  

Head to 

head rub 

minute 

blocks/h 

 Affiliative Positive As mentioned in rub body against object, tigers have scent glands in 

their head, chest and cheeks that they rub against objects such as 

trees to scent mark (Poddar-Sakkar & Brahmachary, 2014; Soini et 

al., 2012). They also do this with each other and their keepers (in 

facilities such as Dreamworld with hands on management) similar to 

domestic cats, likely as a form of social bonding 
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Allo-

groom 

minute 

blocks/h 

 Affiliative Positive As with many species, allo grooming is seen as a social bonding 

behaviour 

Greeting 

chuff 

minute 

blocks/h 

 Affiliative Positive This is a friendly greeting between conspecifics (Sunquist and 

Sunquist, 2002) and towards keepers when in captivity (personal 

experience) 

Apologetic 

chuff 

minute 

blocks/h 

 Affiliative Positive As above, but done in response to aggression 

Swim minute 

blocks/h 

Active 

subtractions 

Comfort 

and 

maintenance  

Positive Tigers enjoy water and can swim great distances (Mazak, 1981; 

Sunquist & Sunquist, 2002). Previous research has indicated that the 

presence of a pool in a tigers enclosure may be one of the biggest 

contributing factors to decreasing pacing levels (Biolati, 2016). 

However, it was not included for cubs in analyses related to Comfort 

behaviours as cubs predominantly swam during play and were often 

coaxed into the water by keepers  

Sitting in 

water 

minute 

blocks/h 

Resting Comfort 

and 

maintenance   

Positive As with swim 

Lying in 

water 

minute 

blocks/h 

Resting Comfort 

and 

maintenance   

Positive As with swim 

Rolling minute 

blocks/h 

 Comfort 

and 

maintenance   

Positive Anecdotally tigers appear to enjoy rolling in scents that they like 

and, particularly for adults and/or singularly kept tigers, as a form of 

play (personal communications with many keepers and my own 

experience). Females will also do so in front of a male to show 

sexual receptivity immediately prior to mating (Mazak, 1981), 

though as mating pairs were not viewing this was not observed to be 

the case in any instance of rolling. 

Lying on 

back 

minute 

blocks/h 

Resting Comfort 

and 

maintenance   

Positive It is believed that tigers, like domestic cats, will only expose their 

underside if feeling safe and secure as it leaves them more 
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vulnerable (personal communications with many keepers and my 

own experience) 

Sleep on 

back 

minute 

blocks/h 

Resting Comfort 

and 

maintenance   

Positive As lying on back 

Stretching minute 

blocks/h 

 Comfort 

and 

maintenance  

Positive  

Self-groom minute 

blocks/h 

 Comfort 

and 

maintenance  

Positive Although excessive grooming can occur due to stress, none of the 

tigers were observed to groom excessively 

Standing minute 

blocks/h 

Active 

subtractions 

General 

active 

Positive  

Jump minute 

blocks/h 

Active 

subtractions 

General 

active 

Positive  

Climb minute 

blocks/h 

Active 

subtractions 

General 

active 

Positive  

Run minute 

blocks/h 

Active 

subtractions 

General 

active 

Positive  

Walk minute 

blocks/h 

Active 

subtractions 

General 

active 

Positive  

Lying on 

front/side 

minute 

blocks/h 

Resting General 

resting 

Positive  

Sleep on 

front/side 

minute 

blocks/h 

Resting General 

resting 

Positive  

Digging minute 

blocks/h 

 Interacting 

with 

environment 

Positive This would not be possible in an environment with hard artificial 

substrate 
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Carry 

object 

minute 

blocks/h 

Active 

subtractions 

Interacting 

with 

environment 

Positive Would not be possible in a barren environment 

Interact 

with object 

minute 

blocks/h 

 Interacting 

with 

environment 

Positive Would not be possible in a barren environment 

Clawing 

object 

minute 

blocks/h 

 Interacting 

with 

environment  

Positive This would not be possible in a barren environment. Furthermore, 

clawing object was often recorded when keepers were using an 

object (e.g. a palm frond or tiger toy) to play with the tiger. Having 

keepers in the enclosure with the tigers is part of their environment  

Consume minute 

blocks/h 

 Interacting 

with 

environment 

Positive This was not included in the feeding category as they only had items 

to consume when the keepers gave them, and the keeper presence in 

enclosures at Dreamworld and their interactions with the tigers 

(giving treats for performing tasks) is very much part of their 

environment. These were typically chunks of meat or milk (so not 

really natural feeding)) 

Sitting minute 

blocks/h 

Resting General 

resting 

Positive   

Chewing 

object 

minute 

blocks/h 

 Interacting 

with 

environment 

Positive  As with clawing object 

Aggression 

un-

provoked 

minute 

blocks/h 

Active 

subtractions 

Agonistic Negative  

Aggression 

provoked 

by 

aggression 

minute 

blocks/h 

Active 

subtractions 

Agonistic Negative  

Aggression 

provoked 

minute 

blocks/h 

Active 

subtractions 

Agonistic Negative  



195 
 

by non-

aggression 

Aversion minute 

blocks/h 

 Agonistic Negative  

Roar minute 

blocks/h 

 Agonistic Negative The roar being recorded was an aggressive roar, often paired with 

one of the aggressive behaviours. (note that occasionally another 

type of roar was observed, such as one that may be performed for 

long range communication to establish territory, these were not 

recorded here) 

Growl minute 

blocks/h 

 Agonistic Negative Growling was always performed towards another tiger and if the 

other tiger did not leave then it could quickly escalate to a roar and 

aggression, hence it is deemed to be a negative behaviour 

Hiss count/h  Agonistic Negative Hissing often occurred towards unfamiliar and artificial objects (e.g. 

water jets for the pool in the new enclosure) so is likely performed in 

similar situations as the domestic cat, as an aggressive and/or fear 

response. As with growling it was sometimes also done towards 

conspecifics, but growling was only done to conspecifics. 

Non-stereo 

pacing 

minute 

blocks/h 

Active 

subtractions 

Non-

stereotypic 

pacing 

Negative  

Stereotypic 

pacing 

minute 

blocks/h 

Active 

subtractions 

Stereotypic 

pacing 

Negative  
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Table 5.5. List of the fixed effects involved in all the Best models. Note that each Best 

model uses a sub-set of the listed fixed effects for prediction of its dependent variable. 

The bottom of the table lists the 8 levels of the EnclosureGroup models’ single fixed 

effect of the same name (EnclosureGroup). Note “VS” = vestibular syndrome, “Repro” 

= reproductive status, “Presence” refers to the presence of other tigers in the enclosure 

(including olfactory only presence; see main text for details of all fixed effects).   

Best model  

Fixed Effects 

# Intercept Levels 

E2Cycle 1 No Yes 

Socialb 2 Group Cubs, None 

Health 3 Healthy VS 

Sex 4 Female Male 

AgeClassa 5 Adult Geriatric, SubAdult 

Repro 6 Mature NotActive 

Afternoon 7 No Yes 

Presence 8 Yes No 

EnclosurePool 9 Wading None, Swimming 

Solob 10 No Yes 

Nika 11 No Yes 

EnclosureSize 12 Small Medium, Large 

Phenotypea 13 Orange White 

EnclosureGroup variable levels  

Tiger Island2 (TI2) Lair2b Beast Master 

Sita (BMS)b 

Beast Master Jaya & 

Shanti (BMJS) 

Tiger Island3 (TI3) Lair3b Beast Master 

Rama (BMR)b 

Cougars 

a Phenotype was only included in GLMMs for cub tigers as in the non-cub tiger data set 

it is completely explained by the AgeClass category as for all cases Orange = Adult, 

SubAdult = White, Geriatric = Golden Tabby. Thus, phenotype was dropped as from 

the observations it seemed that behaviour was more likely influenced by a Geriatric age 

classification than coat colour. However, large differences due to SubAdult category 

may have been due to the tigers being white tigers (not specifically because their coat is 

white but the other implications), this will be discussed when interpreting the results.  
b Occasionally due to the fixed effects in a given model a distinction between 

Lair2/Lair3 and BMS/BMR was redundant (all other variables were the same), so these 

levels were collapsed to be Lair and BMSolo, respectively. The same situation 

occasionally occurred for the fixed effect Social, causing redundancy in the Group and 

Cubs level. In such cases these levels were collapsed, and this modified fixed effect 

termed Solo with levels Yes or No used instead.
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Table 5.6. Summary of the main models built to predict various behaviours of interest (Dependent variable) in the non-cub tigers at Dreamworld. 

Listed under Models is the “Null”, “Enclosure” (a model where the only fixed effect is for the specific enclosures the tigers were in), and “Best” (using 

variables other than the specific enclosure that were found to be best according to the Akaike Information Criteria (AIC)) models. When a Best model 

required a zero-inflation formula to be applied then it was also applied to the other models for that dependent variable. Blank cells in the zero-inflation 

column (ZI formula) indicate no zero-inflation, a 1 indicated an intercept only zero-inflation model, and variables listed indicate fixed effects for a 

zero-inflation model applied. Model family (Binomial and Negative binomial with or without zero-inflation) applied is listed under the dependent 

variable to which it applies with a link to the full summary table describing the “Best” and “Enclosure” models (Null not shown). Valid is listed to 

show if the model passed various required assumptions: UD = underdispersed, QT = failed quantile tests, ZI = zero-inflated (note models with a zero-

inflated formula no longer have a zero-inflated response). Variance inflation factor (VIF) gives a measure of variable multicollinearity (grouped as low 

<3, moderate <5, and high <10), and measures of the models goodness of fit are given in the form of the marginal R2 (M. R2) and conditional (C. R2). 

Note that due to the binomial models including an observation level random effect the conditional R2 is of little value for these, but all other models 

only contain AnimalID as a random effect (binomial models contain both). 

Dependent variable Models Fixed effects ZI formula AIC Valid VIF M. R2 C. R2 

TotalRestProb Null 1   1073 Yes NA 0 0.076 

Binomial Enclosure EnclosureGroup  1062 Yes <2 0.083 0.108 

Summary Table 5.8 Best E2Cycle+Health+Sex+AgeClass+ 

Repro.+Presence+Afternoon  

  1041 Yes <3 0.136 0.136 

ActiveProb Null 1   1103 UD NA 0 0.038 

Binomial Enclosure EnclosureGroup  1093 Yes <2 0.053 0.067 

Summary Table 5.9 Best E2Cycle+Social+Health+Sex+ 

AgeClass+Repro.+Afternoon  

  1076 Yes  <10 0.086 0.086 

AllPacing Null 1 E2Cycle*Solo 679.5 QT,OT <3c 0 0.505 

Negative binomial 

zero-inflation 

Summary Table 5.10 

Enclosure EnclosureGroupa E2Cycle*Solo 651.0 QT <3c 0.359 0.359 

Best Health+AgeClass+EnclosurePool+ 

Solo 

E2Cycle*Solo 639.8 Yes  <5c 0.587 0.587 

Patrol Null 1 Health+Presence 796.4 Yes  1 0 0.341 

Negative binomial 

zero-inflation 

Summary Table 5.11 

Enclosure EnclosureGroup Health+Presence 801.5 Yes 1 0.28 0.52 

Best E2Cycle+Sex+AgeClass+Repro.+ 

Afternoon+EnclosurePool 

Health+Presence 759.7 Yes <4 0.519 0.519 
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Spray Null 1   712.7 QT NA 0 0.759 

Negative binomial Enclosure EnclosureGroup  694.0 QT NA 0.464 0.868 

Summary Table 5.12 Best E2Cycle+Social+Health+ 

Sex+Repro.+Presence 

 650.1 Yes <5 0.857 0.857 

Play Null 1   535.4 UD,QT NA 0 0.895 

Negative binomial Enclosure EnclosureGroupb   478.9 Yes NA 0.996 0.996 

Summary Table 5.13 Best Social+Afternoon+EnclosurePool   466.9 Yes <2 0.994 0.994 

Agonistic Null 1 1 707.2 Yes  NA 0 0.432 

Negative binomial 

zero-inflation 

Summary Table 5.14 

Enclosure EnclosureGroup 1 692.1 Yes  NA 0.341 0.341 

Best E2Cycle+Social+Nika 1 671.2 Yes  <10d 0.538 0.538 

Affiliative Null 1   514.0 QT NA 0 0.739 

Negative binomial Enclosure EnclosureGroup   462.4 Yes NA 0.987 0.987 

Summary Table 5.15 Best E2Cycle+EnclosurePool+Solo    477.5 Yes <2 0.751 0.751 

Comfort Null     901.2 QT,ZI NA 0 0.081 

Negative binomial Enclosure EnclosureGroup  801.4 Yes NA 0.815 0.815 

Summary Table 5.16 Best Sex+AgeClass*EnclosurePool+Presence    794.4 Yes <5 0.823 0.823 
a The EnclosureGroup variable in the AllPacing analysis was modified to combine four of the levels into two new amalgamated levels (Lair2 + Lair3 = 

Lair, BMS + BMR = BMSolo) as a certain combination of fixed factors in the zero-inflation part of the model applied to all measures of two of the 

levels resulting in 0 counts, making their inclusion redundant and resulting in NA values from the model (i.e. Lair3 and BMS for all values Solo = Yes 

and E2Cycle = No, always resulting in 0 counts). Removal of these levels had no impact on coefficients of the other levels. 
b Similar to a but in this case simply because the main models fixed effects did not separate two of the levels so that a distinction between them was 

unnecessary. For all included fixed effects Lair2 = Lair3 so they were combined to be just Lair in this analysis. 
c The listed VIF does not include the interaction term. That VIF was incredibly high (in the millions) as it was modelling a case of complete separation 

(the combination of variables perfectly explained the response), thus it is ok to ignore knowing that all responses with it are 0. 
d This model included a new targeted variable “Nika” that applied to that tiger only as this was a rare case where she had many Agonistic behaviours 

caused due to tourists banging on the underside of her favourite resting spot (a see through overhang that tourists could stand under). This caused a VIF 

of 29.31in Social (all others <10). It was deemed necessary to include this variable despite the increase in VIF it causes. Given the uniqueness of the 

variable caution is advised when interpreting this analysis outside of the present study anyway. 
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Table 5.7. Summary of the main models built to predict various behaviours of interest (Dependent variable) in the tiger cubs at Dreamworld. Listed 

under Models is the “Null”, “EnclosureGroup” and “Best” (using variables other than the specific enclosure that were found to be best according to the 

Akaike Information Criteria (AIC)) models. Model family (Binomial and Negative binomial) applied is listed under the dependent variable to which it 

applies with a link to the full summary table describing the “Best” and “Enclosure” models (Null not shown). Valid is listed to show if the model 

passed various required assumptions: QT = failed quantile tests, ZI = zero-inflated. Variance inflation factor (VIF) gives a measure of variable 

multicollinearity (grouped as low <3, moderate <5, and high <10), and measures of the model’s goodness of fit are given in the form of the marginal 

and conditional R2. Note that due to the binomial models including an observation level random effect the conditional R2 is of little value for these, but 

all other models only contain AnimalID as a random effect (binomial models contain both). 

Dependent variable Models Fixed effects AIC Valid VIF Marginal R2 Conditional R2 

TotalRestProb Null 1 1035 Yes NA 0 0.02 

Binomial Basic EnclosureGroup 1013 Yes <3 0.04 0.067 

Summary Table 5.17 Best EnclosureSize+Phenotype 1000 Yes <3 0.067 0.067 

ActiveProb Null 1 1092 Yes NA 0 0.023 

Binomial Basic EnclosureGroup 1040 Yes <3 0.068 0.107 

Summary Table 5.18 Best EnclosureSize+Phenotype 1028 Yes <3 0.092 0.092 

Play Null 1 1005 QT NA 0 0.275 

Negative binomial Basic EnclosureGroup 963.4 QT <3 0.39 0.636 

Summary Table 5.19 Best Social+EnclosureSize+Phenotype 949.0 Yes  <3 0.596 0.596 

Affiliative Null 1 702.4 QT NA 0 0.166 

Negative binomial Basic EnclosureGroup 648.8 QT <3 0.539 0.737 

Summary Table 5.20 Best Social+Sex+EnclosureSize+Phenotype  634.4 Yes <3 0.647 0.647 

Agonistic Null 1 591.4 Yes NA 0 0.277 

Negative binomial 

Summary Table 5.21 

Basic EnclosureGroup 587.6 QT <3 0.133 0.438 

Best Social+Health+Sex+Phenotype    576.1 Yes <3 0.401 0.401 

Comfort Null 1 835.4 QT,ZI NA 0 0.044 

Negative binomial Basic EnclosureGroup (same as Best) 805.7 Yes <3 0.454 0.454 

Summary Table 5.22 Best Social+EnclosureSize 805.7 Yes <3 0.454 0.454 
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Table 5.8. TotalRest non-cubs Models. Summary of the best ranked binomial model 

for predicting the chance of a non-cub tiger performing resting behaviours in a minute 

block in which it is observed. This is equivalent to the proportion of observed time a 

tiger spends performing resting behaviours. A model with the specific enclosure a tiger 

is in as the only fixed effect is also provided for comparison 

Best Model Enclosure Model 

Fixed Effects #a Coeff.b Std. 

Error 

Fixed Effects Coeff. Std. 

Error 

Intercept   2.098 0.257 TI3 1.210 0.230 

E2Cycle: Yes  1 -0.845 0.259 TI2 1.767 0.306 

Presence: No 8 -0.924 0.329 Cougars 0.767 0.395 

Health: VS 3 -1.637 0.426 BMS 3.002 0.637 

Sex: Male 4 -0.732 0.252 BMR 1.348 0.547 

AgeClass: 

Geriatric 

5a 0.947 0.297 BMJS 0.108 0.326 

AgeClass: 

SubAdult 

5b 1.283 0.376 UpClose 1.063 0.337 

Repro: 

NotActive 

6 -0.612 0.244 Lair2 0.881 0.355 

Afternoon: Yes 7 -0.959 0.268 Lair3 1.950 0.399 

Random effects   Std. 

Dev. 

  Std. 

Dev. 

OLRE   0.778   0.825 

AnimalID   0.000   0.333 

Model fit  AIC R2  AIC R2 

  1041 0.136  1062 0.083 
a Numbers in the # column are to show which fixed effects are used in the predictions in 

the continuation of the table on the next page 
b Coefficients for the models are on the log scale. Probabilities can be found using 

exp(logit coeff.)/(1 + exp(logit coeff.)) 

Continued over page 
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Table 5.8 continued. Predicted probability of a non-cub tiger performing resting 

behaviours in a minute block in which it is observed, applied to specific tigers in the 

study. Standard errors are for the coefficient of the addition of “#’s involved” applicable 

to the individual (coefficients on previous page, sum not shown). Calculating TotalRest 

Probability is performed the same as calculating Prob. of the zero-inflation part of the 

model (as binomial models use a logit link) in the worked example in Table 5.11  

Model 

Predictions 

#’s 

Involved 

Coeff. Std. 

Error 

TotalRest 

Probability 

Lower 

95% 

Upper 

95% 

TI3  1.210 0.230 0.770 0.681 0.840 

Akasha/Adira 1 1.253 0.143 0.778 0.726 0.823 

Kali 1,3,5b,6 0.288 0.299 0.572 0.426 0.706 

Kiko 1,5b,6 1.925 0.303 0.873 0.791 0.925 

TI2  1.767 0.306 0.854 0.763 0.914 

Sita 5a,6 2.434 0.202 0.919 0.885 0.944 

Pi 4 1.366 0.221 0.797 0.718 0.858 

Cougars  0.767 0.395 0.683 0.498 0.824 

Pi 8,4 0.442 0.244 0.609 0.491 0.715 

BMS  3.002 0.637 0.953 0.852 0.986 

Sita 5a,6 2.434 0.202 0.919 0.885 0.944 

BMR  1.348 0.546 0.794 0.569 0.918 

Rama 4,5a 2.313 0.277 0.910 0.855 0.946 

Rama2 1,4,5a,7 0.509 0.417 0.624 0.423 0.790 

BMJS  0.108 0.326 0.527 0.370 0.679 

Jaya 1 1.253 0.143 0.778 0.726 0.823 

Jaya2 1,7 0.294 0.258 0.573 0.447 0.690 

Shanti 1,6 0.642 0.222 0.655 0.551 0.746 

Shanti2 1,6,7 -0.318 0.278 0.421 0.297 0.556 

UpClose  1.063 0.337 0.743 0.599 0.849 

Jaya 1 1.253 0.143 0.778 0.726 0.823 

Shanti 1,6 0.642 0.222 0.655 0.551 0.746 

Lair2  0.881 0.355 0.707 0.546 0.829 

Nika 1 1.253 0.143 0.778 0.726 0.823 

Raja 1,4  0.521 0.240 0.627 0.513 0.729 

Lair3  1.950 0.399 0.875 0.763 0.939 

Nika  2.098 0.257 0.891 0.831 0.931 

Raja 4 1.366 0.221 0.797 0.718 0.858 
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Table 5.9. Active Probability Models. Summary of the best ranked binomial model for 

predicting the chance of a non-cub tiger performing active behaviours in a minute block 

in which it is observed. This is equivalent to the proportion of observed time a tiger 

spends performing active behaviours. A model with the specific enclosure a tiger is in 

as the only fixed effect is also provided for comparison 

Best Model Enclosure Model 

Fixed Effects #a Coeff.b Std. 

Error 

Fixed Effects Coeff. Std. 

Error 

Intercept   -1.780 0.328 TI3 -0.569 0.184 

E2Cycle: Yes  1 1.055 0.301 TI2 -0.895 0.240 

Social : Cubs 2a 0.907 0.400 Cougars -0.217 0.320 

Social : None 2b 0.053 0.290 BMS -2.297 0.518 

Health : VS 3 1.354 0.379 BMR -0.771 0.450 

Sex: Male 4 0.627 0.252 BMJS 0.102 0.262 

AgeClass: 

Geriatric 

5a -0.729 0.278 UpClose -0.729 0.272 

AgeClass: 

SubAdult 

5b -0.818 0.336 Lair2 -0.389 0.290 

Reproduction: 

NotActive 

6 0.395 0.225 Lair3 -1.335 0.330 

Afternoon: Yes 7 0.703 0.243    

Random effects   Std. 

Dev. 

  Std. 

Dev. 

OLRE   0.692   0.734 

AnimalID   0.000   0.237 

Model fit  AIC R2  AIC R2 

  1076 0.086  1093 0.053 
a Numbers in the # column are to show which fixed effects are used in the predictions in 

the continuation of the table on the next page 
b Coefficients for the models are on the log scale. Probabilities can be found using 

exp(logit coeff.)/(1 + exp(logit coeff.)) 

Continued over page 
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Table 5.9 continued. Predicted probability of a non-cub tiger performing active 

behaviours in a minute block in which it is observed, applied to specific tigers in the 

study. Standard errors are for the coefficient of the addition of “#’s involved” applicable 

to the individual (coefficients on previous page, sum not shown). Calculating Active 

Probability is performed the same as calculating Prob. of the zero-inflation part of the 

model (as binomial models use a logit link) in the worked example in Table 5.11  

Model 

Predictions 

#’s 

Involved 

Coeff. Std. 

Error 

Active 

Probability 

Lower 

95% 

Upper 

95% 

TI3  -0.569 0.184 0.362 0.283 0.448 

Akasha/Adira 1 -0.725 0.143 0.326 0.268 0.390 

Kali 1,3,5b,6 0.207 0.268 0.551 0.421 0.675 

Kiko 1,5b,6 -1.148 0.267 0.241 0.158 0.349 

TI2  -0.895 0.240 0.290 0.203 0.396 

Sita 2a,5a,6 -1.206 0.190 0.230 0.171 0.303 

Pi 2a,4 -0.246 0.159 0.439 0.364 0.517 

Cougars  -0.217 0.320 0.446 0.301 0.601 

Pi 2a,4 -0.246 0.159 0.439 0.364 0.517 

BMS  -2.297 0.518 0.091 0.035 0.217 

Sita 2b,5a,6 -2.060 0.256 0.113 0.072 0.174 

BMR  -0.771 0.450 0.316 0.161 0.528 

Rama 2b,4,5a -1.829 0.328 0.138 0.078 0.234 

Rama2 1,2b,4,5a,7 -0.071 0.372 0.482 0.310 0.659 

BMJS  0.102 0.262 0.526 0.399 0.649 

Jaya 1 -0.725 0.143 0.326 0.268 0.390 

Jaya2 1,7 -0.022 0.233 0.494 0.383 0.607 

Shanti 1,6 -0.330 0.204 0.418 0.325 0.518 

Shanti2 1,6,7 0.373 0.249 0.592 0.471 0.703 

UpClose  -0.729 0.272 0.325 0.221 0.451 

Jaya 1 -0.725 0.143 0.326 0.268 0.390 

Shanti 1,6 -0.330 0.204 0.418 0.325 0.518 

Lair2  -0.389 0.290 0.404 0.278 0.545 

Nika 1,2b  -0.672 0.260 0.338 0.235 0.459 

Raja 1,2b,4  -0.045 0.234 0.489 0.377 0.602 

Lair3  -1.335 0.330 0.208 0.121 0.335 

Nika 2b  -1.727 0.277 0.151 0.094 0.234 

Raja 2b,4  -1.100 0.244 0.250 0.171 0.350 
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Table 5.10. AllPacing Models. Summary of the best ranked negative binomial zero-

inflation model for predicting the chance of a non-cub tiger performing any pacing 

behaviours in a minute block in which it is observed. A model with the specific 

enclosure a tiger is in as the only fixed effect (FE) is also provided for comparison 

Best Model.  

Conditional FE 

#a Coeff.b Std. 

Error 

Lower 

95% 

Upper 

95% 

Intercept   -2.321 0.235 -2.781 -1.861 

Health[VS] 3 2.649 0.896 0.892 4.405 

AgeClass[Geriatric] 5a -2.343 0.488 -3.300 -1.386 

AgeClass[SubAdult] 5b -2.479 0.773 -3.994 -0.963 

EnclosurePool[None] 9a 1.133 0.285 0.574 1.691 

EnclosurePool[Swimming] 9b -1.411 0.373 -2.143 -0.679 

Solo[Yes] 10 0.780 0.354 0.085 1.474 

Random Effect: AnimalID   5.36e-05   

Zero Inflation FE:      

Intercept   -2.370 2.337 -6.951 2.211 

E2Cycle[Yes]  1 1.098 2.31 -3.430 5.626 

Solo[Yes] 10 23.07 NA NA NA 

E2Cycle[Yes]*Solo[Yes] 1:10 -22.94 NA NA NA 

Model fit  AIC Marginal R2 Conditional R2 

  639.8 0.587 0.587 

Enclosure Model.  Coeff. Std. 

Error 

Lower 

95% 

Upper 

95% Conditional FE levels  

TI3  -3.835 0.260 -4.345 -3.325 

TI2  -3.403 0.411 -4.209 -2.598 

Cougars  -1.000 0.222 -1.435 -0.565 

BMSolo  -2.969 0.803 -4.543 -1.395 

BMPair  -1.374 0.213 -1.791 -0.957 

UpClose  -2.338 0.214 -2.757 -1.919 

Lair  -1.515 0.260 -2.024 -1.006 

Random Effect: AnimalID   8.24e-08   

Zero Inflation FE:      

Intercept   -0.208 0.396 -0.985 0.568 

E2Cycle[Yes]  -0.685 0.519 -1.704 0.333 

Solo[Yes]  19.67 NA NA NA 

E2Cycle[Yes]:Solo[Yes]  -19.91 NA NA NA 

Model fit  AIC Marginal R2 Conditional R2 

  651.0 0.359 0.359 
a Numbers in the # column are to show which fixed effects are used in the predictions in 

the continuation of the table on the next page 
b Coefficients for the conditional and zero inflated parts of the models are on the log and 

logit scale, respectively. Probabilities can be found using exp(log coeff.), and exp(logit 

coeff.)/(1 + exp(logit coeff.)), respectively 

Continued over page 
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Table 5.10 continued. Predicted probability (Prob.) of a non-cub tiger pacing in a 

minute block in which it is observed, applied to specific tigers in the study. Standard 

errors are for the coefficient of the addition of “#’s involved” applicable to the 

individual (coefficients on previous page, sum not shown). Parentheses refer to zero-

inflated fixed effects. See Table 5.11 for a worked example 

Cond. Model 

Predictions 

#’s Involved 

(ZI) 

Std. 

Error 

Prob. Lower 

95% 

Upper 

95% 

Cond.*ZI 

Prob. 

TI3 (1) 0.260 0.022 0.013 0.036 0.015 

Akasha/Adira 9b (1) 0.283 0.024 0.014 0.042 0.019 

Kali 3,5b,9b (1) 0.549 0.028 0.010 0.083 0.022 

Kiko 5b,9b (1) 0.730 0.002 0.000 0.008 0.002 

TI2 () 0.411 0.033 0.015 0.074 0.018 

Sita 5a,9b () 0.501 0.002 0.001 0.006 0.002 

Pi 9b () 0.283 0.024 0.014 0.042 0.022 

Cougars () 0.222 0.368 0.238 0.568 0.203 

Pi 9a () 0.169 0.305 0.219 0.424 0.279 

BMSoloA 

(BMS/BMR) 

(10) 0.803 0.051 0.011 0.248 0.000 

Sita/Rama 5a,9a,10 (10) 0.561 0.064 0.021 0.192 0.000 

BMSoloB 

(BMR) 

(1*10) 0.803 0.051 0.011 0.248 0.039 

Rama2 5a,9a,10(1*10) 0.561 0.064 0.021 0.192 0.048 

BMJS (1) 0.213 0.253 0.167 0.384 0.180 

Jaya/Shanti 9a (1) 0.169 0.305 0.219 0.424 0.238 

UpClose (1) 0.214 0.097 0.063 0.147 0.069 

Jaya/Shanti (1) 0.235 0.098 0.062 0.156 0.077 

LairA (10) 0.260 0.220 0.132 0.366 0.000 

Nika/Raja 10,(10) 0.278 0.214 0.124 0.369 0.000 

LairB (1*10) 0.260 0.220 0.132 0.366 0.166 

Nika2/Raja2 10(1*10) 0.278 0.214 0.124 0.369 0.163 

ZI Model       

Enclosure 

Model 

(Intercept) 0.396 0.448 0.272 0.638  

 (1) 0.347 0.290 0.172 0.447  

 (10) NA 1.000 0.000 1.000  

 (1*10) 0.686 0.243 0.077 0.552  

Best Model (Intercept) 2.337 0.085 0.001 0.901  

 (1) 0.433 0.219 0.107 0.396  

 (10) NA 1.000 0.000 1.000  

 (1*10) 0.693 0.241 0.075 0.552  
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Table 5.11. Patrol Models. Summary of the best ranked negative binomial zero-

inflation model for predicting the chance of a non-cub tiger patrolling in a minute block 

in which it is observed. A model with the specific enclosure a tiger is in as the only 

fixed effect (FE) is also provided for comparison 

Best Model.  

Conditional FE 

#a Coeff.b Std. 

Error 

Lower 

95% 

Upper 

95% 

Intercept   -2.847 0.237 -3.312 -2.382 

E2Cycle[Yes]  1 0.591 0.209 0.182 1.000 

Sex[Male] 4 0.826 0.199 0.435 1.217 

AgeClass[Geriatric] 5a -0.385 0.255 -0.884 0.114 

AgeClass[SubAdult] 5b -0.747 0.315 -1.364 -0.129 

Repro[NotActive] 6 -0.392 0.185 -0.755 -0.029 

Afternoon[Yes] 7 1.401 0.317 0.780 2.021 

EnclosurePool[None] 9a -0.457 0.290 -1.025 0.112 

EnclosurePool[Swimming] 9b 0.315 0.166 -0.011 0.640 

Random Effect: AnimalID  1.55e-05   

Zero Inflation FE:      

Intercept   -3.161 0.585 -4.308 -2.014 

TigerPresence[No] 8 5.452 1.202 3.096 7.808 

Health[VS] 3 23.81 NA NA NA 

Model fit  AIC Marginal R2 Conditional R2  

  759.7 0.519 0.519 

Enclosure Model. 

Conditional FE levels 

 Coeff. Std. 

Error 

Lower 

95% 

Upper 

95% 

TI3  -2.260 0.331 -2.910 -1.611 

TI2  -2.567 0.407 -3.366 -1.769 

Cougars  -3.739 0.884 -5.471 -2.007 

BMS  -2.756 0.682 -4.093 -1.419 

BMR  -1.595 0.616 -2.802 -0.389 

BMJS  -1.713 0.404 -2.504 -0.922 

UpClose  -2.263 0.411 -3.068 -1.458 

Lair2  -1.956 0.420 -2.780 -1.132 

Lair3  -2.575 0.447 -3.450 -1.699 

Random Effect: AnimalID   0.509   

Zero Inflation FE:      

Intercept   -3.372 0.771 -4.883 -1.860 

TigerPresence[No] 8 5.613 1.307 3.052 8.174 

Health[VS] 3 22.25 NA NA NA 

Model fit  AIC Marginal R2 Conditional R2 

  801.5 0.280 0.520 
a Numbers in the # column are to show which fixed effects are used in the predictions in 

the continuation of the table on the next page 
b Coefficients for the conditional and zero inflated parts of the models are on the log and 

logit scale, respectively. Probabilities can be found using exp(log coeff.), and exp(logit 

coeff.)/(1 + exp(logit coeff.)), respectively 

Continued over page 
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Table 5.11 continued. Predicted probability (Prob.) of a non-cub tiger patrolling in a 

minute block in which it is observed, applied to specific tigers in the study. Standard 

errors are for the coefficient of the addition of “#’s involved” applicable to the 

individual (coefficients on previous page, sum not shown). Parentheses refer to zero-

inflated fixed effects. For example, Kali and Kiko have a 4.6% probability of patrolling 

if they patrol (conditional model only): exp(-2.8472+0.5912-0.7466-0.3917+0.3149) = 

0.046. Kiko is only affected by the intercept of the zero-inflation model indicating a 

3.3% chance of not patrolling: exp(-3.161)/(1+exp(-3.161)) = 0.033. Kali is additionally 

affected by (3): exp(-3.161+ 23.813)/(1+exp(-3.161+ 23.813)) = 1 indicating she never 

patrols. Therefore, the total probability of patrolling, “Cond.*ZI Prob.”: Kiko = 

0.046*(1- 0.033) = 0.044, Kali = 0.046*(1-1) = 0. 

Cond. Model 

Predictions 

#’s Involved 

(ZI) 

Std. 

Error 

Prob. Lower 

95% 

Upper 

95% 

Cond.*ZI 

Prob. 

TI3*  0.331 0.104 0.054 0.200 0.101 

Akasha/Adira 1,9b() 0.137 0.144 0.110 0.188 0.138 

Kali 1,5b,6,9b(3) 0.237 0.046 0.029 0.073 0.000 

Kiko 1,5b,6,9b() 0.237 0.046 0.029 0.073 0.044 

TI2  0.407 0.077 0.035 0.171 0.074 

Sita 5a,6,9b() 0.210 0.037 0.024 0.055 0.035 

Pi 4,9b() 0.185 0.181 0.126 0.261 0.174 

Cougars (8) 0.884 0.024 0.004 0.134 0.002 

Pi 4,9a(8) 0.295 0.084 0.047 0.149 0.008 

BMS  0.682 0.064 0.017 0.242 0.061 

Sita 5a,6,9a() 0.272 0.017 0.010 0.029 0.016 

BMR  0.616 0.203 0.061 0.678 0.196 

Rama 4,5a,9a() 0.279 0.057 0.033 0.099 0.055 

Rama2 1,4,5a,7,9a () 0.342 0.418 0.214 0.819 0.401 

BMJS  0.404 0.180 0.082 0.398 0.174 

Jaya 1,9a() 0.280 0.066 0.038 0.115 0.064 

Jaya2 1,7,9a() 0.187 0.269 0.186 0.389 0.258 

Shanti 1,6,9a() 0.314 0.045 0.024 0.083 0.043 

Shanti2 1,6,7,9a() 0.198 0.182 0.123 0.268 0.175 

UpClose  0.411 0.104 0.047 0.233 0.101 

Jaya 1() 0.129 0.105 0.081 0.135 0.101 

Shanti 1,6() 0.175 0.071 0.050 0.100 0.068 

Lair2  0.420 0.141 0.062 0.322 0.137 

Nika 1() 0.129 0.105 0.081 0.135 0.101 

Raja 1,4 () 0.194 0.239 0.164 0.350 0.230 

Lair3  0.447 0.076 0.032 0.183 0.074 

Nika () 0.237 0.058 0.036 0.092 0.056 

Raja 4() 0.187 0.132 0.092 0.191 0.127 

ZI Model        

Enclosure 

Model 

(Intercept) 0.771 0.033 0.008 0.135  

(8) 1.058 0.904 0.542 0.987  

(3)* NA 1 0 1  

Best Model (Intercept) 0.585 0.041 0.013 0.118  

 (8) 1.050 0.908 0.558 0.987  

 (3) NA 1 0 1  
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Table 5.12. Spray Models. Summary of the best ranked negative binomial model for 

predicting the number of times as non-cub tiger will spray in a minute block in which it 

is observed. A model with the specific enclosure a tiger is in as the only fixed effect is 

also provided for comparison 

Best Model.  

Fixed Effects 

#a Coeff.b Std. 

Error 

Lower 

95% 

Upper 

95% 

Intercept   -2.847 0.295 -3.425 -2.269 

E2Cycle[Yes] 1 0.675 0.270 0.145 1.204 

Social[Cubs] 2a -1.045 0.353 -1.737 -0.353 

Social[None] 2b -0.877 0.234 -1.335 -0.418 

Health[VS] 3 -3.393 0.753 -4.868 -1.917 

Sex[Male] 4 0.952 0.229 0.503 1.401 

Repro[NotActive] 6 -1.053 0.168 -1.383 -0.722 

Presence[No] 8 -2.870 0.573 -3.993 -1.746 

Random Effect: AnimalID   2.64e-05   

Model fit  AIC Marginal R2 Conditional R2 

  650.1 0.857 0.857 

Enclosure Model.      

Fixed Effects Levels      

TI3  -3.266 0.566 -4.374 -2.157 

TI2  -3.952 0.782 -5.484 -2.420 

Cougars  -6.650 0.946 -8.503 -4.796 

BMS  -3.938 1.032 -5.961 -1.914 

BMR  -2.203 1.122 -4.401 -0.004 

BMJS  -2.765 0.780 -4.293 -1.237 

UpClose  -2.879 0.781 -4.410 -1.348 

Lair2  -2.568 0.786 -4.108 -1.028 

Lair3  -3.320 0.801 -4.890 -1.750 

Random Effect: AnimalID   1.073   

Model fit  AIC Marginal R2 Conditional R2 

  694.0 0.464 0.868 
a Numbers in the # column are to show which fixed effects are used in the predictions in 

the continuation of the table on the next page 
b Coefficients for the models are on the log scale. Probabilities can be found using 

exp(log coeff.) 

Continued over page 
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Table 5.12 continued. Predicted number of counts (Count) that a non-cub tiger will 

spray in a minute block in which it is observed, applied to specific tigers in the study. 

Count is multiplied by 60 to calculate the number of predicted Spray/h. Standard errors 

are for the coefficient of the addition of “#’s involved” applicable to the individual 

(coefficients on previous page, sum not shown). Calculating Count is performed the 

same as calculating Prob. of the conditional model in the worked example in Table 5.11 

Model 

Predictions 

#’s Involved  Std. 

Error 

Count Lower 

95% 

Upper 

95% 

Spray/h 

TI3  0.566 0.038 0.013 0.116 2.290 

Akasha/Adira 1 0.108 0.114 0.092 0.141 6.831 

Kali 1,3,6 0.740 0.001 0.000 0.006 0.080 

Kiko 1,6 0.139 0.040 0.030 0.052 2.385 

TI2  0.782 0.019 0.004 0.089 1.153 

Sita 2a,6 0.214 0.007 0.005 0.011 0.427 

Pi 2a,4 0.224 0.053 0.034 0.082 3.170 

Cougars  0.946 0.001 0.000 0.008 0.078 

Pi 2a,4,8 0.528 0.003 0.001 0.008 0.180 

BMS  1.032 0.019 0.003 0.147 1.170 

Sita 2b,6 0.268 0.008 0.005 0.014 0.506 

BMR  1.122 0.111 0.012 0.996 6.631 

Rama 2b,4 0.222 0.063 0.040 0.097 3.752 

Rama2 1,2b,4 0.199 0.123 0.083 0.181 7.364 

BMJS  0.780 0.063 0.014 0.290 3.778 

Jaya 1 0.108 0.114 0.092 0.141 6.831 

Shanti 1,6 0.139 0.040 0.030 0.052 2.385 

UpClose  0.781 0.056 0.012 0.260 3.372 

Jaya 1 0.108 0.114 0.092 0.141 6.831 

Shanti 1,6  0.139 0.040 0.030 0.052 2.385 

Lair2  0.786 0.077 0.016 0.358 4.602 

Nika 1,2b  0.219 0.047 0.031 0.073 2.843 

Raja 1,2b,4 0.199 0.123 0.083 0.181 7.364 

Lair3  0.801 0.036 0.008 0.174 2.169 

Nika 2b 0.252 0.024 0.015 0.040 1.448 

Raja 2b,4 0.222 0.063 0.040 0.097 3.752 
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Table 5.13 Play non-cub Models. Summary of the best ranked negative binomial 

model for predicting the amount of Play behaviours a non-cub tiger will perform in a 

minute block in which it is observed. A model with the specific enclosure a tiger is in as 

the only fixed effect is also provided for comparison 

Best Model.  

Fixed Effects 

#a Coeff.b Std. Error Lower 

95% 

Upper 

95% 

Intercept   -4.408 0.199 -4.797 -4.018 

Social[Cubs] 2a -0.569 0.164 -0.891 -0.247 

Social[None] 2b -22.32 Na Na Na 

Afternoon[Yes] 7 -1.569 0.408 -2.369 -0.770 

EnclosurePool[None] 9a 0.770 0.315 0.152 1.387 

EnclosurePool[Swimming] 9b 1.558 0.223 1.122 1.995 

Random Effect: AnimalID   8.257e-06   

Model fit  AIC Marginal R2 Conditional R2 

  466.9 0.994 0.994 

Enclosure Model.      

Fixed Effects Levels      

TI3  -2.842 0.107 -3.052 -2.632 

TI2  -3.431 0.146 -3.718 -3.144 

Cougars  -4.161 0.266 -4.683 -3.639 

BMS  -30.71 Na Na Na 

BMR  -23.36 Na Na Na 

BMJS  -4.694 0.251 -5.186 -4.202 

UpClose  -4.407 0.203 -4.806 -4.008 

Lair  -34.07 Na Na Na 

Random Effect: AnimalID   1.073   

Model fit  AIC Marginal R2 Conditional R2 

  478.9 0.996 0.996 
a Numbers in the # column are to show which fixed effects are used in the predictions in 

the continuation of the table on the next page 
b Coefficients for the models are on the log scale. Probabilities can be found using 

exp(log coeff.) 

Continued over page 
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Table 5.13 continued. Predicted number of counts (Count) that a non-cub tiger will 

perform Play behaviours in a minute block in which it is observed, applied to specific 

tigers in the study. Count is multiplied by 60 to calculate the predicted amount of 

Play/h. Standard errors are for the coefficient of the addition of “#’s involved” 

applicable to the individual (coefficients on previous page, sum not shown). Calculating 

Count is performed the same as calculating Prob. of the conditional model in the 

worked example in Table 5.11 

Model 

Predictions 

#’s Involved  Std. 

Error 

Count Lower 

95% 

Upper 

95% 

Play/h 

TI3  0.107 0.058 0.047 0.072 3.499 

Akasha/Adira/ 

Kali/Kiko 

9b 0.101 0.058 0.048 0.070 3.472 

TI2  0.146 0.032 0.024 0.043 1.942 

Sita/Pi 2a,9b 0.136 0.033 0.025 0.043 1.965 

Cougars  0.266 0.016 0.009 0.026 0.936 

Pi 2a,9a 0.224 0.015 0.010 0.023 0.893 

BMS  NA 0.000 0.000 NA 0.000 

Sita 2b,9a NA 0.000 0.000 NA 0.000 

BMR  NA 0.000 0.000 NA 0.000 

Rama 2b,9a NA 0.000 0.000 NA 0.000 

Rama2 2b,7,9a NA 0.000 0.000 NA 0.000 

BMJS  0.251 0.009 0.006 0.015 0.549 

Jaya/Shanti 9a 0.244 0.026 0.016 0.042 1.578 

Jaya2/Shanti2 7,9a 0.327 0.005 0.003 0.010 0.329 

UpClose  0.203 0.012 0.008 0.018 0.731 

Jaya/Shanti  0.199 0.012 0.008 0.018 0.731 

Lair  NA 0.000 0.000 NA 0.000 

Nika/Raja 2b  NA 0.000 0.000 NA 0.000 
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Table 5.14. Agonistic non-cub Models. Summary of the best ranked negative binomial 

zero-inflation model for predicting the amount/severity of Agonistic behaviours 

performed by a non-cub tiger in a minute block in which it is observed. Note that 

behaviours have been weighted according to their severity (see section 5.2.5.5. for 

details), as such the predicted counts (next page) may be greater or fewer than the 

number of individual behaviours actually performed. A model with the specific 

enclosure a tiger is in as the only fixed effect (FE) is also provided for comparison 

Best Model.  

Conditional FE 

#a Coeff.b Std. 

Error 

Lower 

95% 

Upper 

95% 

Intercept   -4.654 0.552 -5.736 -3.573 

E2Cycle[Yes] 1 1.269 0.536 0.218 2.319 

Social[Cubs] 2a 2.505 0.571 1.387 3.623 

Social[None] 2b -1.934 0.518 -2.949 -0.919 

Nika[Yes] 11 2.178 0.558 1.085 3.271 

Random Effect: AnimalID   2.953e-05   

Zero Inflation FE:      

Intercept   -2.116 0.440 -2.978 -1.253 

Model fit  AIC Marginal R2 Conditional R2 

  671.2 0.538 0.538 

Enclosure Model  Coeff. Std. 

Error 

Lower 

95% 

Upper 

95% Conditional FE levels  

TI3  -3.419 0.165 -3.743 -3.096 

TI2  -2.064 0.178 -2.412 -1.716 

Cougars  -2.367 0.274 -2.904 -1.830 

BMS  -4.963 0.894 -6.715 -3.211 

BMR  -4.908 0.713 -6.305 -3.510 

BMJS  -3.307 0.278 -3.850 -2.763 

UpClose  -3.311 0.294 -3.887 -2.734 

Lair2  -3.377 0.338 -4.039 -2.714 

Lair3  -4.918 0.485 -5.868 -3.968 

Random Effect: AnimalID   3.482e-05   

Zero Inflation FE:      

Intercept   -1.772 0.385 -2.526 -1.018 

Model fit  AIC Marginal R2 Conditional R2 

  692.1 0.341 0.341 
a Numbers in the # column are to show which fixed effects are used in the predictions in 

the continuation of the table on the next page 
b Coefficients for the conditional and zero inflated parts of the models are on the log and 

logit scale, respectively. Probabilities can be found using exp(log coeff.), and exp(logit 

coeff.)/(1 + exp(logit coeff.)), respectively 

Continued over page 
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Table 5.14 continued. Predicted counts (Count) regarding the amount/severity of 

Agonistic behaviours performed by a non-cub tiger in a minute block in which it is 

observed. Standard errors are for the coefficient of the addition of “#’s involved” 

applicable to the individual (coefficients on previous page, sum not shown). Count is of 

the conditional model only and is performed the same as calculating Prob. of the 

conditional model in the worked example in Table 5.11, and calculating Agonistic/h is 

done as per Cond.*ZI Prob. and then multiplying by 60 

Cond. Model 

Predictions 

#’s Involved 

(ZI) 

Std. 

Error 

Count Lower 

95% 

Upper 

95% 

Agonistic/h 

*ZI 

TI3 () 0.165 0.033 0.024 0.045 1.679 

Akasha/Adira/ 

Kali/Kiko 

1() 0.128 0.034 0.026 0.044 1.812 

TI2 () 0.178 0.127 0.090 0.180 6.510 

Sita/Pi 2a() 0.147 0.117 0.087 0.155 6.241 

Cougars () 0.274 0.094 0.055 0.160 4.810 

Pi 2a() 0.147 0.117 0.087 0.155 6.241 

BMS () 0.894 0.007 0.001 0.040 0.358 

Sita 2b() 0.609 0.001 0.000 0.005 0.074 

BMR () 0.713 0.007 0.002 0.030 0.379 

Rama 2b() 0.609 0.001 0.000 0.005 0.074 

Rama2 1,2b() 0.505 0.005 0.002 0.013 0.262 

BMJS () 0.277 0.037 0.021 0.063 1.879 

Jaya/Shanti 1() 0.128 0.034 0.026 0.044 1.812 

UpClose () 0.294 0.036 0.021 0.065 1.871 

Jaya/Shanti 1() 0.128 0.034 0.026 0.044 1.812 

Lair2 () 0.338 0.034 0.018 0.066 1.752 

Nika 1,2b,11() 0.331 0.043 0.023 0.083 2.313 

Raja 1,2b,() 0.505 0.005 0.002 0.013 0.262 

Lair3 () 0.485 0.007 0.003 0.019 0.375 

Nika 2b,11() 0.472 0.012 0.005 0.031 0.651 

Raja 2b,() 0.609 0.001 0.000 0.005 0.074 

ZI Models       

Enclosure 

Model 

(Intercept) 0.385 0.145 0.074 0.265  

Best Model (Intercept) 0.440 0.108 0.048 0.222  
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Table 5.15. Affiliative non-cub Models. Summary of the best ranked negative 

binomial model for predicting the amount of Affiliative behaviours a non-cub tiger will 

perform in a minute block in which it is observed. A model with the specific enclosure a 

tiger is in as the only fixed effect is also provided for comparison 

Best Model.  

Fixed Effects 

#a Coeff.b Std. Error Lower 

95% 

Upper 

95% 

Intercept   -3.524 0.283 -4.078 -2.971 

E2Cycle[Yes] 1 -0.821 0.191 -1.194 -0.447 

EnclosurePool[None] 9a -0.727 0.314 -1.341 -0.112 

EnclosurePool[Swimming] 9b 0.539 0.250 0.048 1.029 

Solo[Yes] 10 -2.657 0.461 -3.560 -1.754 

Random Effect: AnimalID   5.77e-05   

Model fit  AIC Marginal R2 Conditional R2 

  477.5 0.751 0.751 

Enclosure Model.      

Fixed Effect levels      

TI3  -3.760 0.137 -4.029 -3.491 

TI2  -3.055 0.158 -3.364 -2.745 

Cougars  -4.098 0.280 -4.646 -3.549 

BMS  -4.726 0.674 -6.047 -3.404 

BMR  -5.782 0.773 -7.298 -4.266 

BMJS  -5.823 0.390 -6.587 -5.058 

UpClose  -4.151 0.212 -4.568 -3.735 

Lair2  -25.43 NA NA NA 

Lair3  -6.938 0.743 -8.395 -5.482 

Random Effect: AnimalID   1.70e-13   

Model fit  AIC Marginal R2 Conditional R2 

  462.4 0.987 0.987 
a Numbers in the # column are to show which fixed effects are used in the predictions in 

the continuation of the table on the next page 
b Coefficients for the models are on the log scale. Probabilities can be found using 

exp(log coeff.) 

Continued over page 
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Table 5.15 continued. Predicted number of counts (Count) that a non-cub tiger will 

perform Affiliative behaviours in a minute block in which it is observed, applied to 

specific tigers in the study. Count is multiplied by 60 to calculate the predicted amount 

per hour (Affiliative/h). Standard errors are for the coefficient of the addition of “#’s 

involved” applicable to the individual (coefficients on previous page, sum not shown). 

Calculating Count is performed the same as calculating Prob. of the conditional model 

in the worked example in Table 5.11 

Model 

Predictions 

#’s Involved  Std. 

Error 

Count Lower 

95% 

Upper 

95% 

Affiliative/

h 

TI3  0.137 0.023 0.018 0.030 1.397 

Akasha/Adira/ 

Kali/Kiko 

1,9b 0.134 0.022 0.017 0.029 1.334 

TI2  0.158 0.047 0.035 0.064 2.828 

Sita/Pi 9b 0.155 0.051 0.037 0.068 3.030 

Cougars  0.280 0.017 0.010 0.029 0.997 

Pi 9a 0.231 0.014 0.009 0.022 0.855 

BMS  0.674 0.009 0.002 0.033 0.532 

Sita 9a,10 0.483 0.001 0.000 0.003 0.060 

BMR  0.773 0.003 0.001 0.014 0.185 

Rama 9a,10 0.483 0.001 0.000 0.003 0.060 

Rama2 1,9a,10 0.524 0.000 0.000 0.001 0.026 

BMJS  0.390 0.003 0.001 0.006 0.178 

Jaya/Shanti 1,9a 0.238 0.006 0.004 0.010 0.376 

UpClose  0.212 0.016 0.010 0.024 0.945 

Jaya/Shanti 1 0.212 0.013 0.009 0.020 0.778 

Lair2  NA 0.000 NA NA 0.000 

Nika/Raja 1,10 0.424 0.001 0.000 0.002 0.055 

Lair3  0.743 0.001 0.000 0.004 0.058 

Nika/Raja 10 0.421 0.002 0.001 0.005 0.124 
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Table 5.16. Comfort non-cub Models. Summary of the best ranked negative binomial 

model for predicting the amount of Comfort behaviours a non-cub tiger will perform in 

a minute block in which it is observed. A model with the specific enclosure a tiger is in 

as the only fixed effect is also provided for comparison 

Best Model.  

Fixed  Effects 

#a Coeff.b Std. Error Lower 

95% 

Upper 

95% 

Intercept   -1.926 0.092 -2.107 -1.745 

Sex[Male] 4 -0.298 0.134 -0.562 -0.035 

AgeClass[Geriatric] 5a -0.183 0.169 -0.515 0.149 

AgeClassB[SubAdult] 5b -0.587 0.171 -0.922 -0.252 

Presence[No] 8 1.704 0.332 1.053 2.355 

EnclosurePool[None] 9a -2.792 0.253 -3.287 -2.297 

EnclosurePool[Swimming] 9b 0.189 0.131 -0.068 0.446 

EnclosurePool[None]: 

AgeClass[Geriatric] 

5a:9a 2.490 0.365 1.776 3.205 

Random Effect: AnimalID   1.90e-05   

Model fit  AIC Marginal R2 Conditional R2 

  794.4 0.823 0.823 

Enclosure Model.      

Fixed Effect levels      

TI3  -1.983 0.091 -2.162 -1.805 

TI2  -1.944 0.109 -2.158 -1.731 

Cougars  -3.312 0.196 -3.696 -2.928 

BMS  -2.083 0.297 -2.664 -1.502 

BMR  -3.077 0.298 -3.661 -2.493 

BMJS  -4.718 0.238 -5.184 -4.252 

UpClose  -1.865 0.134 -2.128 -1.602 

Lair  -2.175 0.152 -2.474 -1.877 

Lair2  -2.034 0.179 -2.384 -1.684 

Random Effect: AnimalID   5.50e-05   

Model fit  AIC Marginal R2 Conditional R2 

  801.4 0.815 0.815 

 
a Numbers in the # column are to show which fixed effects are used in the predictions in 

the continuation of the table on the next page 
b Coefficients for the models are on the log scale. Probabilities can be found using 

exp(log coeff.) 

Continued over page 
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Table 5.16 continued. Predicted number of counts (Count) that a non-cub tiger will 

perform Comfort behaviours in a minute block in which it is observed, applied to 

specific tigers in the study. Count is multiplied by 60 to calculate the predicted amount 

of Comfort/h. Standard errors are for the coefficient of the addition of “#’s involved” 

applicable to the individual (coefficients on previous page, sum not shown). Calculating 

Count is performed the same as calculating Prob. of the conditional model in the 

worked example in Table 5.11 

Model 

Predictions 

#’s Involved  Std. 

Error 

Count Lower 

95% 

Upper 

95% 

Comfort/

h 

TI3  0.091 0.138 0.115 0.164 8.257 

Akasha/Adira 9b 0.108 0.176 0.142 0.218 10.567 

Kali/Kiko 5b,9b 0.132 0.098 0.076 0.127 5.875 

TI2  0.109 0.143 0.116 0.177 8.584 

Sita 5a,9b 0.130 0.147 0.114 0.189 8.797 

Pi 4,9b 0.136 0.131 0.100 0.171 7.842 

Cougars  0.196 0.036 0.025 0.053 2.186 

Pi 4,8,9a 0.192 0.036 0.025 0.053 2.188 

BMS  0.297 0.125 0.070 0.223 7.471 

Sita 5a*9a 0.210 0.090 0.060 0.135 5.386 

BMR  0.298 0.046 0.026 0.083 2.767 

Rama 4,5a*9a 0.214 0.067 0.044 0.101 3.997 

BMJS  0.238 0.009 0.006 0.014 0.536 

Jaya/Shanti 9a 0.235 0.009 0.006 0.014 0.536 

UpClose  0.134 0.155 0.119 0.202 9.297 

Jaya/Shanti  0.092 0.146 0.122 0.175 8.745 

Lair2  0.152 0.114 0.084 0.153 6.813 

Lair3  0.178 0.131 0.092 0.186 7.849 

Nika  0.092 0.146 0.122 0.175 8.745 

Raja 4 0.129 0.108 0.084 0.139 6.490 
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Table 5.17. TotalRest cub Models. Summary of the best ranked binomial model for 

predicting the chance of a cub tiger performing resting behaviours in a minute block in 

which it is observed. This is equivalent to the proportion of observed time a tiger spends 

performing resting behaviours. A model with the specific enclosure a tiger is in as the 

only fixed effect is also provided for comparison. Second half of the table shows the 

predicted probability (Prob.) applied to specific tigers in the study. Standard errors are 

for the coefficient of the addition of “#’s involved” applicable to the individual (top half 

of table, sum not shown). Calculating Prob. is performed the same as calculating Prob. 

of the zero-inflation part of the model (as binomial models use a logit link) in the 

worked example in Table 5.11 

Best Model.  

Fixed Effects 

# Coeff. Std. Error Lower 

95% 

Upper 

95% 

Intercept   1.574 0.118 1.342 1.806 

EnclosureSize[Large] 12 -0.815 0.144 -1.097 -0.534 

Phenotype[White] 13 0.761 0.148 0.472 1.050 

Random Effect      

OLRE   0.702   

AnimalID   2.41E-04   

Model fit  AIC Marginal R2 Conditional R2 

  1000 0.067 0.067 

Enclosure Model.      

Fixed Effect levels      

CubKindy  1.887 0.195 1.505 2.269 

Cougars  1.830 0.313 1.216 2.444 

TI2  1.063 0.176 0.718 1.408 

Random Effect      

OLRE   0.7215   

AnimalID   0.3311   

Model fit  AIC Marginal R2 Conditional R2 

  1013 0.040 0.067 

Model 

Predictions 

#’s Involved  Std. 

Error 

TotalRest 

Probability 

Lower 

95% 

Upper 

95% 

CubKindy  0.195 0.868 0.818 0.906 

Akasha/Adira/Kai  0.118 0.828 0.793 0.859 

Kali/Kiko 13 0.149 0.912 0.885 0.933 

Cougars  0.313 0.862 0.771 0.920 

Kai  0.118 0.828 0.793 0.859 

TI2  0.176 0.743 0.672 0.804 

Akasha/Adira/Kai 12 0.110 0.681 0.632 0.726 

Kali/Kiko 12,13 0.128 0.820 0.780 0.855 
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Table 5.18. Active Probability cub Models. Summary of the best ranked binomial 

model for predicting the chance of a cub tiger performing active behaviours in a minute 

block in which it is observed. This is equivalent to the proportion of observed time a 

tiger cub spends performing active behaviours. A model with the specific enclosure a 

tiger cub is in as the only fixed effect is also provided for comparison. Second half of 

the table shows the predicted probability (Prob.) applied to specific tigers in the study. 

Standard errors are for the coefficient of the addition of “#’s involved” applicable to the 

individual (top half of table, sum not shown). Calculating Prob. is performed the same 

as calculating Prob. of the zero-inflation part of the model (as binomial models use a 

logit link) in the worked example in Table 5.11 

Best Model.  

Fixed Effects 

# Coeff. Std. Error Lower 

95% 

Upper 

95% 

Intercept   -0.764 0.096 -0.953 -0.576 

EnclosureSize[Large] 12 1.010 0.117 0.781 1.240 

Phenotype[White] 13 -0.808 0.120 -1.043 -0.572 

Random Effect      

OLRE   0.574   

AnimalID   3.56e-05   

Model fit  AIC Marginal R2 Conditional R2 

  1028.1 0.092 0.092 

Enclosure Model.      

Fixed Effect levels      

CubKindy  -1.073 0.204 -1.474 -0.673 

Cougars  -1.285 0.285 -1.844 -0.726 

TI2  -0.076 0.193 -0.455 0.304 

Random Effect      

OLRE   0.575   

AnimalID   0.398   

Model fit  AIC Marginal R2 Conditional R2 

  1040 0.068 0.107 

Model 

Predictions 

#’s Involved  Std. 

Error 

Active 

Probability 

Lower 

95% 

Upper 

95% 

CubKindy  0.204 0.255 0.186 0.338 

Akasha/Adira/Kai  0.096 0.318 0.278 0.360 

Kali/Kiko 13 0.121 0.172 0.141 0.208 

Cougars  0.285 0.217 0.137 0.326 

Kai  0.096 0.318 0.278 0.360 

TI2  0.193 0.481 0.388 0.575 

Akasha/Adira/Kai 12 0.090 0.561 0.517 0.604 

Kali/Kiko 12,13 0.104 0.363 0.317 0.412 
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Table 5.19. Play Cub Model. Summary of the best ranked negative binomial model for 

predicting the amount of Play behaviours a cub tiger will perform in a minute block in 

which it is observed. A model with the specific enclosure a tiger is in as the only fixed 

effect is also provided for comparison. Second half of the table shows the predicted 

number of counts (Count) that a cub tiger will perform Play behaviours in a minute 

block in which it is observed, applied to specific tigers in the study. Count is multiplied 

by 60 to calculate the predicted amount of Play/h. Standard errors are for the coefficient 

of the addition of “#’s involved” applicable to the individual (top half of table, sum not 

shown). Calculating Count is performed the same as calculating Prob. of the conditional 

model (as negative binomial models use a log link) in the worked example in Table 

5.11 

Best Model.  

Fixed Effects 

# Coeff. Std. Error Lower 

95% 

Upper 

95% 

Intercept   -2.799 0.179 -3.149 -2.449 

Social[Cubs] 2a 1.299 0.201 0.905 1.692 

EnclosureSize[Large] 12 0.362 0.102 0.162 0.563 

Phenotype[White] 13 -0.803 0.101 -1.000 -0.606 

Random Effect: AnimalID   2.05e-05   

Model fit  AIC Marginal R2 Conditional R2 

  949.0 0.596 0.596 

Enclosure Model.      

Fixed Effect levels      

CubKindy  -1.820 0.190 -2.191 -1.449 

Cougars  -3.052 0.267 -3.576 -2.529 

TI2  -1.456 0.181 -1.811 -1.101 

Random Effect: AnimalID   0.380   

Model fit  AIC Marginal R2 Conditional R2 

  963.4 0.390 0.636 

Model 

Predictions 

#’s 

Involved  

Std. 

Error 

Play Count Lower 

95% 

Upper 

95% 

Play/h 

CubKindy  0.189 0.162 0.112 0.235 9.722 

Akasha/Adira/Kai 2a, 0.092 0.223 0.186 0.267 13.38 

Kali/Kiko 2a,13 0.101 0.100 0.082 0.122 5.995 

Cougars  0.267 0.047 0.028 0.080 2.835 

Kai  0.179 0.061 0.043 0.086 3.653 

TI2  0.181 0.233 0.163 0.333 13.99 

Akasha/Adira/Kai 2a,12 0.073 0.320 0.278 0.370 19.23 

Kali/Kiko 2a,12,13 0.087 0.144 0.121 0.170 8.612 
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Table 5.20. Affiliative Cub Model. Summary of the best ranked negative binomial 

model for predicting the amount of Affiliative behaviours a non-cub tiger will perform 

in a minute block in which it is observed. A model with the specific enclosure a tiger is 

in as the only fixed effect is also provided for comparison. Second half of the table 

shows the predicted number of counts (Count) that a cub tiger will perform Affiliative 

behaviours in a minute block in which it is observed, applied to specific tigers in the 

study. Count is multiplied by 60 to calculate the predicted amount of Affiliative/h. 

Standard errors are for the coefficient of the addition of “#’s involved” applicable to the 

individual (top half of table, sum not shown). Calculating Count is performed the same 

as calculating Prob. of the conditional model (as negative binomial models use a log 

link) in the worked example in Table 5.11 

Best Model.  

Fixed Effects 

# Coeff. Std. Error Lower 

95% 

Upper 

95% 

Intercept   -5.090 0.308 -5.694 -4.486 

Social[Cubs] 2a 1.900 0.306 1.299 2.500 

Sex[Male] 4 0.626 0.129 0.372 0.879 

EnclosureSize[Large] 12 0.306 0.099 0.112 0.499 

Phenotype[White] 13 -0.475 0.104 -0.680 -0.271 

Random Effect: AnimalID   1.19e-05   

Model fit  AIC Marginal R2 Conditional R2 

  634.4 0.647 0.647 

Enclosure Model.      

Fixed Effect levels      

CubKindy  -3.253 0.193 -3.631 -2.876 

Cougars  -5.107 0.346 -5.785 -4.430 

TI2  -2.948 0.184 -3.309 -2.587 

Random Effect: AnimalID   0.390   

Model fit  AIC Marginal R2 Conditional R2 

  648.8 0.539 0.737 

Model 

Predictions 

#’s 

Involved  

Std. 

Error 

Affiliative 

Count 

Lower 

95% 

Upper 

95% 

Affiliative/ 

h 

CubKindy  0.193 0.039 0.027 0.056 2.319 

Akasha/Adira 2a 0.096 0.041 0.034 0.050 2.470 

Kai 2a,4 0.125 0.077 0.060 0.098 4.616 

Kali/Kiko 2a,13 0.100 0.026 0.021 0.031 1.536 

Cougars  0.346 0.006 0.003 0.012 0.363 

Kai 4 0.280 0.012 0.007 0.020 0.691 

TI2  0.184 0.052 0.037 0.075 3.148 

Akasha/Adira 2a,12 0.079 0.056 0.048 0.065 3.354 

Kai 2a,4,12 0.113 0.104 0.084 0.130 6.269 

Kali/Kiko 2a,12,13 0.083 0.035 0.030 0.041 2.085 
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Table 5.21. Agonistic Cub Model. Summary of the best ranked negative binomial 

model for predicting the amount/severity of Agonistic behaviours performed by a cub 

tiger in a minute block in which it is observed. Note that behaviours have been weighted 

according to their severity (see section 5.2.5.5. for details), as such the predicted counts 

may be greater or fewer than the number of individual behaviours actually performed. A 

model with the specific enclosure a tiger is in as the only fixed effect is also provided 

for comparison. Second half of the table shows the predicted number of counts (Count) 

applied to specific tigers in the study. Standard errors are for the coefficient of the 

addition of “#’s involved” applicable to the individual (top half of table, sum not 

shown). Calculating Count is performed the same as calculating Prob. of the conditional 

part of the model (as negative binomial models use a log link) in the worked example in 

Table 5.11 

Best Model.  

Fixed Effects 

# Coeff. Std. Error Lower 

95% 

Upper 

95% 

Intercept   -5.200 0.531 -6.240 -4.160 

Social[Cubs] 2a 1.620 0.497 0.646 2.594 

Health[VS] 3 1.057 0.406 0.261 1.852 

Sex[Male] 4 0.681 0.326 0.043 1.319 

Phenotype[White] 13 -1.638 0.356 -2.335 -0.941 

Random Effect: AnimalID   3.11e-05   

Model fit  AIC Marginal R2 Conditional R2 

  576.1 0.401 0.401 

Enclosure Model.      

Fixed Effect levels      

CubKindy  -3.881 0.377 -4.620 -3.142 

Cougars  -5.359 0.586 -6.508 -4.210 

TI2  -3.833 0.353 -4.525 -3.141 

Random Effect: AnimalID   0.703   

Model fit  AIC Marginal R2 Conditional R2 

  587.6 0.133 0.438 

Model 

Predictions 

#’s 

Involved  

Std. 

Error 

Agonistic 

Count 

Lower 

95% 

Upper 

95% 

Agonistic/ 

h 

CubKindy  0.377 0.021 0.010 0.043 1.238 

TI2  0.353 0.022 0.011 0.043 1.298 

Akasha/Adira 2a, 0.186 0.028 0.019 0.040 1.673 

Kai 2a,4 0.267 0.055 0.033 0.093 3.305 

Kali 2a,3,13 0.270 0.016 0.009 0.026 0.935 

Kiko 2a,13 0.303 0.005 0.003 0.010 0.325 

Cougars  0.586 0.005 0.001 0.015 0.282 

Kai 4 0.419 0.011 0.005 0.025 0.654 
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Table 5.22. Comfort Cub Model. Summary of the best ranked negative binomial 

model for predicting the amount of Comfort behaviours a cub tiger will perform in a 

minute block in which it is observed. Note that swim was not included in the model for 

cubs as they were only observed to swim during play (Table 5.4). A model with the 

specific enclosure a tiger is in as the only fixed effect is also provided for comparison 

Second half of the table shows the predicted number of counts (Count) applied to 

specific tigers in the study. Standard errors are for the coefficient of the addition of “#’s 

involved” applicable to the individual (top half of table, sum not shown). Calculating 

Count is performed the same as calculating Prob. of the conditional part of the model 

(as negative binomial models use a log link) in the worked example in Table 5.11 

Best Model.  

Fixed Effects 

# Coeff. Std. Error Lower 

95% 

Upper 

95% 

Intercept   -3.701 0.225 -4.142 -3.260 

Social[Cubs] 2a 1.460 0.240 0.989 1.931 

EnclosureSize[Large] 12 -0.087 0.107 -0.296 0.122 

Random Effect: AnimalID   2.06e-05   

Model fit  AIC Marginal R2 Conditional R2 

  805.7 0.454 0.454 

Enclosure Model.      

Fixed Effect levels      

CubKindy  -2.241 0.084 -2.407 -2.076 

Cougars  -3.701 0.225 -4.142 -3.260 

TI2  -2.328 0.065 -2.456 -2.201 

Random Effect: AnimalID   1.98e-05   

Model fit  AIC Marginal R2 Conditional R2 

  805.7 0.454 0.454 

Model 

Predictions 

#’s 

Involved  

Std. 

Error 

Comfort 

Count 

Lower 

95% 

Upper 

95% 

Comfort/ h 

CubKindy  0.084 0.106 0.090 0.125 6.380 

Akasha/Adira/Kai/ 

Kali/Kiko 

2a 0.084 0.106 0.090 0.125 6.380 

Cougars  0.225 0.025 0.016 0.038 1.482 

Kai  0.225 0.025 0.016 0.038 1.482 

TI2  0.065 0.097 0.086 0.111 5.847 

Akasha/Adira/Kai/ 

Kali/Kiko 

2a,12 0.065 0.097 0.086 0.111 5.847 
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Figure 5.1. Behavioural profile of non-cub tigers. Shows the proportion of minute 

blocks in which non-cub tigers were observed to be doing each of the four main 

category behaviours of interest: Total Resting, Active, Patrolling, and Pacing (includes 

both stereotypic and non-stereotypic pacing, see text and Table 5.4 for details on 

behaviour categories). Note tigers can be recorded doing multiple behaviours in a 

minute block, hence adding behaviour proportions together will amount to more than 1. 

Continued over page. 
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Figure 5.1 continued. Shows the number of times (Counts) per hour non-cub tigers 

were observed to be performing each of the five sub-category behaviours of interest: 

Play, Agonistic, Affiliative, Comfort, and Spray (see text and Table 5.4 for details on 

behaviour sub-categories). Note the difference in Y-axis values. 
 



226 
 

 
Figure 5.2. Behavioural profile of tiger cubs. Left column shows the proportion of 

minute blocks in which cub tigers were observed to be doing each of the three main 

category behaviours of interest for cubs: Total Resting and Active (see text and Table 

5.4 for details on behaviour categories). Note tigers can be recorded doing multiple 

behaviours in a minute block, hence adding behaviour proportions together will amount 

to more than 1. Right column shows the number of times (Counts) per hour cub tigers 

were observed to be performing each of the four sub-category behaviours of interest for 

cubs: Play, Agonistic, Affiliative, and Comfort (note that for cubs, comfort behaviours 

did not include the behaviour swim as this was done during play, see text and Table 5.4 

for details on behaviour sub-categories). Note the difference in Y-axis values. 
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Chapter 6. General Discussion 

 

Maximising animal welfare is a key tenet of zoological institutions around the world, 

with a proven scientifically-based approach to achieving this a requirement for 

membership in the World Association of Zoos and Aquariums (WAZA) and/or its 

regional bodies (e.g. Zoo Aquarium Association Australasia [ZAA]). To this end, it is 

important to devise and validate means of assessing animal welfare that are easy to 

implement, cost effective, and non-invasive so as not to adversely affect the animals. 

Establishing such protocols allows assessments to be done regularly and at different 

time points throughout the year to ensure the needs of animals are being met under 

changing environmental conditions. This applies to climatic changes throughout the 

year, managerial changes affecting the animals, and the changing needs of animals 

throughout their life. 

The aim of my research was to develop and validate protocols to non-

invasively assess the welfare of captive tigers (Panthera tigris). Physiology and 

behaviour have long been established as robust indicators of welfare state. My approach 

was to extend their use by applying an information-theoretical approach to determine 

how faecal glucocorticoid metabolites (FGMs), quantifiable as biomarkers of 

physiological stress, change according to climatic variables throughout the year in 

different locations around Australia. Tigers are a popular species and as such are kept at 

most large zoos around the world, in many different and changing climates to their 

native habitats, yet management guidelines are typically similar and show little 

variation throughout the year. I also applied an information-theoretical approach to 

determine the effects of a large number of variables, both biological and those imposed 

on tigers by the captive environment, on tiger behaviour. 

In the current final chapter, I highlight and discuss the key findings of my thesis 

and any relevant implications for the tigers studied. This includes the validation of a 

highly sensitive and robust enzyme immunoassay (EIA) for measuring FGMs. I also 

discuss the impact of season on FGM concentrations throughout the year, and how my 

research identified the lowest FGMs to occur in each location during seasons that most 

closely resemble the tiger’s native climate particularly regarding precipitation. 

Behavioural observations further revealed the importance of water in the form of 

enclosure pools, as well as the importance of olfactory stimulus, on tiger welfare. 
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Lastly, where appropriate, I offer suggestions of managerial changes and enrichment, as 

well as enclosure design, which may potentially help alleviate identified issues and/or 

suggest further avenues of research that may provide a greater level of understanding of 

tiger welfare. 

 

6.1. Discussion of Key findings, recommendations, and future directions 

6.1.1. Enzyme immunoassay validation 

My initial pilot study performed a biological validation to test the suitability of four 

different EIAs, already fully validated for several species, for detecting FGMs in tiger 

faeces. By comparing baseline samples to a peak FGM sample obtained after the 

transport of a female tiger (transport being a known significant stressor; Dembiec, 

Snider, & Zanella, 2004; Rozhnov et al., 2010), two EIAs were found to be acceptable: 

the 37e EIA and the 72a EIA, with the latter deemed most appropriate given its greater 

sensitivity. I attempted to confirm the stability of tiger FGMs detected by the 72a EIA 

by conducting an experiment involving leaving freshly collected tiger faeces outside 

exposed to the elements and taking sub-samples over time. However, due to COVID-19 

restricting lab access an insufficient number of these were able to be analysed in time 

for this thesis. From the literature, however, the FGMs measured by the 72a EIA also 

appear to be relatively stable in the faeces of other felids post defecation (Morris, 

Winter, Cato, Ritchie, & Bokkenheuser, 1986; Webster, Burroughs, Laver, & 

Ganswindt, 2018) and my  preliminary analyses did seem to concur with these 

findings). Furthermore, extensive review of the literature suggests that the irreversible 

conversion of glucocorticoids to the main FGMs detected by the 72a EIA (i.e. C19 

steroids with a C17-oxo group) by gut bacteria is likely to be almost complete prior to 

defecation in felids, suggesting limited changes post defecation (see section 1.4.4.3). 

 Repeated assessment of animal welfare is an important practice in modern 

zoological institutions, and zoos accredited with WAZA and/or its regional bodies are 

regularly assessed to maintain their accreditation. Having validated in-house EIAs 

provides a cost-effective means of regularly monitoring the physiological welfare of 

animals. Assay kits are readily available and easy to use for most zoos with a laboratory 

setup, however, these can cost around $1,000 AU for one assay plate capable of testing 

approximately 35 samples in duplicate. In contrast, my protocol was more cost-

effective, at about $25 per plate. Any extensive monitoring using assay kits would be 
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financially straining, especially considering that for some lower income countries even 

protocols such as mine may be too financially taxing (personal communication, 

assistant director of a South East Asian Zoos Association member zoo). In addition, kits 

that claim to measure cortisol in a variety of sampling media, including faeces, should 

be viewed with caution, as in most species only metabolites remain in the faeces (see 

Palme (2019) for review). Unless an assay kit has been specifically validated for use 

with the sampling media of the species of interest, then validation experiments must be 

done which may itself require multiple plates. Although in-house EIAs are more cost-

effective, they are technically complex, and it is therefore recommended that those 

wishing to go down this path partner with researchers experienced with their use. The 

wealth of knowledge that can be gained from such studies is also enticing to researchers 

and partnerships between Universities and zoos, such as those I formed for this 

research, are beneficial for both and may bring the costs for zoos down to just the labour 

required to collect the samples.  

Having validated and identified the 72a EIA as most suitable for tiger faecal 

samples, it was used to analyse all the samples collected. The longitudinal approach 

used in my project, which spanned 13 – 15 months in three of my sample sites, provided 

further validation identifying FGM peaks in individuals of each sex in response to 

known potentially stress-inducing events. Furthermore, an EIA for measuring faecal 

oestrogen metabolites was used to confirm oestrous cycling in tigers during the 

observational study periods, thereby also providing a biological validation for its use 

with tiger faeces.  

To determine the exact metabolites present in the faeces of tigers, high 

performance liquid chromatography radiometabolism studies could be conducted. 

Schatz and Palme (2001) performed such experiments in domestic cats (Felis catus) and 

confirmed that the 72a EIA does not cross-react with metabolites in their faeces from 

other steroids, such as androgens, as has been observed in other species (e.g. domestic 

dogs, Canis lupus familiaris; Schatz and Palme, 2001; African elephants, Loxodonta 

Africana; Ganswindt, Palme, Heistermann, Borragan, and Hodges, 2003). Equipped 

with such knowledge, more a priori assumptions as to which EIAs will be most 

sensitive for detecting target faecal metabolites in a given species can be made, thus 

refining the list of candidate EIAs to test. However, the need for animal handling and 

the necessity of radioactive materials make these experiments more difficult and less 

likely to receive approval for use with valuable and/or dangerous species such as tigers. 
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6.1.2. Impact of season – Longitudinal analysis of faecal glucocorticoid metabolites in 

Sumatran tiger (Panthera tigris sumatrae) faeces 

The ability to conduct a longitudinal study allowed identification of long-term factors 

that are rarely considered in shorter studies. One important factor was the effect of 

season, with my models indicating it to be the greatest predictor for FGM concentration 

at each zoo rather than specific daily weather variables. As the zoos in my study were 

distributed around Australia and subject to differing climates, it meant that the 

parameters of the seasons (Summer, Autumn, Winter, and Spring) showed a level of 

variation at each site. Seasons at each location that most closely matched the Sumatran 

tiger’s native tropical rainforest climate, with warm relatively invariant annual 

temperatures and high precipitation year-round (BMKG, 2019), showed the lowest 

FGM concentrations, with the relative level of precipitation appearing to be the main 

driver. Adelaide Zoo and Perth Zoo, experiencing a Mediterranean climate, have wet 

Winters (relatively mild in temperature) and dry Summers (Australian Government 

Bureau of Meteorology, 2019). As such these seasons predicted the lowest and highest 

FGM concentrations, respectively. However, the National Zoo and Aquarium 

experiences an Oceanic climate and as such experienced less pronounced differences in 

precipitation throughout the year but had the lowest recorded precipitation in Autumn, 

which did indeed show the highest FGM concentrations. Furthermore, it appeared that 

colder temperatures may also cause an increase in FGM concentrations, when they are 

much lower than those in Sumatra, as evidenced by the NZA Winter, being by far the 

coldest among the three study sites, predicting the second highest FGM concentration at 

NZA. 

To my knowledge, this is the first study assessing the effects of changing 

climatic variables on Sumatran tiger physiology, and thus the potential impacts on 

welfare. However, Naidenko et al. (2011) assessed the effects of ambient temperature 

on captive and wild Amur tiger (Panthera tigris altaica) FGM concentration. They 

found that while individuals housed in the Moscow Zoo appeared to be unaffected 

throughout the year, wild individuals in a much colder region of Russia (the Ussuriiskii 

forest reserve) showed significantly higher FGM concentrations in the colder months. 

The Amur tiger is well suited to a colder environment, having developed a thicker fur 

and being approximately twice the size of the Sumatran tiger (Heptner & Sludskii, 

1992; Sunquist & Sunquist, 2002), yet could still be affected by colder temperatures.  
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Tolerance to lower temperatures is likely in part age dependent with the geriatric 

tiger at AZ showing the opposite seasonal relationship than adults at AZ, with Winter 

predicting high FGM concentrations and Summer low, apparently overriding the 

preference for higher precipitation. Given Australia is relatively warm compared to 

many parts of the world, fewer measures are likely taken against the cold. Especially 

when considering tigers are thought of as being quite adaptable, inhabiting regions that 

experience temperatures as low as -40°C (e.g. Amur tigers, in Russia) to those that 

experience highs of over 40°C (e.g. Bengal tigers, Panthera tigris tigris, in India; 

Mazak, 1981; Sunquist & Sunquist, 2002). However, my findings highlight the 

importance of paying more close attention to the seasons and climate, and the need to 

do so regarding the natural habitat of the specific sub-species of tiger, in order to 

maintain tiger welfare.  

Sumatran tigers only inhabit the island of Sumatra, falling along the equator, 

having relatively warm invariable temperatures with an average of at least 18°C in 

every month (BMKG, 2019). Most Australian Winters feature temperatures lower than 

in Sumatra with Winter temperatures at NZA during sampling ranging from 0.2 – 

14.0°C, even those at AZ ranging from 8.7 – 18.9°C predicted much higher FGM 

concentrations in geriatric tigers. Furthermore, regardless of age classification, the 

greatest predictor of an FGM peak occurring within each zoo was the daily maximum 

temperature with lower temperatures predicting a higher chance of a peak. It is therefore 

suggested that, especially for older individuals, Australian Sumatran tiger holders 

should ensure adequate provisions to protect against the cold. 

Further research conducting similar experiments with study sites that experience 

different climates would prove valuable to confirm if all climate regions show 

heightened FGM concentrations in seasons that differ most from Sumatra’s. These 

results are not just valuable to the Sumatran tigers studied but also offer insight into the 

importance of providing captive animals of any species with environments that try to 

mimic their native habitat. 

Furthermore, all tigers in the longitudinal study were housed singly in 

enclosures with swimming pools yet still appeared to benefit from increased 

precipitation causing a reduction in FGM concentrations (except when in concert with 

excess cold). Although the tigers from the longitudinal study did not have behavioural 

observations conducted baseline FGM concentrations have been positively correlated 

with stereotypic and self-injurious behaviour in zoo animals (e.g. polar bear, Ursus 
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maritimus, Shepherdson, Lewis, Carlstead, Bauman, & Perrin, 2013; clouded leopard, 

Neofelis nebulosa, Wielebnowski, Fletchall, Carlstead, Busso, & Brown, 2002), and 

transport stress has been observed to increase both in tigers (Dembiec et al., 2004). 

These findings offer suggestions for novel enrichment regimes, such as the use of 

sprinklers in drier months to simulate rain. A warm mist humidifier in night dens may 

also be beneficial, especially for older tigers at night that may be more adversely 

affected by the cold, though increasing humidity may only be beneficial for Sumatran 

tigers. These suggestions could easily be tested in future experiments by conducting 

observational and faecal sampling of tigers before and after employing such enrichment. 

If signs of positive welfare continued to increase and signs of negative welfare were 

further reduced, then it may indicate additional means by which water is beneficial (see 

section 6.4.1). For example, increased soil moisture promotes the release of odoriferous 

particles from the substrate and humidity also increases vapour density of volatilised 

odorants (Vander Wall, 2003), altogether increasing the availability and strength of 

scents provided to tigers. This could increase patrolling behaviour to explore new scents 

and potentially mark (e.g. spray) in response, as well as to replace their previous scent 

marks more frequently due to increased rate of evaporation (Regnier & Goodwin, 

1977).   

 

6.1.3. The benefits of water – behavioural observations 

The importance of water has been discussed previously with sometimes conflicting 

views. For example, a panel of experts did not rank access to pools as highly important 

for Amur tiger welfare due to low scores of bathing and swimming (Veasey, 2020) yet 

experimental work suggested that the presence of a pool, regardless of how much or 

little time tigers spend in it, corresponds to increased expression of positive behaviour 

and thus a better welfare state (Biolatti et al., 2016). 

In my behavioural study there were tigers that had pools, either a deep pool in 

which the tigers could swim or a small wading pool, and those that did not. My results 

extend  previous findings on the importance of a water source (Biolatti et al., 2016) in 

several ways. I found it to be one of the best predictors for the proportion of time spent 

patrolling with swimming pool predicting the most, wading pool a moderate amount, 

and no pool the least. Furthermore, it was also one of the strongest predictors of the 

most notable behavioural sign of diminished welfare in tigers, pacing, showing the 
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opposite relationship with a swimming pool predicting the least pacing, wading pool a 

moderate amount, and no pool the most. Combined, these results suggest that both the 

presence and the quality of a pool may greatly affect tiger welfare. 

However, it must be noted that the only enclosure that contained a swimming 

pool was also the largest enclosure at the zoo by far and contained the most individuals 

(ranging from 4 – 7 throughout the day, all others had a maximum of two). Veasey 

(2020) argues that the reductionist assessment of Biolatti et al. (2016) likely overstates 

the importance of a pool, suggesting that enclosures with clean pools likely had co-

variables not accounted for by Biolatti’s binary assessment with only four other 

variables. Veasey makes a good point that more than one factor is likely at play, and 

that enclosures that rank highly in one aspect (i.e. having a clean pool rather than a 

muddy or low water level one) likely excel in other areas of enclosure quality too 

(Pitsko, 2003). But given the relatively large number of variables considered in my 

study and the use of an information theoretic approach, the fact that my modelling 

indicated the presence and quality of a pool to be one of the most likely greatest 

contributors to increase patrolling and decrease pacing provides strong evidence as to its 

significance. Furthermore, although the location within the enclosure that behaviours 

took place was not recorded, anecdotally it was observed that tigers often sprayed 

prominent rocks surrounding their pool and would often explore the pool area while 

patrolling, appearing to perform a greater variety of active natural behaviours around 

the pool area (not even including the unique behaviours that can only be performed in it, 

e.g. swimming) than elsewhere. Considering that my study recorded patrolling to be 

taking place in response to performing behaviours including walking, territorial 

marking, smelling/flehmen, that could be driven by a desire to explore and/or forage, 

with all of these behaviours and motivations being ranked highly by the assessment 

described by Veasey, if the presence of a pool is driving patrolling behaviour as my 

results suggest then it no doubt should rank higher in their assessment too. 

  Veasey’s (2020) assessment of the importance of a pool is also somewhat binary 

or narrowly viewed, regarding it less important based on the limited amount of time that 

the panel believed tigers spend bathing. Conversely, they ranked drinking as one of the 

most important behaviours performed, though tigers no doubt do not spend a significant 

portion of their day drinking, time spent performing a behaviour does not necessarily 

determine its importance. Furthermore, the assumption that a pool’s presence only 

serves as a means for thermoregulatory control or potentially to express comfort 
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behaviours is rather reductive in itself. Veasey goes on to argue that the use of water has 

been overestimated in other animal systems too, however, their provided supportive 

reference is another of their papers using the same methodology (a Delphi-based 

review, see Dalkey and Helmer, 1963) using an expert panel’s judgement of the 

psychological welfare benefit.  

Although I do not disagree with the value of expert opinion (who Veasey, 2020, 

stated were mostly zoo professionals with experience managing Amur tigers), I do 

question such a reliance on it while largely eschewing empirical data (see Veasey’s, 

2017, paper titled “In pursuit of peak animal welfare; the need to prioritize the 

meaningful over the measurable”), experts are still capable of bias whether knowingly 

doing so or not. Take, for example, a conversation I had with a senior keeper at 

Dreamworld in front of one of the smaller back-of-house tiger enclosures containing an 

empty pool that was only filled in summer. The keeper stated something to the effect 

that tigers will do the same thing in an enclosure regardless of what is in it. While we 

were in front of the tiger’s enclosure it appeared rather cognitively engaged, coming up 

to the fence line and chuffing at the keeper who would pat it through the fence (recalling 

that this zoo practised hands on management and the tiger was used to full contact with 

keepers). However, outside of this brief interaction the keeper is unaware of the tiger’s 

behaviour yet the observers who watched it all day recorded that this individual, when 

in this enclosure, paced the most out of any tiger (including itself) in any other setting. 

Anecdotal evidence, regardless of expertise, is still anecdotal and should be supported 

by empirical data. As already described in this section, my results suggested a welfare 

impact not even related to spending time in pools, but rather by inducing more 

patrolling behaviour and reducing pacing. The expert panel even ranked drinking and 

the expression of choice/decision making highly, and although captive tigers will 

always be provisioned with drinking water, not being reliant on humans to fill their 

drinking water and being able to procure it elsewhere (e.g. from another water source 

such as a pool/stream) may promote a positive effective state in itself. 

In the wild, water sources are vital to the survival of many species and as such 

tigers can use this to their advantage by preying on animals as they drink, even chasing 

prey into water and using their superior swimming skills to finish the hunt (Breeden & 

Wright, 1996; Sunquist & Sunquist, 2002). Furthermore, tigers in the wild and captivity 

are often observed urinating and defecating into water, in the wild this is particularly 

important for cubs and their dams as a means of hiding their scent from other tigers that 
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may pose a threat (Poddar-Sarkar & Brahmachary, 2014). However, in the wild female 

tiger’s territories rarely show any overlap at all while male territories can overlap with 

multiple females and competition for females can be fatal (Sunquist & Sunquist, 2002), 

but in captivity tigers are constantly relatively near to conspecifics. As such, a water 

source to urinate/defecate into to mask their scent may be beneficial for tigers other than 

cubs and their dams. In my study the cubs were observed to urinate and defecate into 

water more often than not, particularly when in the small enclosure lacking hiding 

places, and the non-cub tigers typically varied between in water and out of sight of the 

visitor viewing areas (of which I was informed by keepers who were collecting faeces 

for my study). Unfortunately, this can only be reported anecdotally as I cannot be sure 

how frequently tigers defecated and particularly urinated while out of sight. Regardless, 

the literature alone indicates that an enclosure pool is an important resource for a tiger, 

which my results indicate may elicit patrolling and territorial marking behaviour.  

Regarding a water source as a means of thermoregulation, tigers do have other 

potential mechanisms with which to cool themselves. For example, felid tongues have 

hollow papillae that wick saliva into fur enabling enhanced evaporative cooling through 

grooming (Noel & Hu, 2018), and lions and tigers lie on their back to expose their loin 

(where fur is thinner) thereby increasing heat dissipation (Y. Smith & Kok, 2006a; 

Stryker et al., 2019). Interestingly, a lack of pool did not predict a significantly lower 

amount of comfort behaviours for geriatric tigers and, although the breakdown of 

specific comfort behaviours was not a focus and thus not statistically assessed, they 

appeared to spend comparatively more time lying on their back. However, the only time 

geriatric tigers were in an enclosure without a pool was when they were held singly, 

which means loin exposure could be performed without fear of attack while in this more 

vulnerable position (note this may not be specific to geriatric tigers, but they are the 

only age group that had individuals held singly in an enclosure without a pool allowing 

for this comparison). Observations by Y. Smith and Kok (2006a) suggested that 

subordinate African lions (Panthera leo) perform less loin exposure, which is supported 

in my study by the observation that the sub-adult tigers in the large group enclosure 

were never observed lying on their backs. This suggests that an enclosure pool may be 

more important as a means of thermoregulation for group housed tigers. However, as 

observed in African lions by Y. Smith and Kok (2006b), there may be a temperature 

limit at which loin exposure is not sufficient to maintain the thermoneutral zone 

resulting in panting if a more efficient means of cooling, such as a pool, is not present. 
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Finally, the presence of a pool allows for tigers to perform comfort behaviours 

such as lying in water, which is obviously not possible when no pool exists. However, 

my results indicated that there was little difference in the total amount of comfort 

behaviours predicted due to an enclosure having a swimming pool compared to a 

wading pool, though as expected both predicted higher rates of comfort behaviours than 

enclosures without a pool. 

Considering that most of the perceived benefits of the enclosure pools in my 

study were not due to the tigers bathing, and the comfort behaviours observed were not 

related to the size of the pool, perhaps there should be a shift in the way we view pools 

in tiger enclosures. Rather than focussing resources, which can be limiting for zoos, on 

building large central pools we should instead focus on multiple pools spread 

throughout the enclosure even if they are smaller. Or perhaps stream systems that flow 

throughout the enclosure as some zoos do indeed have. This may encourage greater use 

of the total enclosure area which previously has been shown can be quite low in felids 

(Lyons, Young, & Deag, 1997; White, Houser, Fuller, Taylor, & Elliott, 2003). There is 

also the possibility with group housed tigers that such a valuable resource as a pool may 

elicit resource guarding behaviours and be a possible cause of conflict between animals 

as has been observed in multi-household domestic cats (Moesta & Crowell-Davis, 

2011), multiple pools may help prevent this.  

 

6.1.4. To pace or patrol, what variables predict the answer? 

Patrolling is a natural, species specific, exploratory behaviour that, as mentioned in the 

previous section (6.1.4.), includes many behaviours that experts believe to be important 

cognitively engaging behaviours for tigers (Veasey, 2020). In contrast, stereotypic 

pacing is an invariant and repetitive behaviour considered to arise from an inability to 

fully express natural locomotory behaviour, hence its prevalence in wide ranging 

carnivores being restricted in their movements by captivity (Clubb & Mason, 2007; 

Mason & Rushen, 2006). My results support this, suggesting that non-cub tigers have a 

natural desire to patrol and mark territory, but when prevented from doing so they will 

instead pace. As mentioned in the previous section (6.1.4.), the presence and quality of a 

pool was a strong predictor for the amount of pacing and patrolling observed, however, 

my results suggest that olfactory cues were a greater driver for these behaviours in the 

study tigers.  
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From the modelling, the variable that affected the amount of patrolling the most 

was if a tiger entered an enclosure in the afternoon after another had been present in it 

during the morning which alone resulted in an approximately 4-fold increase in some 

tigers. Although many zoos do implement olfactory enrichment, the peer review 

literature is incredibly limited on the topic. However, it has been shown that the use of 

spices or prey species dung can reduce pacing and increase active behaviours (Skibiel, 

Trevino, & Naugher, 2007; Van Metter, Harriger, & Bolen, 2008). To my knowledge 

though, no peer reviewed studies have looked at the effect of conspecific scent marks on 

tiger behaviour, either artificially introduced to their enclosure by keepers or naturally 

occurring due to rotating tigers through the same enclosure despite this being standard 

practise in many facilities including Dreamworld. However, Carlstead and Seidensticker 

(1991) showed that pacing in an American black bear (Ursus americanus) could be 

significantly reduce by the introduction of bear odours (a variety of scents from a 

variety of bear species, including urine from American black bears). Furthermore, 

White et al. (2003) rotated a Sumatran tiger and four groups of potential prey species 

(three of which are native to Sumatra and are preyed upon by Sumatran tigers in the 

wild) through three exhibits and only observed the Sumatran tiger to spray if it was not 

the first animal in the enclosure for the day (0 of 34 observations when in the enclosure 

first and 36 of 236 when not). Tiger scent marks can be detected by the human nose for 

weeks (Schaller, 1967), and in the wild tigers generally remark locations every three 

weeks (Sunquist & Sunquist, 2002), though it is believed the aroma changes more 

rapidly over time but the specifics are difficult to assess (Poddar-Sarkar & 

Brahmachary, 2014). My results, and those of White et al. imply an added effect due to 

the freshness of a scent.  

Although not part of my study’s objectives given it was purely opportunistic 

without implementing any management changes, my results have provided some 

evidence for the potential benefits of enclosure rotation with conspecifics as a form of 

enrichment in tigers. The greatest measure of this was observed in the male tiger Pi, 

who spent each morning in an enclosure with the tiger cub Kai (approximately 13 

months old), with no olfactory presence of conspecific adult tigers ever introduced to 

the enclosure nor in an adjacent one. And although tiger cubs have been observed to 

spray from 7 months (and sometimes earlier, personal observation) and begin to do so 

more regularly at 1 year the lipid content (i.e. the fixative agent) is much less than in 

adults (Poddar-Sarkar & Brahmachary, 2014), and with the lack of sex steroids it is 
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likely of little interest. In this enclosure Pi was predicted to show the greatest proportion 

of time spent pacing and lowest patrolling of any adult tiger at 27.9% and 0.8%, 

respectively. However, during the day he would be brought into the largest most 

complex enclosure, where multiple conspecifics were already present, and was 

predicted to pace and patrol 2.2% and 17.4%, respectively. Anecdotally, most of his 

patrolling in this enclosure was performed when first entering, with his amount of 

spraying showing the same pattern between the enclosures. This provides strong 

evidence that his welfare was improved when in the better enclosure, but to isolate the 

effect of the potential olfactory enrichment I would recommend moving other tigers into 

his worse enclosure while he is absent to determine if that improves his behaviour in it 

upon his return. Interestingly, his lower quality enclosure was adjacent to the night dens 

of two cougars (visual access possible from certain parts of the enclosure) who would 

rotate into the enclosure in the afternoons. Anecdotally the observers noted Pi to rarely 

pace along the side of the enclosure leading to the cougar’s night dens, yet one of his 

favourite resting spots was atop a nest box along that side suggesting that the cougars 

were not a concern for him.  

Scent marks convey a wealth of information about the individual that produced 

them, as such it would make sense for a tiger exposed to scent marks of a conspecific to 

patrol more, moving around the enclosure to smell each scent mark and then leave its 

own in the same location. This can be to claim territory, hence its increase when a 

valuable resource such as a pool is present, or to indicate sexual availability (Poddar-

Sarkar & Brahmachary, 2014; Sunquist & Sunquist, 2002). The latter reason appeared 

to have the most profound effect on increasing the drive for exploratory behaviours. 

Oestrus clearly promoted a large increase in the drive for exploratory locomotor 

behaviours, with tigers in oestrus or those exposed to signs of oestrus (e.g. housed with 

or adjacent to a tiger in oestrus or exposed to one’s scent) predicted to have a dramatic 

increase in patrolling behaviour. However, given the confines of captivity, and perhaps 

the fact that they are unable to get to each other, once they have patrolled and sprayed 

everything multiple times then the excess drive to patrol will be expressed as pacing. 

Tigers that were observed while in oestrus or exposed to signs of oestrus, and 

also when not, showed that oestrus predicted approximately twice as much patrolling 

and spraying. This effect appeared to be conserved across sexes, but in both situations 

males were predicted to patrol and spray approximately 2.5 times as much as females 

which makes sense given their much larger territories in the wild (Sunquist & Sunquist, 
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2002). This also indicates that spraying occurred at the same rate during patrolling 

regardless of these drivers for it. However, group housed females were predicted to 

spray 2.5 times more than singly held females (similar to the males) but without an 

associated rise in patrolling. Anecdotally the tigers were observed to spray in similar 

locations, often over the top of each other’s marking. Almost all of these observations 

mirror those of wild tigers by J. L. D. Smith, McDougal, and Miquelle (1989), showing 

scent marking to increase in both sexes in response to female oestrus patterns and to 

occur more frequently at shared territory boundaries, specifically in response to marking 

from the conspecific in the adjacent territory. 

In general, the study animals at Dreamworld did not pace a significant amount 

(typically < 3%) with those that were housed alone not pacing at all except when either 

in oestrous or exposed to signs of oestrus (e.g. an adjacent tiger in oestrus, or entering 

an enclosure in the afternoon after a tiger in oestrus was present in the enclosure in the 

morning). De Rouck, Kitchener, Law, and Nelissen (2005) found that the presence of 

adjacent conspecifics led to higher rates of pacing for both single and paired tigers 

(compared to paired without adjacent conspecifics, single tigers always had adjacent 

conspecifics in their study), and the only tiger in their study that was thought to be in 

oestrus was reported to pace much more than others. However, they did not report on 

whether or not adjacent conspecifics were in oestrus. In their study, paired tigers 

without adjacent conspecifics paced at a similarly low rate to group housed tigers in my 

study (approximately 5%) and it was stated that practically all tigers paced, which they 

suggested may have been due to other cat species, competitors, and prey, housed in 

neighbouring enclosures. At Dreamworld, the tiger enclosures were kept in one area of 

the theme park on the opposite end to the ‘corrobboree’ section which housed other 

animals (with the exception of the two cougars previously described), with hundreds of 

metres of rides and visitors between. Two of the singly held tigers in my study were a 

breeding pair (only housed together for mating) that would spend alternating days in 

their exhibit which had clear visual access to the other in the night den, yet no pacing 

was observed except when the female was in oestrus which predicted a large increase to 

one of the highest rates of 16.3% in both. Miller, Bettinger, and Mellen (2008) showed 

that a visual barrier can reduce pacing in tigers while Bashaw, Kelling, Bloomsmith, 

and Maple (2007) showed the opposite response, however, the tigers in the Miller et al. 

study were separated by glass and a visitor walkway likely impairing olfactory 

communication whereas in the Bashaw et al. study only mesh fencing separated the 
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tigers allowing for olfactory stimulus to be detected easily. In my study there was one 

other singly held tiger, a geriatric male, that had olfactory only signals of oestrus and 

pacing was predicted to increase to a lower degree at a rate of 4.8% (up from no pacing 

in singly housed tigers). Given the limited number of individuals in the study, it could 

not be confirmed if this lower rate was due to the olfactory only signal, the fact that the 

tiger in oestrus was not the tiger’s mate, or that the tiger was a geriatric tiger which the 

model predicted to pace less in general. Future experiments using more individuals 

under such conditions would be useful to confirm if the observed effect is applicable to 

the wider population. However, these findings do further highlight the importance of 

larger more complex enclosures, as the point at which the increased drive to patrol in 

response to olfactory stimuli/enrichment spills over into causing an increase in pacing is 

pushed back. This is evidenced by the fact that the tigers in the largest and most 

complex enclosure, which was observed while some occupants were in oestrus and also 

when none were, consistently showed low levels of pacing (< 3%). 

Although the potential benefits of olfactory enrichment seem to offer an 

effective way to increase natural behaviours and decrease pacing, other variables or 

individual preference may need to be taken into consideration to ensure pacing does not 

increase instead, potentially outweighing any positive benefits. In particular relating to 

this study, one of the female tigers, Shanti, was observed to pace far more frequently 

than her sister, Jaya, when they were housed in an enclosure on a rotating schedule with 

a male tiger. However, when Shanti and Jaya were moved to their own enclosure upon 

its construction between the second and third observation period, Shanti’s proportion of 

time spent pacing was significantly reduced to levels similar to those of her sister. 

Given they were littermates and managed in the same way there were no variables 

differentiating between the two except for the important discovery from the faecal 

oestrogen metabolite analyses that Shanti was acyclic. This may cause enclosure 

rotation with an unrelated male to induce pacing, especially considering that the 

enclosure had no water source and thus offered no means of masking her own scent. 

Interestingly, the keeping staff believed both Shanti and Jaya to be acyclic, as they 

never observed either to show signs of oestrus observed in their other female tigers (e.g. 

increased affection, vocalisations, rolling). However, Jaya showed normal oestrous 

cycle patterns from faecal oestrogen metabolite measures and was even in oestrus 

during observations which was predicted to be the cause of her spraying almost three 

times as much as Shanti. This indicator of oestrus is easily missed by keeping staff as 
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they are not constantly watching the tigers as the observers were during the study, 

which is another indicator of the benefits of conducting regular welfare assessments. In 

the wild, tigers are typically solitary animals, with female’s territories rarely 

overlapping though the much larger territories of the males may overlap with several 

females (Sunquist & Sunquist, 2002). Shanti and Jaya sharing an enclosure could be the 

cause of Jaya’s supressed behavioural expression of oestrus and Shanti’s complete 

inhibition of cyclicity. Follow up observations, both behavioural and physiological, of 

these two tigers would be useful to reveal if moving to the new enclosure without 

rotating with other tigers has resolved this. If not, it could be worth trialling housing 

Shanti and Jaya separately. These two individuals are important members of the captive 

Sumatran tiger population and of great potential genetic value to the Australasian 

Sumatran tiger captive breeding program but have not been considered as suitable due 

to the belief that they are acyclic (personal communication with head tiger keeper).      

 My results indicate that olfactory signs of other tigers, especially those in 

oestrus, increases active behaviours. If sufficient enclosure size and complexity is 

provided then this is likely to be expressed as natural locomotory patrolling behaviour, 

if not then the inability to seek out a mate or avoid conspecifics may be significant 

drivers of pacing in captivity. Greater provisions may be required for males as they 

patrolled approximately twice as much, likely due to the fact that they have much larger 

home ranges in the wild. This may also be necessary for group housed females as when 

exposed to signs of oestrus they (as well as males) sprayed approximately 2.5 times as 

much as singly held female tigers, indicating possible mate competition and/or 

territoriality likely stemming from the fact that in the wild females’ territories typically 

do not overlap and if encounters do occur they can be very aggressive (Sunquist & 

Sunquist, 2002).  

Although group housing tigers provides additional scents which drives patrolling 

and scent marking behaviour, with tigers often observed spraying the same area over the 

top of each other’s, it is unclear if the same effect could not be achieved through 

olfactory enrichment. Group housing increases the variety of behaviours performed; 

however, this includes agonistic behaviours. Interactions between individuals appeared 

to be very specific to the individuals involved and were thus unable to provide as strong 

indications of generalised predictors. To explore these social interactions more deeply, 

greater analysis of the specific social interactions and networks would be required, as 

has been undertaken with African lions (Abell et al., 2013). However, my results do 



245 
 

make clear the potential benefits to tiger welfare that may be possible through olfactory 

enrichment, and future experimental studies should be designed to assess this more than 

could be done in my opportunistic study that did not involve manipulation of 

management practises. Literature of wild tigers clearly highlights the importance of 

olfactory stimulus for tigers (J. L. D. Smith et al., 1989; Sunquist & Sunquist, 2002), yet 

peer review literature on olfactory enrichment for tigers is almost non-existent (Skibiel 

et al., 2007; Van Metter et al., 2008).  

 

6.2. Summary and Conclusion 

Animal welfare requires regular monitoring with standardised tools to ensure it is 

maintained throughout the year regardless of changing environmental factors. My study 

tested a variety of EIA systems, not before used on tiger faecal samples, and validated a 

highly sensitive assay for FGM detection for Sumatran tigers. My protocol is relatively 

cheap, and the metabolites detected by the EIA are relatively stable post defecation, 

providing a cost effective and practical option for long term non-invasive hormone 

monitoring. Furthermore, I have provided a guide for other researchers to conduct their 

own validation experiments, applicable to other species and immunoassays. 

For Sumatran tigers, FGM concentrations were lowest in seasons which most 

resembled their native climate regarding precipitation levels, with the driest seasons 

causing the highest concentrations. It is unclear if this is simply to do with matching 

their native climate, or if it is due to the effects of soil moisture and humidity on 

olfaction, or a combination of these and other factors. Furthermore, temperatures much 

lower than the tiger’s native habitat may cause them to be more prone to experiencing a 

physiological stress response (signified by a peak in FGM). Follow up experiments 

observing tigers from the longitudinal FGM study during the different seasons could 

elucidate if the observed changes in FGMs translates to changes in their behaviour. 

In the behavioural study, olfactory cues were the strongest drivers of positive 

exploratory behaviours (e.g. patrolling and spraying) while mostly reducing negative 

ones (e.g. pacing). Increased positive and decreased negative behaviours were also 

driven by enclosure complexity, with the largest enclosure containing the largest pool 

and highest number of tigers having the greatest effect. However, caution is advised 

regarding oestrus, as tigers experiencing it or those exposed to signs of it may increase 

their rate of pacing if their enclosure is not adequate (e.g. complexity, size) to 
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accommodate the increased drive for exploratory behaviours that oestrus promotes. 

Furthermore, certain individuals may experience negative effects due to the scents of 

conspecifics and/or those sharing their enclosure. This may have been the case for the 

two tigers who were believed by keeping staff to be acyclic, but analysis of faecal 

oestrogen metabolites found one to display normal oestrus patterns. By combining 

physiological measures with behavioural I was able to uncover this detail that 

behavioural observations of the keepers, who know their animals best, was unable to 

determine.  

 My research has highlighted the potential welfare benefits that proper use of 

olfactory enrichment may provide. It has also provided more evidence as to the 

importance of water for captive tigers and revealed how we may better use it to improve 

welfare. For instance, rather than spending valuable resources on a large central 

swimming pool, tigers may benefit more from multiple smaller pools spread throughout 

the enclosure by increasing the amount of perceived valuable space/resources within the 

enclosure while potentially reducing the chance of any negative resource competition. 

Sprinklers may also be useful, particularly for Sumatran tigers to simulate rain but also, 

to stimulate the release of odoriferous substances from the substrate and as an extra 

option for thermoregulation and play. The effects of these suggestions should be 

assessed by planned experimental studies utilising both physiological and behavioural 

measures, providing a multi-faceted approach to welfare monitoring. 
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Appendix 1:  

Supplementary information: Enzyme immunoassay selection using R 

Joshua M. Scherpenhuizen 

 

1.1 Preface 

This document provides very simple R code (R Core Team, 2020) to aid in the selection 

of an enzyme immunoassay (EIA). The code presented does not represent a definitive 

way to select an EIA. The approach used was to include assumptions such that the code 

can be utilized by both experienced and inexperienced users of R. In particular, the first 

section Creating a dose response curve with the drc package is designed to create the 

essential four/five-parameter log-logistic curves to interpret raw outputs from plate 

readers. Other software (including plate reader inbuilt options) can cost thousands of 

dollars. It is recommended that the reader also study and reference Ritz, Baty, Streibig, 

and Gerhard (2015) if using code from Creating a dose response curve with the drc 

package and Fanson and Fanson (2014) when using code from Identifying peaks as they 

were the creators of the packages required and much of the code reported here comes 

from within those documents. The text by Fanson and Fanson (2014) is actually an 

instruction manual which is very easy to follow and even begins with how to install R. 

The present report begins with a description of the approach to installation of required 

packages. For novice users of R, it is recommended that an important step in 

preparation for using the package presented here is to complete the online tutorial 

available with the R package. 
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1.2 Setting up and using this guide 

All calculations were performed in Rstudio with R version 4.0.0 (2020-04-24). Begin by 

creating a new project and opening a new R script. All code throughout this document 

(in grey boxes) can be copied and pasted to the R script file (to save the code) and can 

be run to provide the described output. This guide provides the code followed by the 

output it produces (using example data or data from the main article). This example 

output begins with ‘##’ and is not required to be copy/pasted, though it can be as in R 

‘#’ prevent R from running the following code. Sentences between them #like this# are 

notes which should also not be run as code. 

Below are listed all the packages required. Packages only need to be installed the 

first time (tip: after installing the packages with the provided code add ## around them 

so you do not run them again in future but they are still there for reference and for if re-

installation if required). After a package is installed it must still be loaded to be used. 

This is done with the ‘library()’ function (shown throughout where needed) and must be 

done each time RStudio is started. 

install.packages("readxl") 
install.packages("drc") 
install.packages("ggpubr") 
install.packages("Hmisc") 
install.packages("devtools") 
install.packages("tidyverse") 
install.packages("RCurl") 
install.packages("usethis") 
install_github('bfanson/hormLong') 
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1.3 Creating a dose response curve with the drc package 

After copying the exported plate reader data to supplementary material: 

DataTemplate72a.xlsx, it can be uploaded to R to create a dose response curve with the 

package drc. Typically, a four or five -parameter log-logistic model (4/5PL) will be 

most suitable for enzyme immunoassay curve fitting, which to use will depend on if the 

data is symmetrical (4PL) or asymmetrical (5PL): 

𝑓(𝑥) = 𝑐 +
𝑑 − 𝑐

(1 + exp(𝑏(log(𝑥) − log(𝑒))))𝑓
 

Where b is the steepness of the curve, e is the inflection point (referred to as the ED50 

in the drc package), and c and d are the lower and upper limits of detection, 

respectively. f is a correction factor for asymmetry and thus not present or can be set to 

1 in the 4PL model. 

 

The first step is importing the data and assigning it to an object: 

library(readxl) 

AssayData <- read_excel("DataTemplate72a.xlsx", sheet = "Standar
dCurveR") 
 
AssayData 

## # A tibble: 14 x 3 
##    Replication   conc    OD 
##          <dbl>  <dbl> <dbl> 
##  1           1   2.05  91.2 
##  2           1   5.12  88.0 
##  3           1  12.8   79.2 
##  4           1  32     61.9 
##  5           1  80     42.1 
##  6           1 200     23.4 
##  7           1 500     11.6 
##  8           2   2.05  95.0 
##  9           2   5.12  86.3 
## 10           2  12.8   80.4 
## 11           2  32     63.7 
## 12           2  80     41.4 
## 13           2 200     21.1 
## 14           2 500     13.1 
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We can then fit our model (4 and 5 parametric shown) 

library(drc) 
 
AssayData.curve <- drm(OD ~ conc, fct = LL.4(), data = AssayData
) 
 
summary(AssayData.curve) 

##  
## Model fitted: Log-logistic (ED50 as parameter) (4 parms) 
##  
## Parameter estimates: 
##  
##                Estimate Std. Error t-value   p-value     
## b:(Intercept)  1.054410   0.075347 13.9941 6.800e-08 *** 
## c:(Intercept)  3.604303   2.535055  1.4218    0.1855     
## d:(Intercept) 94.993376   1.416630 67.0559 1.329e-14 *** 
## e:(Intercept) 57.177706   3.631704 15.7440 2.194e-08 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 
1 
##  
## Residual standard error: 
##  
##  1.448261 (10 degrees of freedom) 

AssayData.curve5PL <- drm(OD ~ conc, fct = LL.5(), data = AssayD
ata) 
 
summary(AssayData.curve5PL) 

##  
## Model fitted: Generalized log-logistic (ED50 as parameter) (5 
parms) 
##  
## Parameter estimates: 
##  
##                Estimate Std. Error t-value   p-value     
## b:(Intercept)   0.88532    0.16264  5.4433 0.0004092 *** 
## c:(Intercept)   8.95277    4.04146  2.2152 0.0539823 .   
## d:(Intercept)  96.57323    2.38786 40.4433  1.72e-11 *** 
## e:(Intercept) 222.27117  438.79221  0.5066 0.6246452     
## f:(Intercept)   2.90872    4.14985  0.7009 0.5010703     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 
1 
##  
## Residual standard error: 
##  
##  1.44908 (9 degrees of freedom) 

And plot to see if the regression model/s accurately reflect our data 
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plot(AssayData.curve) 
points(x=AssayData$conc, y=AssayData$OD, type="p") 

plot(AssayData.curve5PL) 
points(x=AssayData$conc, y=AssayData$OD, type="p"

 

From the plots above it seems that both are acceptable and similar to each other with the 

example data.  Whether or not a model is suitable can be further confirmed by testing 

for lack of fit against an ANOVA (the most general model, so P > 0.05 indicates no 

significant difference from this and thus may indicate an appropriate model). The most 

appropriate models can be determined by comparing the Akaike Information Criterion 

(AIC), with lower values indicating a better fit 

modelFit(AssayData.curve) 

## Lack-of-fit test 
##  
##           ModelDf    RSS Df F value p value 
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## ANOVA           7 15.055                    
## DRC model      10 20.975  3  0.9174  0.4802 

modelFit(AssayData.curve5PL) 

## Lack-of-fit test 
##  
##           ModelDf    RSS Df F value p value 
## ANOVA           7 15.055                    
## DRC model       9 18.898  2  0.8935  0.4512 

AIC(AssayData.curve, AssayData.curve5PL) 

##                    df      AIC 
## AssayData.curve     5 55.38984 
## AssayData.curve5PL  6 55.93063 

From this we can see that the 4PL is the more suitable model and can copy and paste the 

parameter estimates (highlighted below) directly from the R console to the indicated 

position in the supplementary material: DataTemplate72a.xlsx. The plot can also be 

copied or saved using the export option under the plot tab 

summary(AssayData.curve) 

##  
## Model fitted: Log-logistic (ED50 as parameter) (4 parms) 
##  
## Parameter estimates: 
##  
##                Estimate Std. Error t-value   p-value     
## b:(Intercept)  1.054410   0.075347 13.9941 6.800e-08 *** 
## c:(Intercept)  3.604303   2.535055  1.4218    0.1855     
## d:(Intercept) 94.993376   1.416630 67.0559 1.329e-14 *** 
## e:(Intercept) 57.177706   3.631704 15.7440 2.194e-08 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 
1 
##  
## Residual standard error: 
##  
##  1.448261 (10 degrees of freedom) 
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1.4 EIA comparisons 

After obtaining FGM concentrations (ng/g) with all EIAs they can be checked for 

normality in R both graphically and by using the Shapiro-Wilk test of normality 

library(readxl) 
library(ggpubr) 
library(Hmisc) 
 
ng_g <- read_excel("DataTemplate72a.xlsx", sheet = "ng_g") 
ng_g 

## # A tibble: 32 x 4 
##    `72a`  `72t` `37e` Cortisol 
##    <dbl>  <dbl> <dbl>    <dbl> 
##  1 1176.  3856.  500.     4.58 
##  2 4221. 25406. 1215.    37.6  
##  3 2770. 10860. 1231.    13.4  
##  4 2904. 11699. 1075.    17.5  
##  5 1688.  4343.  829.    25.7  
##  6 2011.  3876.  752.    15.9  
##  7 2746. 10436. 1242.    16.3  
##  8 2426. 11169. 1045.     8.56 
##  9  639.  1021.  703.     5.83 
## 10 5242. 29651. 1307.    22.6  
## # ... with 22 more rows 

#Only the 72a EIA will be shown graphically as an example#  
 
gghistogram(ng_g$`72a`, bins = 30)   

 

#note if 'bins' is left out defaults to 30# 
ggdensity(ng_g$`72a`) 
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ggqqplot(ng_g$`72a`) 

 

shapiro.test(ng_g$`72a`) 

##  
##  Shapiro-Wilk normality test 
##  
## data:  ng_g$`72a` 
## W = 0.75886, p-value = 7.515e-06 

shapiro.test(ng_g$`72t`) 

##  
##  Shapiro-Wilk normality test 
##  
## data:  ng_g$`72t` 
## W = 0.84016, p-value = 0.0002559 

shapiro.test(ng_g$`37e`) 

##  
##  Shapiro-Wilk normality test 
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##  
## data:  ng_g$`37e` 
## W = 0.79257, p-value = 2.965e-05 

shapiro.test(ng_g$Cortisol) 

##  
##  Shapiro-Wilk normality test 
##  
## data:  ng_g$Cortisol 
## W = 0.86223, p-value = 0.0007725 

#Note, the `` around 72a, 72t, and 37e have been added by R when 
reading the excel file to prevent the column headings being read 
as numeric. This means that all code referring to them must incl
ude the same (as seen above) to prevent returning an error. Thes
e are examples of bad column headings when using R and should be 
avoided, they have only been included here for clarity between t
he main text and this supplementary material. They can be change
d within R, but should be avoided in your excel sheets regardles
s as errors may occur during import. There are many online guide
s detailing proper R naming conventions.#   

Clearly none of the data is normally distributed so the data can be transformed to meet 

the assumption of normality 

ng_g_log <- log(ng_g) 
ng_g_log 

## # A tibble: 32 x 4 
##    `72a` `72t` `37e` Cortisol 
##    <dbl> <dbl> <dbl>    <dbl> 
##  1  7.07  8.26  6.21     1.52 
##  2  8.35 10.1   7.10     3.63 
##  3  7.93  9.29  7.12     2.59 
##  4  7.97  9.37  6.98     2.86 
##  5  7.43  8.38  6.72     3.25 
##  6  7.61  8.26  6.62     2.77 
##  7  7.92  9.25  7.12     2.79 
##  8  7.79  9.32  6.95     2.15 
##  9  6.46  6.93  6.55     1.76 
## 10  8.56 10.3   7.18     3.12 
## # ... with 22 more rows 

gghistogram(ng_g_log$`72a`) 

## Warning: Using `bins = 30` by default. Pick better value with 
the argument 
## `bins`. 
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ggdensity(ng_g_log$`72a`) 

 

 

 

 

ggqqplot(ng_g_log$`72a`) 
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shapiro.test(ng_g_log$`72a`) 

##  
##  Shapiro-Wilk normality test 
##  
## data:  ng_g_log$`72a` 
## W = 0.96033, p-value = 0.2804 

shapiro.test(ng_g_log$`72t`) 

##  
##  Shapiro-Wilk normality test 
##  
## data:  ng_g_log$`72t` 
## W = 0.94163, p-value = 0.08328 

shapiro.test(ng_g_log$`37e`) 

##  
##  Shapiro-Wilk normality test 
##  
## data:  ng_g_log$`37e` 
## W = 0.9569, p-value = 0.2256 

shapiro.test(ng_g_log$Cortisol) 

##  
##  Shapiro-Wilk normality test 
##  
## data:  ng_g_log$Cortisol 
## W = 0.97193, p-value = 0.5542 

then we can compare them a number of ways 

#use type = "spearman" for non-parametric data. Performed below 
with the untransformed data#   
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rcorr(as.matrix(ng_g), type="spearman") 

##          72a  72t  37e Cortisol 
## 72a      1.0 0.90 0.70     0.70 
## 72t      0.9 1.00 0.70     0.63 
## 37e      0.7 0.70 1.00     0.68 
## Cortisol 0.7 0.63 0.68     1.00 
##  
## n= 32  
##  
##  
## P 
##          72a   72t   37e   Cortisol 
## 72a            0e+00 0e+00 0e+00    
## 72t      0e+00       0e+00 1e-04    
## 37e      0e+00 0e+00       0e+00    
## Cortisol 0e+00 1e-04 0e+00 

#use type = "pearson" for normally distributed data (or leave bl
ank as pearson is default). Performed below with the log-transfo
rmed data# 
 
rcorr(as.matrix(ng_g_log), type="pearson") 

##           72a  72t  37e Cortisol 
## 72a      1.00 0.85 0.79     0.69 
## 72t      0.85 1.00 0.72     0.59 
## 37e      0.79 0.72 1.00     0.70 
## Cortisol 0.69 0.59 0.70     1.00 
##  
## n= 32  
##  
##  
## P 
##          72a   72t   37e   Cortisol 
## 72a            0e+00 0e+00 0e+00    
## 72t      0e+00       0e+00 4e-04    
## 37e      0e+00 0e+00       0e+00    
## Cortisol 0e+00 4e-04 0e+00 

#basic pairwise scatter plots can be made for comparisons# 
 
pairs(ng_g_log, pch = 21) 
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or the below code can be entered first for a more in-depth comparison. Note it is using 

the default pearson correlation but can be changed to spearman as indicated throughout 

panel.cor <- function(x, y, digits=2, prefix="", cex.cor)  
{ 
  usr <- par("usr"); on.exit(par(usr))  
  par(usr = c(0, 1, 0, 1))  
  r <- abs(cor(x,y))       #or (x,y, method = "spearman")# 
  txt <- format(c(r, 0.123456789), digits=digits)[1]  
  txt <- paste(prefix, txt, sep="")  
  if(missing(cex.cor)) cex <- 0.8/strwidth(txt)  
   
  test <- cor.test(x,y)     #or (x,y, method = "spearman")# 
   
  Signif <- symnum(test$p.value, corr = FALSE, na = FALSE,  
                   cutpoints = c(0, 0.001, 0.01, 0.05, 0.1, 1), 
                   symbols = c("***", "**", "*", ".", " "))  
   
  text(0.5, 0.5, txt, cex = cex * r)  
  text(.8, .8, Signif, cex=cex, col=2)  
} 
 
#now plot. Note if you changed to spearmans above you can use 'n
g_g' below# 
 

 

 
pairs(ng_g_log, lower.panel=panel.smooth, upper.panel=panel.cor)  
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1.5 Identifying peaks 

To identify which FGM concentrations to be classified as occurring as peaks, the highly 

useful hormLong can be employed. Its creators have compiled a comprehensive, easy to 

follow instruction manual (Fanson and Fanson, 2014). Presented here is a succinct 

guide detailing the code I used to obtain my results, with some additional basic plots to 

give a sample of what it is capable of. However, to see its full capabilities it is highly 

recommended to view the source material. 

library(devtools) 
library(tidyverse) 
library(hormLong) 
 
#Importing data needs to be done with the code below. Once run i
t will open a dialog box allowing you to search for your data fi
le which must be a 'csv (Comma delimited)(*.csv)' file. This exa
mple uses supplementary material: _SumatranTigerFGM_PilotData.cs
v_ # 
 
FCM <- hormRead() 

## Below shows the first 6 lines of the imported dataset.  check 
that it imported correctly. 
##       If not, check help file. 
##  
##   AnimalID Samples       Date Hormone     Conc Events 
## 1      All      NA  4/10/2016     72a 1176.159        
## 2      All      NA  5/10/2016     72a 4221.172        
## 3      All      NA  8/10/2016     72a 2770.146        
## 4      All      NA 13/10/2016     72a 2903.555        
## 5      All      NA 18/10/2016     72a 1688.015        
## 6      All      NA 22/10/2016     72a 2010.545 

#Format date – Basic code# 
 
FCM <- hormDate(data = FCM, date_var = 'Date') 

Summary tables can be generated and saved as csv files 

#log-transform data (optional)# 
#ds$logconc <- log10(ds$Conc+1)# 
 
#baseline. Note that the criteria for peak determination has bee
n set to 2.5 standard deviations above the mean (see main paper 
for why), however, typically 2 is used but any can be input. The 
higher the value the more conservative peak determination will b
e# 
 
base <- hormBaseline(data=FCM, by_var='AnimalID, Hormone', 
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                     conc_var='Conc', time_var='datetime', crite
ria=2.5, 
                     event_var='Events') 

##  
## [1] "*---  Iteration History   ----*" 
## [1] "Iteration =  1 :  total removed is  6" 
## [1] "Iteration =  2 :  total removed is  6" 
## [1] "Iteration =  3 :  total removed is  1" 
## [1] "Iteration =  4 :  total removed is  0" 
##  
 

#Note: a line will pop up here telling you a data table (“hormBa
seData.csv”) has been saved at the location where your R project 
is# 
 
#this code must be run first as it calculates the peaks and base
line values and assigns the data to the object 'base' used in al
l following code. It will also have generated a table showing wh
ich samples are peak or baseline values, below is a preview of m
y data viewed in R#  
 
hormBaseData <- read_csv("hormBaseData.csv") 
hormBaseData 

## # A tibble: 128 x 9 
##    row_id AnimalID Samples Date       Hormone  Conc Events da
tetime   conc_type 
##     <dbl> <chr>    <lgl>   <chr>      <chr>   <dbl> <chr>  <d
ate>     <chr>     
##  1      1 All      NA      4/10/2016  37e      500. <NA>   20
16-10-04 base      
##  2      2 All      NA      5/10/2016  37e     1215. <NA>   20
16-10-05 base      
##  3      3 All      NA      8/10/2016  37e     1231. <NA>   20
16-10-08 base      
##  4      4 All      NA      13/10/2016 37e     1075. <NA>   20
16-10-13 base      
##  5      5 All      NA      18/10/2016 37e      829. <NA>   20
16-10-18 base      
##  6      6 All      NA      22/10/2016 37e      752. <NA>   20
16-10-22 base      
##  7      7 All      NA      28/10/2016 37e     1242. <NA>   20
16-10-28 base      
##  8      8 All      NA      7/01/2017  37e     1045. <NA>   20
17-01-07 base      
##  9      9 All      NA      15/10/2017 37e      703. <NA>   20
17-10-15 base      
## 10     10 All      NA      19/10/2017 37e     1307. <NA>   20
17-10-19 base      
## # ... with 118 more rows 
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#summary stats# 
 
hormSumTable(x = base,num_decimals=4) 

#Note: a line will come up here telling you a data table (csv fi
le) has been saved at the location where your R project is, belo
w is a preview view of my data# 
 
#this code will have generated a summary table showing with a va
riety of variables. Particularly useful is the base_mean (this i
s the baseline after removing peaks) and the cuttoff, which is t
he value over which a sample will be considered a peak. Below is 
a preview of my data viewed in R#  
 
hormSumTable <- read_csv("hormSumTable.csv") 
hormSumTable 

## # A tibble: 4 x 14 
##   AnimalID Hormone     n   mean median     sd    sem percent_
cv    min    max 
##   <chr>    <chr>   <dbl>  <dbl>  <dbl>  <dbl>  <dbl>      <db
l>  <dbl>  <dbl> 
## 1 All      37e        32 1283.  1095.   918.  1.62e2       71
.5 391.   4.12e3 
## 2 All      72a        32 2724.  1849.  2613.  4.62e2       95
.9 446.   1.02e4 
## 3 All      72t        32 8841.  5895.  8162.  1.44e3       92
.3 808.   3.05e4 
## 4 All      Cortis~    32   18.7   15.0   13.5 2.38e0       72
.1   4.48 5.40e1 
## # ... with 4 more variables: cutoff <dbl>, base_mean <dbl>, p
eak_mean <dbl>, 
## #   peak_base <dbl> 

A variety of plots can also be produced 

#basic code: e.g. hormPlot(x=base)# 
#full codes below. All have been coded to save in the same folde
r the R project is located in ('save_plot=TRUE', if set to FALSE 
they will appear in plot pane instead). An example from the 72a 
EIA has been provided under each# 
 
hormPlot(x = base, date_format='%d-%m-%y', color='black', symbol
=19, 
         break_cutoff=30, xscale='free', yscale='free', plot_per
_page=3, 
         plot_height=3, plot_width=6, filename='FGMplots', save_
plot=TRUE) 
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#with plot breaks# 
 
hormPlotBreaks(x = base, break_cutoff=30, break_buffer=30, 
               color='black', symbol=19, date_format='%d-%m-%y', 
               plot_per_page=3, plot_height=3, plot_width=6, sav
e_plot=TRUE) 

 

#area under curve, change method to shade different regions: 'tr
apezoid' (default) or 'spline'. Also note that when duplicate da
te/time samples are present (as with my data) only the lowest co
ncentrations are kept. As always, see source material for furthe
r details# 
 
hormArea(x = base, lower_bound="peak", method="trapezoid", 
         plot_per_page=3, plot_height=3, plot_width=6, yscale="f
ree", 
         xscale = "free", save_plot = TRUE) 
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#hormArea also produces a csv giving values for the area under t
he curve of peaks (shaded areas), below is a preview of my data#   
 
hormAUCtable <- read_csv("hormAUCtable.csv") 
hormAUCtable 

## # A tibble: 10 x 4 
##    AnimalID Hormone  peak_num `peak AUC` 
##    <chr>    <chr>       <dbl>      <dbl> 
##  1 All      37e             1    4594.   
##  2 All      37e             2   15550.   
##  3 All      72a             1    1116.   
##  4 All      72a             2   11893.   
##  5 All      72a             3   21141.   
##  6 All      72a             4   91842.   
##  7 All      72t             1    3811.   
##  8 All      72t             2   38973.   
##  9 All      Cortisol        1       3.21 
## 10 All      Cortisol        2       9.64 

#boxplots# 
 
hormBoxplot(data=FCM, conc_var = 'Conc', id_var = 'AnimalID', 
            by_var='Hormone', plot_height=5, plot_width=5, save_
plot=TRUE, 
            log_scale='n') 
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#overlap multiple hormones in a single figure. Note that when 2 
assays ('Hormone') are plotted 2 different y-axis scales can be 
used. Below 4 are displayed and therefore this is not possible r
esulting in variations with the 'cortisol' values impossible to 
discern due to their much smaller magnitude# 
# 
 

hormPlotOverlap(x = base, hormone_var = 'Hormone', 
                date_format = '%b%y', colors = 'yellow, green, p
urple, blue', plot_per_page = 3, plot_height = 3, 
               plot_width = 5, yscale = 'fixed', xscale = 'fixed
', 
                save_plot = TRUE) 
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The data in “hormBaseData.csv” can be used to calculate the Zpts scores mentioned in 

the main text either by importing back into R (for more experienced users) or very 

simply in excel. Note that “hormSumTable.csv” gives the baseline mean (base_mean) 

but not the baseline standard deviation which will need to be calculated. 
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Appendix 2:  

Supplementary information: Tiger ethogram 

Joshua M. Scherpenhuizen 

 

The following was provided to the observers as guidelines/instructions for using the 

behaviour scoring sheet: 

 

The behaviour scoring sheet has been organised so that related behaviours appear in the 

same column under a headings/sub-headings in bold. Note that to fit all the behaviours 

on the scoring sheet a few ‘additional behaviours’ were placed in available spaces 

despite having unrelated column headings, these are displayed in the behaviour scoring 

sheet in bold and described in the last of the below tables. 

Unless otherwise stated, when any of the below behaviours are observed, the time the 

behaviour occurred should be marked (HH:MM). If a behaviour states to be timed, then 

the start and end time should be recorded.  

 

Main category: Active 

Sub-category: Other 

Smelling Tiger sniffs the air, food, tree, object etc. Occasionally will be 

prolonged so timing may be necessary. 

Flehmen Occurs when the tiger has smelt something interesting (often 

another tiger’s scent mark). The tiger scrunches up its face, 

bares its teeth with its tongue often hanging out (looks as 

though it has smelt something bad). 

Spray While standing, typically preceded by lifting the tail straight 

up in the air before ejecting urine directly back, often against 

a vertical surface (tree, rock etc). Note sometimes this occurs 

as several short bursts of urine, this is still to be recorded as 

one spray event. However, if the tiger then moves on and 

sprays again in another location (even if nearby) then a second 

spray is to be recorded. When occurring within the same 

minute it can be marked by using vertical strokes for multiple 
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instances, e.g. 14:02 – III would indicate 3 separate sprays 

took place while the stopwatch showed 14:02. 

Clawing tree Tiger rakes a tree with its claws leaving gouge marks 

Clawing object* As above but with a non-tree object (list the object). 

Elimination Tiger squats and urinates or defecates on the ground. 

Chewing object*  Chewing on a non-food item (list object) 

Alert* Raised head, looking intently in a certain direction. Often 

caused by a sudden sound or movement (list what caused the 

alert state, list as Uk if unknown). 

Digging Tiger is digging in the ground. 

Stretching From standing position, hind legs remain the same, forelegs 

stretch forward so the front of the tiger is low to the ground 

and its rear end is in the air (same way a domestic cat 

stretches) 

Standing              All four legs straight on the ground 

Yawn Mouth opened wide but not for a vocalisation, very 

pronounced in tigers like in domestic cats… but bigger 

 

Locomotion 

Jump                     All four legs leave the ground 

Climb* Climbing a vertical structure (e.g. a tree) using claws (list 

what it is climbing is applicable). 

Swim Any action other than sitting or lying in water (e.g. standing 

still in shallow water counts). 

Run Moving at a pace. 

Rub body against 

object* 

Tiger walks past an object intentionally rubbing its face 

and/or body against it (list the object)                                                                                                                                

Carrying object* Tiger carries non-food item in mouth (list object) 

Interact with object* Tiger interacts with an object in a way not classified by other 

behaviours (list object) 

Walk Moving casually on all fours (time) 

Patrol Walking around territory, typically noticeable by tiger 

walking the perimeter of its enclosure and/or visiting key 

areas (e.g. feeding locations, prime resting spots) and often 
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interspersed by marking behaviour (e.g. spraying, clawing 

trees) (time)                                                                                                                                                                                                 

 

Feeding behaviour 

Moving food* Carrying food in mouth from one location to another (list food 

item) 

Consumptive 

behaviour* 

Anything related to the tigers food; biting, tearing, chewing, 

licking etc. Also includes milk from keepers (list food item) 

Drinking Consuming water (e.g. from pond, water bucket). 

Eating grass Consuming grass specifically 

Vomiting   Ejection of stomach contents from the mouth 

Stalk*                 Head lowered, ears often lowered also, body can be lowered 

from slightly to belly on the ground. If continued (sometimes 

immediately after initiating), tiger will typically begin to 

move slowly towards what is being stalked before the chase 

sequence (note tigers can stalk inanimate objects or other 

tigers, humans or other animals) (list what is being stalked)                                                                                                                                                                                                                                                                                                

Chase*                 After stalking, tiger runs towards the thing being stalked (list 

what) 

Attack*                 Tiger attacks stalked prey, can include pouncing on it or just 

running up and giving it a swat. List as A: aggressive or NA: 

non-aggressive (e.g. playing) (list what)                                                                                                   

*Note that in the behavioural scoring sheet the previous 3 behaviours are listed under 

feeding behaviour as they represent the hunt-chase-kill sequence that is 

psychologically part of the tigers feeding behaviour and have been considered 

important for their psychological wellbeing. They are often learnt and practised 

during play when young. 

 

Interactive*  

For all interactions, list who your tiger is interacting with (other tiger’s name) or if it is 

interacting with a Keeper (K), Visitor (V), Observer (Ob), Unknown (Uk) or Other (O - 

list). If the interaction is reciprocated all involved tigers should have the behaviour 

listed, recording who initiated it. 
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Play fight                 Can look quite aggressive with tigers biting each other and 

pulling each other around by the scruff of the neck to the point 

where they hurt each other, but it will not be accompanied by 

aggressive vocalisations such as hisses and growls, and ears 

will not be completely flattened. Tigers will swat each other 

quite hard but will not fully extend claws. It is often initiated 

by one tiger stalking, chasing and "attacking" another (time if 

prolonged, normally won’t be)                                                                                                                                                                                                                                                                                                                                                                                                             

Chase                 Chasing after another tiger or keeper (list if so), but not when 

it is preceded by stalking (see feeding behaviour table ‘chase’ 

entry above) 

Run from                 From another tiger (can be from a tiger that was chasing it 

with or without stalking first) 

Aggr unprvk Aggressive un-provoked. Tiger lashes out aggressively with a 

swipe or bite without provocation (does not have to connect). 

Will be able to tell apart from play by one or more of the 

following signs: aggressive vocalisation, lowering of ears, 

baring of teeth, arched back (tip: if it is displaying signs that 

you would think of as aggressive in a domestic cat then it 

probably is aggression you are seeing). 

Aggr prvk by aggr       Aggressive (as above) having been provoked by another tiger 

acting aggressively towards it. 

Aggr prvk by non-

aggr 

Aggressive (as above) provoked by non-aggression. This 

typically occurs when a tiger is played with by another tiger 

but is not interested, or is accidentally hurt by rough play. 

Alternatively, it can happen during feeding just by the 

presence of another tiger while food is around and sometimes 

towards keepers with food trolleys. Also, tigers are tigers, 

sometimes they are just in a bad mood and will growl at 

anything that comes near. State the reason if known, 

otherwise list as Uk (unknown).                                                                                                                                                                                                                                                                                                                   

Aversion                 Tiger appears to be intentionally avoiding/hiding from 

something. Note that running from another tiger during play 

does not count as aversion. 
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Head-to-head 

rubbing     

Tiger rubs its head against another tiger’s (or keeper’s) head. 

Typically occurs briefly while walking past each other. Often 

cheek to cheek rubbing, or top of head of initiating tiger 

(tigers have scent glands in these areas).  

Allo-grooming           Grooming another tiger (licking and gently biting fur) (time) 

By-allo-groom           Being groomed (as above) by another tiger (time) 

Mounting                 Tiger climbs onto another tiger from behind, often positioning 

their genitals close to the others, with an arched back. Can 

involve biting of the neck and/or aggressive sounding 

vocalisations (particularly from the female). Can appear quite 

rough. Does not necessarily involve penetration. Note that 

cubs playing with each other may end up with one on top of 

the other, but this alone does not constitute mounting (very 

unlikely to occur except when mating) (time)                                                                                                                                                                                                               

 

Vocalisation* 

As for interactive, list the target of the vocalisations as these are typically also 

interactive actions 

Roar                 Deep, loud vocalisation. Can be aggressive directed towards 

another animal, or to communicate long distances (list target 

or as Uk: unknown reason)                                                                                                        

Growl                 Deep, low vocalisation 

Hiss                 Higher pitched vocalisation, usually accompanied with open 

mouth (similar to domestic cats). When occurring within the 

same minute it can be marked by using vertical strokes for 

multiple instances, e.g. 14:02 – III would indicate 3 separate 

sprays took place while the stopwatch showed 14:02. 

Greeting Chuff                                                                                      A chuff is a friendly vocalisation (also called prusten). Sounds 

like "iff... iff...". Greeting chuff is done on approach to (or 

when approached by) another tiger (or human) to indicated 

friendly intensions and is often returned by the other tiger                           

Apologetic Chuff       As above, but done in response to aggression. This typically 

occurs when a young tiger is trying to play with (annoying) an 

older tiger which then acts aggressively towards it, the young 
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tiger then chuffs as if to say "I'm sorry". The aggressive tiger 

may then respond with a chuff.                                                                                                                                                                                                                   

 

Resting  

(All timed except ‘rolling’) 

Sitting                 Hind legs bend, rear end on ground, front legs straight. 

Sitting in water         As above but in water 

Lying on front/side   Tiger lying on its front (belly) or side 

Lying on back            Tiger lying on its back (can be essentially spread eagled with 

hind legs spread wide, or, legs will often be both to one side 

but the back of the tiger is mostly on the ground rather than its 

side being more on the ground 

Lying in water           Any form of lying while in water 

Rolling                 Tiger rolls around on the ground 

Self-groom                 Licking and biting own fur 

Sleep on front/side   As ‘lying on front/side’ above but eyes are closed 

Sleep on back            As ‘lying on back’ above but eyes closed 

 

Additional behaviours  

These are not listed under a relevant sub-heading column in the behaviour scoring sheet, 

and have just been placed in bold where space is available. 

Stereotypic Pacing              Tiger walks back and forth over the same path, with head 

lowered below the shoulders, serving no apparent function, 

not focused on anything in particular (eyes often appear 

almost glazed over). Pacing starts once 2 repetitions are noted 

and ceases when tiger leaves the traversed path or remains 

stationary for 5 seconds. Note that a traced path does not only 

mean a straight line or between two points (e.g. stereotypic 

pacing can occur in an ‘L’ shape at the corner of an enclosure, 

so that the tiger is traversing two of its borders) (time) 

Non-stereotypic      

pacing 

As above, but without head having to be lowered (it may be 

lowered for a reason, e.g. looking at something on the ground 

such as a lizard) and there is an apparent reason. For example, 

frantic, possibly excited movements back and forth at cage 
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door when food or a play mate or keeper is approaching. List 

the reason if known (time) 

Out of sight              Tiger cannot be seen by observer (time) 

 


