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Simple Summary: The zoological community continually looks for new ways to improve the
management of the animals under their professional care. This includes finding opportunities for
animals to thrive within a zoo or aquarium environment. Lack of negative indicators of welfare does
not demonstrate that an individual animal is in a positive state. Thus, it is necessary to have positive
indicators of animal welfare. There is a growing body of evidence that suggests that behavioral
diversity may be a potential positive indicator of animal welfare. This review article highlights
previous research on behavioral diversity, details the methods to calculate behavioral diversity,
and provides guidance on how to use it for an evidence-based animal management program within a
Z0O Or aquarium.

Abstract: Modern day zoos and aquariums continuously assess the welfare of their animals and use
evidence to make informed management decisions. Historically, many of the indicators of animal
welfare used to assess the collection are negative indicators of welfare, such as stereotypic behavior.
However, a lack of negative indicators of animal welfare does not demonstrate that an individual
animal is thriving. There is a need for validated measures of positive animal welfare and there is
a growing body of evidence that supports the use of behavioral diversity as a positive indicator of
welfare. This includes an inverse relationship with stereotypic behavior as well as fecal glucocorticoid
metabolites and is typically higher in situations thought to promote positive welfare. This review
article highlights previous research on behavioral diversity as a potential positive indicator of welfare.
Details are provided on how to calculate behavioral diversity and how to use it when evaluating
animal welfare. Finally, the review will indicate how behavioral diversity can be used to inform an
evidence-based management approach to animal care and welfare.

Keywords: animal behavior; behavioral restriction; behavior-based enrichment; evidence-based
management; fecal glucocorticoid metabolites; stereotypic behavior; thrive; welfare assessment

1. Introduction

Historically, the field of animal welfare focused on negative indicators of welfare [1]. This focus on
the negative, instead of focusing on enhancement, resulted in the creation of minimum standards for
animals [1]. An example includes the five freedoms that were created to help ensure that the welfare of
animals was not compromised [2]. The freedoms were (1) freedom from hunger and thirst, (2) freedom
from discomfort, (3) freedom from pain, injury, or disease, (4) freedom to express normal behavior,
and (5) freedom from fear and distress [3]. However, the field continues to push forward and new
frameworks for animal welfare have been developed focusing more on the positive. The Five Domains
Model, originally designed to focus on experimental welfare compromise [4], was later modified to also
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focus on welfare enhancement [5]. Similarly, the Opportunities to Thrive were designed to allow for a
focus on the empirical presence of positive indicators of animal welfare [6]. The opportunities include
(1) opportunity for a thoughtfully presented, well-balanced diet, (2) opportunity to self-maintain,
(3) opportunity for optimal health, (4) opportunity to express species-specific behavior, and (5)
opportunity for choice and control. Supplementary Materials Document S1 details the Opportunities
to Thrive [6], for the purpose of this manuscript, we will focus on the opportunity to express
species-specific behavior.

In order to provide this opportunity, quality spaces and appropriate social groupings need to be
provided that encourage species-specific behaviors at natural frequencies and of appropriate diversity
while meeting the social and developmental needs of each species [6]. Historically, stereotypic behavior
(or abnormal repetitive behavior) would have been examined to evaluate the welfare of individuals [1].
However, absence of negative indicators of welfare does not suggest that an individual animal is
thriving. In order to assess the opportunity to express species-specific behavior, a potential positive
indicator of welfare is behavioral diversity. Behavioral diversity can be defined as a measure of the
richness of behavior (number of behaviors) as well as the evenness (frequency of each behavior)
which aligns with the fourth opportunity. The theory behind behavioral diversity as a potential
positive indicator of welfare is that when behavioral diversity is high, it is possible we are meeting
the behavioral needs of an animal [7]. However, when behavioral diversity is low, an animal is likely
stereotyping or lethargic, both of which are potential signs of compromised welfare [8].

The field of animal welfare is in need of additional positive indicators of animal welfare. While
behavioral diversity has not been validated as a positive indicator of welfare, there is a growing body of
evidence that would suggest it may be a useful tool in evaluating welfare. In addition, there has been a
recent increase in scientists suggesting that behavioral diversity may be an important component of
a welfare assessment or for assessing factors that impact welfare [9-11]. The following review will
demonstrate the bigger picture of how behavioral diversity relates to multiple other indicators of
welfare, including the identification of factors that have been found to increase or decrease behavioral
diversity, detail methods to calculate behavioral diversity, and provide an overview of how behavioral
diversity can be used for an evidence-based animal management program. The framework presented
is one potential way to measure and manage animal welfare under professional care by outlining
species-specific behaviors, contextualizing the behaviors, defining the natural history adaptations,
defining successful outcomes, and determining inputs. The framework results in an outcome-based
workflow for animal care professionals to follow that establish a list of species-specific, ecologically
relevant experiences that can be used to promote behavioral diversity. The ultimate goals of the
manuscript are to provide animal care professionals in zoos and aquariums a potential framework to
explore and evaluate changes in behavioral diversity and increase scientific research evaluating the
validity of behavioral diversity as a positive indicator of animal welfare.

2. Materials and Methods

The literature review was conducted by searching databases in Web of Science as well as Google
Scholar. Search terms included behavioral diversity + welfare, behavioural (UK English) diversity +
welfare, Shannon index + welfare, h index + welfare, behavior diversity + welfare, Shannon-Wiener
+ welfare, 1-simpson + welfare, and behavior diversity + zoo animal. The search resulted in
87 manuscripts that were read for suitability and searched for other potential references. An additional
28 manuscripts were identified to be reviewed for suitability, resulting in a total possible of 115 sources.
The final sources for the review included articles in peer-reviewed publications as well as dissertations
and are detailed in the reference section.

3. Behavioral Diversity and Behavioral Restriction

The idea that a higher behavioral diversity may be indicative of better animal welfare is based
on current scientific understanding of behavioral restriction [12,13]. A number of studies have
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demonstrated that when animals have the inability to engage in certain behaviors they are motivated
to perform, then welfare can be compromised (e.g., mink [14], pigs [15], horses [16], and mice [17]).
If animals are engaged in a larger behavioral repertoire of species-appropriate behaviors, this would
suggest that the likelihood of an individual not being able to perform a motivated behavior decreases
with each additional behavior. This is not to suggest it eliminates that possibility, simply that the
likelihood decreases with each additional behavior. Behavioral restriction is often a precursor to
stereotypic behavior [18,19]. For example, parrots will develop stereotypic behavior when raised
in barren environments [20]. When behavior is restricted, this typically leads to lower behavioral
diversity and an increase in stereotypic behavior (e.g., sows [21]).

4. Behavioral Diversity and Stereotypic Behavior

Stereotypic behavior is not always directly related to compromised welfare, but should always be
examined to understand the root cause [8]. Few studies have statistically examined the relationship
between behavioral diversity and stereotypic behavior. While three studies have found a significant
inverse relationship (Asiatic lion [22], New Zealand white rabbits [23], bottlenose dolphins [24]),
a study on two bear species found no significant relationship [25]. Studies examining both behavioral
diversity and stereotypic behavior but not comparing them statistically have generally found that
when stereotypic behavior is high or increased, behavioral diversity is low or decreased (sows [21],
small felids [26], large felids [27], giant pandas [28,29], spectacled bears [30], chimpanzees [31], African
elephants [32], parakeets [33], and songbirds [34]). Similarly, pharmacologically induced stereotypic
behavior was also associated with lower behavioral diversity [35].

There are some exceptions where a similar pattern was not observed between behavioral diversity
and stereotypic behavior. Research on social housing in tamandua found pair housing to increase
behavioral diversity and lower stereotypic behavior, however the latter was not significant [36].
Similarly, training of bottlenose dolphins for educational programs increased behavioral diversity but
was unrelated to stereotypic behavior [37]. One potential reason stereotypic behavior was not impacted
was due to overall low levels observed throughout the study. Similar results were also seen in a study
examining enrichment with leopard geckos with stereotypic behavior not being impacted but was
performed at a low rate [38]. Similar findings were also observed in a study examining enrichment in
wombats with no impact on stereotypic behavior, but the authors attributed it to not providing the
correct type of enrichment [39]. The final study that found concurrent results included examining
enriching environments for capuchins with an increase in behavioral complexity and no impact on
stereotypic behavior [40]. However, there have only been a few studies where both behaviors were
examined when stereotypic behavior decreased or was lower and there was no impact on behavioral
diversity. A study with lions found pacing was less frequent in a larger and less restrictive habitat but
behavioral diversity was unaffected [41], and another study found enrichment decreased stereotypic
behavior in squirrel monkeys but had no impact on behavioral diversity [42]. Finally, across 34 species
of carnivores, behavioral diversity was higher for generalist species when compared to their specialist
counterparts, but there was no relationship between diet in the wild and stereotypic behavior [43].
It is important to note that the way behavioral diversity is calculated across studies varies greatly,
with some calculating indices while others have looked at activity budgets or the number of different
behaviors observed. All of this should be considered when determining the validity of behavioral
diversity as a measure of positive welfare.

5. Factors Affecting Behavioral Diversity

Behavioral diversity is often found to be higher following animal management practices thought
to improve the welfare of animals. This includes environmental enrichment or habitat complexity,
appropriate social groups, and animal training. The majority of the studies have examined the impact
of enrichment on behavioral diversity as this was one of the original goals for enrichment programs [44].
In total, across 28 studies, there was a reported increase in behavioral diversity (decrease for lack of
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enrichment) for 78.6% of the studies, with the remaining 21.4% reporting no significant difference.
Species that experienced an increase in behavioral diversity following enrichment or an enhanced
habitat included big cats [27,45,46], leopard geckos [38], parakeets [33], capuchins [40], African cichlid
males [47], pigs [21,48-50], wombats [39], red foxes [51], bottlenose dolphins [52], ghost bats [53],
bears (spectacled [30], Andean, sloth, brown, and black [54]), rats [55], African elephants [32], small
felids [26], hognose snakes [56], giant pandas [28,29], and chimpanzees [31]. Species where enrichment
or improved habitat was not found to significantly change behavioral diversity include armadillos,
bush babies, and two toed sloths [57], wolves [58], African elephants [59], zebra fish and checker
barbs [60], and lions [41]. However, some of the species where enrichment did not increase behavioral
diversity overlap with species were enrichment did increase behavioral diversity, so it could be the
type or timing of the enrichment that is impacting the significance of results [61].

Studies examining other factors in relation to behavioral diversity are much more limited.
As previously mentioned, training of bottlenose dolphins was found to significantly increase behavioral
diversity [37]. Social housing and group living were found to relate to behavioral diversity in
tamandua [36] and wolves [58]. Alternatively, social management was not found to relate to behavioral
diversity in Asiatic lions [22].

While animal management factors that are thought to be important for welfare increase behavioral
diversity, stressed or compromised animals tend to have lower behavioral diversity. Species infected
with parasites or clinically impaired health tend to have lower behavioral diversity (Spanish ibex [62,63],
Japanese macaques [64]). Shelter dogs also have lower behavioral diversity when first arriving at a
shelter, likely a stressful situation, compared to four weeks later [65]. Even in the wild, chimpanzees
negatively impacted by encroaching human populations demonstrated lower behavioral diversity [66].
While there are some exceptions, overall, factors thought to be positive from a welfare standpoint tend
to be associated with higher levels of behavioral diversity and individuals that are stressed, clinically
unhealthy, or restricted tend to have lower behavioral diversity.

6. Behavioral Diversity and Physiological Indicators of Animal Welfare

The final evidence that behavioral diversity may be a suitable positive indicator of animal welfare
comes from studies examining relationships with physiological indicators of welfare. The earliest
of these studies examined the relationship between behavioral diversity and fecal glucocorticoid
metabolites in cheetahs. A significant inverse relationship was found between behavioral diversity
calculated using Shannon'’s diversity index [67] and fecal glucocorticoid metabolites [7]. Subsequent
studies demonstrated a similar relationship in chimpanzees [68] as well as bottlenose dolphins [24].
Additionally, there was also an inverse relationship found between cortisol: dehydroepiandrosterone
(DHEA) metabolite ratio and behavioral diversity for bottlenose dolphins [24]. While relatively new in
the field of animal welfare, cortisol:DHEA is a marker used to examine chronic stress in humans with
elevated ratios linked to adrenal fatigue, depression, or illness [69]. Given that cortisol can also rise in
positive situations and under a variety of situations [70,71], this ratio may be a better indicator for
comparison moving forward, however additional research is necessary to better understand the value
of the ratio. The only study to our knowledge that has demonstrated a different relationship was with
cheetahs [72]. In this study, there was a positive relationship between behavioral diversity and fecal
glucocorticoid metabolites. However, rest was included in the calculation of behavioral diversity and
may account for the differences observed between the two studies with cheetahs as it was described as
a very commonly observed behavior in that study. However, it is also possible that the difference exists
as one study looked at cheetahs in multiple locations compared to just one location. While clearly more
research is necessary, previous research comparing behavioral diversity to physiological indicators of
welfare provides further support as a positive indicator of animal welfare.
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7. Methods of Calculation

Previous research has taken multiple approaches to quantifying the diversity of observed behaviors.
Indices of diversity commonly used to describe the range of behaviors exhibited by animals include
behavioral richness [37], behavioral evenness [59], behavioral variety index [42], activity budgets [27],
Shannon’s diversity index [43], Shannon’s equitability [50], Gini-Simpson index [73], power spectral
density [62], multifactorial correspondence analysis [58], and Zipf-Mandelbrot Law [40]. Table 1
presents the number of publications that specified utilizing a specific approach.

Table 1. Number of publications that include each calculation method for behavioral diversity.

Calculation Method Number of Publications

N
[0}

Shannon’s Diversity Index
Activity Budgets
Behavioral Richness
Shannon’s Equitability
Behavioral Variety Index
Power Spectral Density
Behavioral Evenness
Gini-Simpson Index
Multifactorial Correspondence Analysis
Zipf-Mandelbrot Law

== NN RN O

Diversity indices provide a method for assessing both the richness and evenness of a set of
expressed behaviors. The set of behaviors included in the analysis are based on the behaviors defined
in the ethogram used during data collection. Behavioral diversity is determined by the number of
different behaviors from the ethogram that were expressed and the heterogeneity of their expression.
Indices quantify diversity and are measures of uncertainty, not measures of diversity per se. However,
the index values can be used as measures of equivalency. It is important to distinguish between
the outcome units of each index and ensure they are not treated interchangeably in analyses and
interpretation. Here, we summarize each of the indices utilized and detail the methods of calculation
for some of the most common indices starting from least prevalent to most common in the literature.

Behavioral Evenness: Evenness represents the frequency or duration of each behavior type [74].
With this calculation of evenness, the variety of behaviors is maximized when all behaviors are
expressed completely evenly. If all observed behaviors are exhibited equally, they would have a
uniform distribution. If a few behaviors are dominant, then the behavioral repertoire is considered
to be uneven. Evenness is an important component of diversity because a few incredibly dominant
behaviors in some species may be an indication of a lack of behavioral flexibility or an environment
that does not provide enough of an opportunity to engage in species-typical behaviors.

Gini-Simpson index: The Gini-Simpson index is a transformation of the original Simpson index.
The Simpson index is a quantitative measure that also reflects the richness and evenness of behaviors [75].
It is equivalent to the Herfindahl index and the Herfindahl-Hirschman index in economics. This index
is a weighted arithmetic mean of proportional abundance and measures the probability that two
behaviors randomly selected from a sample will be the same. While the Simpson index is the probability
that a randomly selected data point represents the same behavior, the Gini-Simpson equates to the
probability that the two behaviors represent different behaviors [76]. The index is also known as the
Gibbs-Martin index, the probability of interspecific encounter, expected heterozygosity, and the Blau
index in other fields. Both the inverse Simpson and Gini-Simpson have been referred to as the simply
the ‘Simpson index” despite their transformations. Therefore, it is important for future studies to
correctly identify the proper index in order to accurately interpret values.

Multifactorial Correspondence Analysis: Multiple correspondence analysis (MCA) is a type of
principal component analysis for categorical data. To conduct an MCA, the correspondence analysis
algorithm is applied to an indicated matrix. The analysis converts the matrix into a graphical format
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where the rows and columns of the matrix are graphed as points in geometric space [77]. The relative
proximity of the points on the graph are indicative of their degree of correlation, with closer proximity
representing higher correlation. The degree of similarity between variables is described by the x?
criterion [78].

Zipf-Mandelbrot Law: The Zipf-Mandelbrot Law is utilized for measuring the complexity
of behavioral sequences and is a reformulated Zipf’s law [79-81]. Zipf’s Law characterized the
relationship between the frequency of a behavioral event within repertoire to its rank. Zipf’s Law
states that a number of elements with a frequency is a random variable with power law distribution.
Zipf-Mandelbrot Law is simplified version of Zipf’s equation and is also a power law distribution on
ranked data.

Power Spectral Density: Power spectrum density (also called power spectrum) is a tool useful for
characterizing the complexity of fractal behavior [82,83]. Data is analyzed by applying the Fast Fourier
Transformation algorithm to time series binary data. Power spectral density shows changes in the
spectral properties of time series data.

Behavioral Variety Index: The behavioral variety index is a frequency-based measure that
quantifies the number of behavior types expressed by an animal. To calculate a behavioral variety
index, individual behaviors are grouped into categories of related behaviors (e.g., exploration, social,
locomotion [42]). Each behavior type within the group is coded as 0 for the absence of the behavior and
1 for the presence of the behavior. The coded behavior types are summed to create an index value for
each category. A summary behavioral variety index can be calculated by summing the group indices.

Shannon’s Equitability: While Shannon’s diversity index is the most common index and will
be explained in detail below, Shannon’s equitability (also called the relative index, Pielou’s evenness
index, and the Shannon H/H max) can be calculated. Shannon’s equitability compares the estimated
value of Shannon’s diversity index with a theoretically maximal value that could be obtained if the
distribution were completely even [84].

Behavioral Richness: Behavioral richness (also referred to as behavioral counts) is frequency-based
and the simplest diversity index [85]. Richness represents the count of the different behavior types
exhibited by the animal in the corresponding ethogram. Behavioral richness (R) is calculated as:

R:Zn 1)

B
i=1
where B is the number of behavior types and n is 1 if the behavior type occurred and zero if the
behavior type did not occur. Richness is one of the most intuitive diversity indices because it is linear
and follows the doubling property (e.g., a richness value twice as large indicates twice the diversity).
However, behavioral richness is less informative and more imprecise than other diversity measures.
It does not take into account the frequency with which the behaviors occur and is susceptible to more
random variation.

Activity Budgets: An activity budget is the simplest diversity measure that includes both richness
and evenness. As stated above, richness represents the number of behavior types observed. Evenness
represents the frequency or duration of each behavior type. To create an activity budget, data can
be collected using continuous or instantaneous methods. The duration or number of the observed
behaviors are then summed [37]. The sum is then divided by the total time observed or total number of
visible scans. The result is a percentage of time or proportion of visible scans that an animal is engaged
in different behaviors. Activity budgets assist in developing a general picture of behavior and how
much time an animal engages in various behaviors (i.e., foraging, locomotion, play).

Shannon’s Diversity Index: Shannon’s diversity index is the most commonly used index to
describe behavioral diversity in animals (Table 1). It is also referred to as Shannon entropy, the
Shannon-Wiener diversity index, and the Shannon-Weaver diversity index. This nonlinear index
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quantifies the uncertainty of selecting a specific behavior item on a given ethogram that is taken from a
dataset [67,86]. Shannon’s diversity index (H) is calculated as:

B
HZ—ZPil”Pi )
i=1

where B is the number of behavior types and p; is the proportion of behavior i. An adaption of
Shannon’s diversity index has also been used [36] and is calculated as:

5 1
H=-Y pilog|— 3
;P Og(pi) @)

where B is the number of behavior types and p; is the proportion of behavior i. Index values increase
with larger numbers of behavior types and more equal abundances. Shannon’s diversity index is one
of the most accurate and useful diversity indices. Due to its nonlinear nature, it is less intuitive to
interpret than linear measures such as behavioral richness. However, given the normal patterns of
behavior observed in animals, the Shannon’s diversity index is ideal as it accounts for subtle changes
in behavioral diversity even when one behavior (factor) is dominant [87].

8. Behavioral Diversity Considerations

While there is a growing body of evidence around behavioral diversity as a potential positive
indicator of welfare, there are some factors to consider when utilizing the Shannon index to examine
behavioral diversity [88]. While many of the points raised in Cronin and Ross [88] are based on
hypothetical examples that do not represent normal behavioral patterns of real animals, they do have
a few important points to consider. The concerns raised about the Shannon index could be seen as
areas of opportunity for further research. First, when utilizing diversity indices, one is abiding by
the assumptions that all behaviors are equally important (i.e., without regard to their functional role
or valance). Additionally, it is important to point out that all behaviors must be equally detectable.
The theory behind behavioral diversity is that for every additional behavior that is observed, there
is a decreased likelihood that the animal is behaviorally restricted to perform a motivated behavior.
Again, this does not eliminate the possibility of behavioral restriction, but decreases the likelihood.
Research evaluating the inclusion and exclusion of different behaviors would be important to better
understand the Shannon’s diversity index as a potential positive indicator of animal welfare. Second,
diversity indices are also constrained by the number and/or grouping of behaviors into categories
and, therefore, should only be directly compared when animals have been observed following the
same ethogram. However, recent evidence suggests that the Shannon’s diversity index is fairly
robust at measuring behavioral diversity as long as only species-specific behaviors are included in
the calculation [68]. Further, as in all studies within the field of animal welfare, scientists should not
solely rely on an index value and should examine the changes in a variety of indicators of welfare
(e.g., other behaviors, physiology, etc.) in order to interpret the results and have a better understanding
of where an animal might fall on a continuum of welfare. Again, additional research evaluating how
these factors impact the Shannon’s diversity index would add value to its potential use as a positive
indicator of animal welfare.

Additional considerations should be given to what behaviors to include for an ethogram exploring
behavioral diversity. First, given the theory behind behavioral diversity as a positive indicator of
welfare, it would be recommended to only utilize species-typical behaviors [7,24,68]. While including
behaviors such as rest (lethargy) or stereotypic behavior on an ethogram is important for exploring
the entire continuum of animal welfare, it would be recommended to not include these behaviors in
behavioral diversity calculations. If behavioral diversity represents the likelihood that we are meeting
the behavioral needs of an individual animal or species, then only utilizing species-typical behaviors
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would be appropriate. It appears that the Shannon’s diversity index is fairly robust as an indicator
of positive animal welfare [68], however additional research is necessary across a diverse taxonomic
representation to better understand its value in the field of animal welfare.

9. Shannon’s Behavioral Diversity Index Scores across Species

As previously noted, the Shannon’s diversity index has been the most widely used index when
examining behavioral diversity. While there are clearly more studies needed, previous research provides
an idea of how scores vary across species and taxonomic groups. In order to better understand how
behavioral diversity ranges across and within species, taxonomic groups, and management strategies,
it is important for studies examining behavioral diversity to provide those values. Unfortunately,
in many of the studies reviewed, actual values and ranges were not provided and estimates cannot be
made from graphs. It is recommended that all future studies examining behavioral diversity provide
those values either in text or table format for future reference and comparison across studies. Table 2
provides a summary of index values using the Shannon’s diversity index.

Table 2. Shannon’s diversity index scores across species.

Species Shannon’s Diversity Index Range Reference
Ghost Bats 3.22-3.69 [53]
African Elephants 1.43-2.11 [59]
Domestic Dogs 0.92-1.20 [65]
Asiatic Lion 0.73-1.26 [22]
Black and Sun Bears 0.69-2.09 [25]
Tamandua 0.53-2.89 [36]
Leopard Cats 0.46-0.55 [26]
Leopard Gecko 0.41-0.75 [38]
Fishing Cats 0.31-0.55 [26]
Gentoo Penguins 0.28-1.74 [89]
Carnivores (34 Species) 0.20-2.01 [43]
Hognose Snake 0.10-0.43 [56]
Cheetah 0.03-0.20 [7]

10. Application of Behavioral Diversity

With a clear understanding of how to effectively calculate behavioral diversity, one potential
applied use of the index can be a multi-phase process to measure and manage animal welfare under
professional care. The first requirement is a range of behaviors observed from a wild or managed
population of the target species robust enough to evaluate the current behavioral repertoire of a species
or individual. Using the Opportunities to Thrive model described in the introduction, the measurement
phase begins by asking true or false questions about the observed behavioral outcomes expressed by
the target individual or species:

1. Does the animal express behavior at a frequency and diversity that is consistent with natural history?

2. Does the animal express normal social behavior?

3. Does the animal respond in a behaviorally appropriate way to challenges, problem solving, and
environmental changes in a way that is consistent with natural history?

4.  Is the animal responsive to learning new skills and shows motivation to engage?

5. Does the animal use the environment to acquire resources that benefit them?

After determining which of the behavioral groupings have (or have not) met an acceptable
standard, a husbandry (management) plan can be developed using the following outcome-based
behavior workflow. The tool is a systematic approach that allows practitioners to determine what
behaviors are meaningful to the target species based on natural history and then develop experiences
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that will elicit those behaviors. To begin, it is critical to have a strong understanding of the individual
animals’ behaviors and the subsequent relevance to their ecology.

Step 1. Using the template (Table 3), begin by outlining species-specific behaviors. These behaviors
can include anything one would expect to see in the wild, as well as any individual behaviors exhibited
under professional care. For this example, we have arbitrarily limited the number of initial behaviors
to five, but this column will be informed by the known repertoire of the species in question.

Step 2. Breakdown each behavior into its contexts and/or components by listing circumstances
where a species may choose to execute the behavior. In this example, the context of the behavior
“Hunting” is broken down into different types of prey that may be available to a wild counterpart.
The behavior “Hunting” could also be broken down into the components of the behavior itself
(for example: seek, stalk, pounce, process).

Step 3. List the natural history adaptations that allows the specific species to execute the behavior
according to the context and/or components. For this step, describe how those contexts are relevant
to the animals” adaptations and natural history. Practitioners must think about how those contexts
differentiate how the animals” adaptations allow it to cope with those differences.

Step 4. Determine what outcomes could be measured if successful at getting the animal or
species to elicit the behavior. In this step, one should use the previous categories of context and/or
components and natural history adaptations to describe exactly how the context dictates the use of
particular adaptations to accomplish the behavior. Essentially, this is what it looks like for the animal
to accomplish the behavior using its adaptations to do so, in the context that it is presented. These
behavioral outcomes must be measurable and can be incorporated into the subsequent measurement
of changes to behavioral diversity.

Step 5. Describe the inputs used to achieve the behavioral goals of replicating the adaptively
relevant aspects of a snow leopard “hunting”. The term input is simply a place holder, and can
refer to a practice, structure, or technique that is added or employed to achieve the desired outcome.
The input(s) should incorporate knowledge and thought from all previous categories to form a rich
and complex experience.

Table 3. Sample outcome-based behavior workflow for snow leopard hunting behavior *.

Step 1.
Identify . Scent
species-specific Play Drink Mark Hunt
behaviors
Step 2. . .
Identify contexts or - - - Small-Sized Prey Medl;;:_&Rd Large-Sized Prey Birds
components Y
quk reaction Relies on Relies on sensory  Stalking, noise
time, quick .
Sensory cues. cues, seasonal reduction,
response to g g
. Must use claws, cues, and must vertical leaping
unpredictable —
Step 3. . legs, teeth, eyes,  use claws, legs, ability, long
. spatial or . s
List the natural - - - e— ears, balance, teeth, eyes, ears, leaping ability,
history adaptations a earaﬁce Uses muscles, speed,  balance, muscles, and paw eye
pp ) and strength. speed, and coordination.

multiple sensory
cues. High risk of
failure.

Risk of failure or
injury.

strength. Risk of
failure or injury.

Uses multiple
sensory cues.

Step 4.
Determine
behavioral

outcomes

Limited window
of opportunity,
pouncing,
improved
accuracy,
opportunistic, and
fast responses.
High energy
output for small
reward.

Use correct
responses to
cues over a long
period of time.
Problem solving,
stalking,
physically
demanding, and
unpredictable.
High value and
high motivation.

Long buildup of
responses to
sensory and

seasonal cues,
stalking, jumping,
and long
pre-process time
(attack/kill),
stashing,
dragging heavy
objects, high
motivation, high
reward, and high
energy output.

Must jump and
swipe,
unpredictable,
must be fast and
have quick
reaction time,
and vertical
pursuits. High
output for small
reward.
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Table 3. Cont.

* Different colors of shadow mean different workflows for snow leopard hunting behavior.

The outcome-based behavior workflow results in a list of experiences for the species that not only is
ecologically relevant to the species natural history, but also allows the evaluation of its implementations
by measuring behavioral diversity through the process. By focusing on behavioral diversity instead
of novel objects, resources can be re-directed from a traditional object-based husbandry program to
experiences that are truly meaningful to the species. These experiences can be coupled or layered,
and can unfold over the course of several days, with a relevant and unique set of cues, preceding or
following them. For example, if it rains, one can initiate a weeklong experience (“hunting rodents”)
that only happens following a rain event, thus strengthening the relationship between the animal and
the natural world. Behavioral diversity is the foundation of the layered implementation of inputs,
resulting in meaningful species-specific experiences.

From the perspective of a practical and applied approach, a behavioral diversity index can be
used to measure the efficacy of the above programmatic change in husbandry. Using the Shannon’s
diversity index, one should also include other behaviors of interest to ensure a balanced assessment.
For example, if we are interested in reducing pacing, it is important to not only monitor that specific
behavior, but also behavioral diversity to better understand how an intervention is impacting the
overall behavior and welfare of an individual or species. Behavioral data were collected on an Amur
leopard between November and December of 2017 (pre) and again in November and December of
2018 (post), following the implementation of an outcome-based husbandry program. Designed to be
approachable to practitioners, the programmatic shift includes abandoning the traditional input- or
occupational-based enrichment program and replacing it with a husbandry program that is based on
experiences developed by the outcome-based behavioral workflow. For instance, feeding paradigms
no longer follow a schedule based on the animal care professional, rather they are all components
of a temporally extended (sometimes up to five days) series of adaptively relevant cues indicating
the ultimate presence of an opportunity for large prey, cached carrion, large amounts of small prey,
etc. Twenty minute continuous focal observations were conducted for all occurrence behavior using
ZooMonitor four times a day twice a week, balanced between two morning observations (7:00-12:00)
and two afternoon observations (12:00-18:00), using a simplified ethogram to increase usability and
reliability (Table 4.)
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Table 4. Ethogram of Amur leopard behavior. Adapted from Stanton et al. [90].

Behavior Description
Pacing * Walking in fixed pattern with little or no variation. Must complete 3 repetitions to qualify
Sit Hind legs and rump in contact with surface
Stand Upright position, all four paws on surface
Rest Alert * Lying down, head up, alert, and responsive to stimulus
Rest Non-Alert * Lying down, head down, and eyes mostly closed, generally immobile or sleeping
Flehmany/Sniff Flehman-Lips pulled back, mouth open, tongue partially extended to allow air flow.
Sniff-inhaling air through nose in short repetitive manner, directed at the air, object or substrate
Scent Mark Deposits odor on object(s) with intent. Includes scratch, rub, scrape, spray, and roll
Vocalize Makes any vocalization

Self-Maintenance

Eat
Food Acquisition

Play

Social

Locomotion
Out of View *
Other *

Licking body or paw and passing the paw over the head, may include chewing on fur,
squatting with elimination of feces or urine
Actively ingesting food item or water

Any obvious effort required to obtain food reward. Includes stalk, pounce, swat, claw

Physically or visually engaged with an object, self (chasing paws or own tail) or conspecific in
a non-serious manner
Actively engaged in behavior with others. Same space—grooming, play, aggression, breeding,
attack, pounce, stalk, and physical contact. Adjacent Space—Any obvious interaction/interest
within one body length of another cat in an adjacent space. Allogrooming—grooming or being
groomed by a conspecific
Forward motion, non-stereotypic
Out of view of the observer
Any other behavior not described above

* Not included in behavioral diversity calculation.

Pre and post Shannon’s diversity index values from a single Amur leopard before and after a
fundamental shift in husbandry informed by an outcome-based behavior workflow are presented
in Figure 1. In this example, the diversity index increases, while the proportion of pacing behavior
decreases, suggesting a successful intervention. The increase in behavioral diversity and the reduction
of pacing behavior allows practitioners to visualize the value of a more diverse behavioral repertoire and
the potential relationship between increased diversity and decreased stereotypic behavior. This basic
assessment can be applied anytime the outcome-based behavior workflow is utilized to try and improve
the behavioral diversity of a species under professional care.

2.00 0.14
£ 175 0.12
£1.50
: 0.10 _
A 1.25 s
£ 0.08 7
£ 1.00 2
= 0.06 =
5075 °
Z S
Z 0.04 E
2 0.50 S
- 9
= (=9
£025 0.02 =
2 0.00 0.00 &

2017 2018
Behavioral Diversity ~e—ePacing

Figure 1. Behavioral diversity and pacing behavior of Amur leopard before and after utilizing
outcome-based behavior workflow.
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11. Conclusions and Future Directions

The main goals of the current paper were to provide animal care professionals at zoos and
aquariums a framework to explore and evaluate changes in behavioral diversity and to encourage
scientists to continue to examine and validate behavioral diversity as a potential positive indicator
of welfare. The framework presented a multi-phase process to measure and manage animal welfare
under professional care by outlining species-specific behaviors, contextualizing the behaviors, defining
the natural history adaptations, defining successful outcomes, and determining inputs. The framework
results in an outcome-based behavior workflow for animal care professionals to follow that establish
a list of species-specific, ecologically relevant experiences that can be used to promote behavioral
diversity. The reviewed literature suggests that behavioral diversity may be a useful tool in evaluating
welfare and that further work needs to be done to fully understand behavioral diversity within the
context of animal welfare.

In terms of examining the validity of behavioral diversity as a positive indicator of welfare, future
studies could examine the relationship with other behavioral and physiological measures. This could
include the relationship between behavioral diversity and indicators of welfare such as stereotypic
behavior, lethargy, immunoglobulin A (IgA), or cortisol:DHEA ratio. In addition, as already outlined,
there is a need to examine the impact of the grouping of behaviors in ethograms on behavioral diversity.
More broadly, research is also needed to define normal and/or ideal diversity values for a variety of
species across taxonomic groups and determine if there is value in the ability to compare index values
across species.

An additional area of opportunity includes determining if the Shannon’s diversity index is the
best index moving forward. The article outlines many of the indices used historically, and there are
other indices yet to be used within the field of animal welfare. For example, transforming Shannon’s
diversity index and Simpson diversity index into true diversity values has been employed in other
fields [86,91-93]. Converting these numbers to true diversities (i.e., the effective number of behaviors)
may provide benefits regarding interpretation. Future research should explore the possible usefulness
of these transformations.

There is still considerable work needed to validate behavioral diversity as an indicator of
positive welfare and develop behavioral diversity reference values across more taxonomic groups.
Despite the continued efforts necessary to fully understand behavioral diversity, we recommend
moving forward with goals to increase the diversity of ecologically relevant, desirable behaviors
in an applied setting. While unlikely based on current evidence, if future research deems that
behavioral diversity is not a positive indicator of animal welfare, there are still many reasons to focus
on behavioral diversity. Research has demonstrated that visitors to zoological institutions report
feeling more emotionally connected to wildlife when they observe animals engaging in a variety of
species-appropriate behavior [94,95]. In addition, we doubt that having a high behavioral diversity
of species-appropriate behaviors would compromise the welfare of individual animals. We hope
this manuscript encourages staff at zoos and aquariums to focus on increasing behavioral diversity
within species-appropriate behaviors, and for scientists to continue to examine behavioral diversity as
a potential positive indicator of welfare.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/7/1211/s1:
Document S1: Opportunities to Thrive.

Author Contributions: Conceptualization, L.].M., G.A.V,, ].S., and L.K.L.; writing—original draft preparation,
LJM.,, G.A.V, ]S, and LK.L.; writing—review and editing, L.]J.M., G.A.V.,, ].S., and L.K.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank Ellen Williams, Sam Ward, and Anne Carter for serving as
guest editors of the special issue. We would also like to thank Sarah Breen-Bartecki for her continued support of
the Chicago Zoological Society animal welfare research program and Jocelyn Woods for running the initial search
for citations.


http://www.mdpi.com/2076-2615/10/7/1211/s1

Animals 2020, 10, 1211 13 of 17

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Melfi, V.A. There are big gaps in our knowledge, and thus approach, to zoo animal welfare: A case for
evidence-based zoo animal management. Zoo Biol. 2009, 28, 574-588. [CrossRef]

2. Webster, A.].E. Animal Welfare: A Cool Eye Towards Eden; Blackwell Science: Oxford, UK, 1995.

3. Anonymous. Five Freedoms; Farm Animal Welfare Council, the National Archives, 2012. Available online:
http://webarchive.nationalarchives.gov.uk/20121007104210/http:/www.fawc.org.uk/freedoms.htm (accessed
on 19 May 2020).

4. Mellor, D.J; Reid, C.5S.W. Concepts of animal well-being and predicting the impact of procedures on
experimental animals. In Improving the Well-Being of Animals in the Research Environment; Australian and New
Zealand Council for the Care of Animals in Research and Teaching: Glen Osmond, Australia, 1994; pp. 3-18.

5. Mellor, D.J.; Beausoleil, N.J. Extending the Five Domains model for animal welfare assessment to incorporate
positive welfare states. Anim. Welf. 2015, 24, 241-253. [CrossRef]

6. Vicino, G.; Miller, L.J. From Prevention of Cruelty to Optimizing Welfare: Opportunities to Thrive.
In Proceedings of the International Ethological Conference, Cairns, Australia, 19 September 2015.

7. Miller, L.J.; Pisacane, C.B.; Vicino, G.A. Relationship between behavioural diversity and faecal glucocorticoid
metabolites: A case study with cheetahs (Acinonyx jubatus). Anim. Welf. 2016, 25, 325-329. [CrossRef]

8. Mason, G.J.; Latham, N.R. Can’t stop, won't stop: Is stereotypy a reliable animal welfare indicator? Anim. Welf.
2004, 13, 57-69.

9. Benn, A.L; McLelland, D.J.; Whittaker, A.L. A review of welfare assessment methods in reptiles,
and preliminary application of the welfare quality® protocol to the pygmy blue-tongue skink,
Tiliqua adelaidensis, using animal-based measures. Animals 2019, 9, 27. [CrossRef] [PubMed]

10. Brereton, ].E. Directions in animal enclosure use studies. J. Zoo Aquar. Res. 2020, 8, 1-9.

11.  Sherwen, S.L.; Hemsworth, L.M.; Beausoleil, N.J.; Embury, A.; Mellor, D.]. An animal welfare risk assessment
process for zoos. Animals 2018, 8, 130. [CrossRef]

12. Mason, G.J.; Burn, C.C. Behavioral restriction. In Animal Welfare, 2nd ed.; Appleby, M.C., Mench, J.A.,
Olson, L.A.S., Huges, B.O., Eds.; CAB International: Wallingford, UK, 2011; pp. 98-119.

13. Spinka, M.; Wemelsfelder, F. Environmental challenge and animal agency. In Animal Welfare, 2nd ed.;
Appleby, M.C., Mench, J.A., Olson, L.A.S., Huges, B.O., Eds.; CAB International: Wallingford, UK, 2011;
pp. 27-44.

14. Mason, G.J.; Cooper, J.; Clarebrough, C. Frustrations of fur-farmed mink. Nature 2001, 410, 35-36. [CrossRef]
[PubMed]

15. Jarvis, S.; Van der Vegt, B.].; Lawrence, A.B.; McLean, K.A.; Deans, L.A.; Chirnside, J.; Calvert, S.K. The effect
of parity and environmental restriction on behavioural and physiological responses of pre-parturient pigs.
Appl. Anim. Behav. Sci. 2001, 71, 203-216. [CrossRef]

16. Sarrafchi, A.; Blokhuis, H.J. Equine stereotypic behaviors: Causation, occurrence, and prevention. . Vet. Behav.
2013, 8, 386-394. [CrossRef]

17.  Wirbel, H.; Stauffacher, M.; von Holst, D. Stereotypies in laboratory mice—Quantitative and qualitative
description of the ontogeny of wire-gnawing and jumping in Zur: ICR and Zur: ICR nu. Ethology 1996, 102,
371-385. [CrossRef]

18.  Mason, G.J.; Turner, M.A. Mechanisms involved in the development and control of stereotypies. In Perspectives
in Ethology; Bateson, P.P.G., Klopfer, PH., Thompson, N.S., Eds.; Plenum Press: London, UK, 1993; pp. 53-85.

19. Rushen, J.; Lawrence, A.B.; Terlouw, C.E.M. The motivational basis of stereotypies. In Stereotypic Animal
Behavior: Fundamentals and Applications to Welfare; Lawrence, A.B., Rushen, J., Eds.; CAB International:
Wallingford, UK, 1993; pp. 41-64.

20. Meehan, C.L.; Garner, ].P.,; Mench, J.A. Environmental enrichment and development of cage stereotypy
in orange-winged Amazon parrots (Amazona amazonica). Dev. Psychobiol. 2004, 44, 209-218. [CrossRef]
[PubMed]

21. Stolba, A.; Wood-Gush, D.G.; Baker, N. The characterisation of stereotyped behaviour in stalled sows by

informational redundancy. Behaviour 1983, 87, 157-182. [CrossRef]


http://dx.doi.org/10.1002/zoo.20288
http://webarchive.nationalarchives.gov.uk/20121007104210/http:/www.fawc.org.uk/freedoms.htm
http://dx.doi.org/10.7120/09627286.24.3.241
http://dx.doi.org/10.7120/09627286.25.3.325
http://dx.doi.org/10.3390/ani9010027
http://www.ncbi.nlm.nih.gov/pubmed/30658490
http://dx.doi.org/10.3390/ani8080130
http://dx.doi.org/10.1038/35065157
http://www.ncbi.nlm.nih.gov/pubmed/11242031
http://dx.doi.org/10.1016/S0168-1591(00)00183-0
http://dx.doi.org/10.1016/j.jveb.2013.04.068
http://dx.doi.org/10.1111/j.1439-0310.1996.tb01133.x
http://dx.doi.org/10.1002/dev.20007
http://www.ncbi.nlm.nih.gov/pubmed/15103731
http://dx.doi.org/10.1163/156853983X00417

Animals 2020, 10, 1211 14 of 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Goswami, S.; Tyagi, P.C.; Malik, PK.; Pandit, S.J.; Kadivar, R.E; Fitzpatrick, M.; Mondol, S. Effects of
personality and rearing-history on the welfare of captive Asiatic lions (Panthera leo persica). Peer] 2020,
8, €8425. [CrossRef]

Gunn, D.; Morton, D.B. Inventory of the behaviour of New Zealand White rabbits in laboratory cages.
Appl. Anim. Behav. Sci. 1995, 45, 277-292. [CrossRef]

Miller, L.J.; Lauderdale, L.K.; Bryant, J.L.; Mellen, J.D.; Walsh, M.T.; Granger, D.A. Behavioral diversity as a
potential positive indicator of animal welfare in bottlenose dolphins. PLoS ONE, under review.

Vickery, S.; Mason, G. Stereotypic behavior in Asiatic black and Malayan sun bears. Zoo Biol. 2004, 23,
409-430. [CrossRef]

Shepherdson, D.J.; Carlstead, K.; Mellen, J.D.; Seidensticker, J. The influence of food presentation on the
behavior of small cats in confined environments. Zoo Biol. 1993, 12, 203-216. [CrossRef]

Antonenko, T.V.; Medvedeva, J.E.; Panchuk, K.A. The influence of olfactory stimulation on the welfare of big
cats in captivity. Ukr. J. Ecol. 2017, 7, 134-138. [CrossRef]

Swaisgood, R.R.; White, AM.; Zhou, X.; Zhang, G.; Lindburg, D.G. How do giant pandas (Ailuropoda
melanoleuca) respond to varying properties of enrichments? A comparison of behavioral profiles among five
enrichment items. J. Comp. Psychol. 2005, 119, 325-334. [CrossRef]

Swaisgood, R.R.; White, A.M.; Zhou, X.; Zhang, H.; Zhang, G.; Wei, R.; Hare, V].; Tepper, EM.; Lindburg, D.G.
A quantitative assessment of the efficacy of an environmental enrichment programme for giant pandas.
Anim. Behav. 2001, 61, 447-457. [CrossRef]

Renner, M.J.; Lussier, J.P. Environmental enrichment for the captive spectacled bear (Tremarctos ornatus).
Pharm. Biochem Behav 2002, 73, 279-283. [CrossRef]

Neal Webb, S.J.; Hau, J.; Schapiro, S.J. Captive chimpanzee (Pan troglodytes) behavior as a function of space
per animal and enclosure type. Am. . Primatol. 2018, 80, e22749. [CrossRef] [PubMed]

Scott, N.L.; LaDue, C.A. The behavioral effects of exhibit size versus complexity in African elephants:
A potential solution for smaller spaces. Zoo Biol. 2019, 38, 448-457. [CrossRef]

Clyvia, A.; Faggioli, A.B.; Cipreste, C.F. Effects of environmental enrichment in a captive pair of Golden
Parakeet (Guaruba guarouba, Psittacidae) with abnormal behaviors. Rev. Bras. Ornitol. 2015, 23, 309-314.
[CrossRef]

Garner, ].P.; Mason, G.J.; Smith, R. Stereotypic route-tracing in experimentally caged songbirds correlates
with general behavioural disinhibition. Anim. Behav. 2003, 66, 711-727. [CrossRef]

Lyon, M.; Robbins, T. The action of central nervous system stimulant drugs: A general theory concering
amphetamine effects. Curr. Dev. Psychopharmacol. 1975, 2, 79-163.

Catapani, M.L.; Pires, ].S.; Vasconcellos, A.D. Single-or pair-housed: Which is better for captive southern
tamanduas? |. Appl. Anim. Welf. Sci. 2019, 22, 289-297. [CrossRef]

Miller, L.J.; Mellen, J.; Greer, T.; Kuczaj, S.A. The effects of education programmes on Atlantic bottlenose
dolphin (Tursiops truncatus) behaviour. Anim. Welf. 2011, 20, 159-172.

Bashaw, M.].; Gibson, M.D.; Schowe, D.M.; Kucher, A.S. Does enrichment improve reptile welfare? Leopard
geckos (Eublepharis macularius) respond to five types of environmental enrichment. Appl. Anim. Behav. Sci.
2016, 184, 150-160. [CrossRef]

Hogan, L.A ; Johnston, S.D.; Lisle, A.; Horsup, A.B.; Janssen, T.; Phillips, C.J. Stereotypies and environmental
enrichment in captive southern hairy-nosed wombats, Lasiorhinus latifrons. Appl. Anim. Behav. Sci. 2010, 126,
85-95. [CrossRef]

de Oliveira, C.G.; Miranda, ].G.; Japyassu, H.F,; El-Hani, C.N. Using Zipf-Mandelbrot law and graph theory
to evaluate animal welfare. Phys. A 2018, 492, 285-295. [CrossRef]

Kohari, D.; Sunada, A.; Matsui, Y.; Ootaki, A.; Hori, H. Behavioral restriction effects on activity motivation of
a captive lion (Panthera leo persica). ]. Vet. Behav. 2017, 17, 14-18. [CrossRef]

Izzo, G.N.; Bashaw, M.].; Campbell, J.B. Enrichment and individual differences affect welfare indicators in
squirrel monkeys (Saimiri sciureus). |. Comp. Psychol. 2011, 125, 347-352. [CrossRef] [PubMed]

Miller, L.J.; Ivy, J.A.; Vicino, G.A.; Schork, I.G. Impacts of natural history and exhibit factors on carnivore
welfare. J. Appl. Anim. Welf. Sci. 2019, 22, 188-196. [CrossRef]

Young, R.J. Environmental Enrichment for Captive Animals; Universities Federation for Animal Welfare:
Wheathampstead, UK, 2003.


http://dx.doi.org/10.7717/peerj.8425
http://dx.doi.org/10.1016/0168-1591(95)00627-5
http://dx.doi.org/10.1002/zoo.20027
http://dx.doi.org/10.1002/zoo.1430120206
http://dx.doi.org/10.15421/2017_96
http://dx.doi.org/10.1037/0735-7036.119.3.325
http://dx.doi.org/10.1006/anbe.2000.1610
http://dx.doi.org/10.1016/S0091-3057(02)00786-4
http://dx.doi.org/10.1002/ajp.22749
http://www.ncbi.nlm.nih.gov/pubmed/29575053
http://dx.doi.org/10.1002/zoo.21506
http://dx.doi.org/10.1007/BF03544297
http://dx.doi.org/10.1006/anbe.2002.2254
http://dx.doi.org/10.1080/10888705.2018.1508352
http://dx.doi.org/10.1016/j.applanim.2016.08.003
http://dx.doi.org/10.1016/j.applanim.2010.05.009
http://dx.doi.org/10.1016/j.physa.2017.08.127
http://dx.doi.org/10.1016/j.jveb.2016.11.002
http://dx.doi.org/10.1037/a0024294
http://www.ncbi.nlm.nih.gov/pubmed/21767008
http://dx.doi.org/10.1080/10888705.2018.1455582

Animals 2020, 10, 1211 15 of 17

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Van Metter, ].E.; Harriger, M.D.; Bolen, R.H. Environmental enrichment utilizing stimulus objects for African
lions (Panthera leo leo) and Sumatran tigers (Panthera tigris sumatrae). BIOS 2008, 79, 7-16. [CrossRef]

Yu, S,; Jiang, Z.; Zhu, H.; Li, C.; Zhang, E.; Zhang, J.; Harrington, C. Effects of odors on behaviors of captive
Amur leopards Panthera pardus orientalis. Curr. Zool. 2009, 55, 20-27. [CrossRef]

Galhardo, L.; Correia, J.; Oliveira, R.F. The effect of substrate availability on behavioural and physiological
indicators of welfare in the African cichlid (Oreochromis mossambicus). Anim. Welf. 2008, 17, 239-254.
Haskell, M.; Wemelsfelder, F.; Mendl, M.T.; Calvert, S.; Lawrence, A.B. The effect of substrate-enriched and
substrate-impoverished housing environments on the diversity of behaviour in pigs. Behaviour 1996, 133,
741-761.

Hirt, H.; Wechsler, B. Behavioural diversity as a measure of welfare: A study in pigs. Appl. Anim. Behav. Sci.
1994, 40, 82-83. [CrossRef]

Wemelsfelder, E; Haskell, M.; Mendl, M.T.; Calvert, S.; Lawrence, A.B. Diversity of behaviour during novel
object tests is reduced in pigs housed in substrate-impoverished conditions. Anim. Behav. 2000, 60, 385-394.
[CrossRef]

Kistler, C.; Hegglin, D.; Wiirbel, H.; Kénig, B. Feeding enrichment in an opportunistic carnivore: The red fox.
Appl. Anim. Behav. Sci. 2009, 116, 260-265. [CrossRef]

Miller, L.J.; Lauderdale, L.K.; Mellen, J.D.; Walsh, M.T.; Granger, D.A. Relationships between animal
management and habitat characteristics with two potential indicators of welfare for bottlenose dolphins
under professional care. PLoS ONE, under review.

Murray, A.J.; Waran, N.K.; Young, R.J. Environmental enrichment for Australian mammals. Anim. Welf.
1998, 7, 415-425.

Wagman, ].D. The Effects of Feeding Enrichment on Behavioral Measures of Animal Welfare in Four Bear
Species. Ph.D. Thesis, Case Western Reserve University, Cleveland, OH, USA, 2015.

Renner, M.].; Rosenzweig, M.R. Object interactions in juvenile rats (Rattus norvegicus): Effects of different
experiential histories. J. Comp. Psychol. 1986, 100, 229-236. [CrossRef]

Spain, M.S.; Fuller, G.; Allard, S.M. Effects of habitat modifications on behavioral indicators of welfare
for Madagascar giant hognose snakes (Leioheterodon madagascariensis). Anim. Behav. Cogn. 2020, 7, 70-81.
[CrossRef]

Clark, EE.; Melfi, V.A. Environmental enrichment for a mixed-species nocturnal mammal exhibit. Zoo Biol.
2012, 31, 397-413. [CrossRef]

Frézard, A.; Pape, G.L. Contribution to the welfare of captive wolves (Canis lupus lupus): A behavioral
comparison of six wolf packs. Zoo Biol. 2003, 22, 33-44. [CrossRef]

Hacker, C.E.; Miller, L.J.; Schulte, B.A. Examination of enrichment using space and food for African elephants
(Loxodonta africana) at the San Diego Zoo Safari Park. Anim. Welf. 2018, 27, 55-65. [CrossRef]

Kistler, C.; Hegglin, D.; Wiirbel, H.; Konig, B. Preference for structured environment in zebrafish (Danio rerio)
and checker barbs (Puntius oligolepis). Appl. Anim. Behav. Sci. 2011, 135, 318-327. [CrossRef]

Kuczaj, S.; Lacinak, T.; Fad, O.; Trone, M.; Solangi, M.; Ramos, J. Keeping environmental enrichment enriching.
Int. ]. Comp. Psychol. 2002, 15, 127-137.

Alados, C.L.; Escos, ].M.; Emlen, ].M. Fractal structure of sequential behaviour patterns: An indicator of
stress. Anim. Behav. 1996, 51, 437-443. [CrossRef]

Escés, J.M.; Alados, C.L.; Emlen, J.M. Fractal structures and fractal functions as disease indicators. Oikos
1995, 74, 310-314. [CrossRef]

MacIntosh, A.J.; Alados, C.L.; Huffman, M.A. Fractal analysis of behaviour in a wild primate: Behavioural
complexity in health and disease. J. R. Soc. Interface 2011, 8, 1497-1509. [CrossRef] [PubMed]

Menchetti, L.; Righi, C.; Guelfi, G.; Enas, C.; Moscati, L.; Mancini, S.; Diverio, S. Multi-operator qualitative
behavioural assessment for dogs entering the shelter. Appl. Anim. Behav. Sci. 2019, 213, 107-116. [CrossRef]
Kiihl, H.S.; Boesch, C.; Kulik, L.; Haas, F.; Arandjelovic, M.; Dieguez, P.; Bocksberger, G.; McElreath, M.B.;
Agbor, A.; Angedakin, S.; et al. Human impact erodes chimpanzee behavioral diversity. Science 2019, 363,
1453-1455. [CrossRef]

Shannon, C.E. A mathematical theory of communication. Bell Labs Tech. ]. 1948, 27, 379-423. [CrossRef]


http://dx.doi.org/10.1893/0005-3155(2008)79[7:EEUSOF]2.0.CO;2
http://dx.doi.org/10.1093/czoolo/55.1.20
http://dx.doi.org/10.1016/0168-1591(94)90108-2
http://dx.doi.org/10.1006/anbe.2000.1466
http://dx.doi.org/10.1016/j.applanim.2008.09.004
http://dx.doi.org/10.1037/0735-7036.100.3.229
http://dx.doi.org/10.26451/abc.07.01.06.2020
http://dx.doi.org/10.1002/zoo.20380
http://dx.doi.org/10.1002/zoo.10070
http://dx.doi.org/10.7120/09627286.27.1.055
http://dx.doi.org/10.1016/j.applanim.2011.10.014
http://dx.doi.org/10.1006/anbe.1996.0040
http://dx.doi.org/10.2307/3545661
http://dx.doi.org/10.1098/rsif.2011.0049
http://www.ncbi.nlm.nih.gov/pubmed/21429908
http://dx.doi.org/10.1016/j.applanim.2019.02.008
http://dx.doi.org/10.1126/science.aau4532
http://dx.doi.org/10.1002/j.1538-7305.1948.tb01338.x

Animals 2020, 10, 1211 16 of 17

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.
93.

Hall, K; Bryant, J.; Staley, M.; Whitham, J.; Miller, L.J. Behavioral diversity as a potential positive indicator of
welfare: Examining various models and their relationships to physiological welfare indicators. Anim. Welf.,
under review.

Guilliams, T.G.; Edwards, L. Chronic stress and the HPA axis. Standard 2010, 9, 1-12.

Dantzer, B.; Fletcher, Q.E.; Boonstra, R.; Sheriff, M.]. Measures of physiological stress: A transparent or
opaque window into the status, management and conservation of species? Conserv. Physiol. 2014, 2, cou023.
[CrossRef] [PubMed]

Wielebnowski, N. Stress and distress: Evaluating their impact for the well-being of zoo animals. J. Am. Vet.
Med. Assoc. 2003, 223, 973-977. [CrossRef] [PubMed]

Baird, B.A. Ambassador Animal Welfare: Using Behavioral and Physiological Indicators to Assess the
Well-Being of Animals Used for Education Programs in Zoos. Ph.D. Thesis, Case Western Reserve University,
Cleveland, OH, USA, 2018.

Rose, P.E.; Brereton, J.E.; Croft, D.P. Measuring welfare in captive flamingos: Activity patterns and exhibit
usage in zoo-housed birds. Appl. Anim. Behav. Sci. 2018, 205, 115-125. [CrossRef]

Pielou, E.C. An Introduction to Mathematical Ecology; Wiley-Interscience: New York, NY, USA, 1969.
Simpson, E.H. Measurement of diversity. Natfure 1949, 163, 688. [CrossRef]

Gini, C. Variabilita e Mutabilita; Tipografia di Paolo Cuppini: Bologna, Italy, 1912.

Greenacre, M.; Hastie, T. The geometric interpretation of correspondence analysis. J. Am. Stat. Assoc. 1987,
82,437-447. [CrossRef]

Lebart, L.; Morineau, A.; Warwick, K.M. Multivariate Descriptive Statistical Analysis; Wiley: New York, NY,
USA, 1984.

Zipf, G.K. Human Behaviour and the Principle of Least Effort; Hafner: New York, NY, USA, 1949.

Zipf, G.K. Human Behaivour and the Principle of Least Effort, 2nd ed.; Hafner: New York, NY, USA, 1965.
Mandelbrot, B. Information theory and psycholinguistics: A theory of word frequencies. In Readings in
Mathematical Social Science; Lazarsfeld, P.F., Henry, N.H., Eds.; Science Research Associates: Chicago, IL,
USA, 1965.

Butler, G.C.; Yamamoto, Y.O.; Xing, H.C.; Northey, D.R.; Hughson, R.L. Heart rate variability and fractal
dimension during orthostatic challenges. J. Appl. Physiol. 1993, 75, 2602-2612. [CrossRef] [PubMed]
Yamamoto, Y.O.; Hughson, R.L. On the fractal nature of heart rate variability in humans: Effects of data
length and beta-adrenergic blockade. Am. . Physiol. Regul. Integr. Comp. Physiol. 1994, 266, R40-R49.
[CrossRef]

Pielou, E.C. The measurement of diversity in different types of biological collections. J. Biol. 1966, 13, 131-144.
[CrossRef]

Mclntosh, R.P. An index of diversity and the relation of certain concepts to diversity. Ecology 1967, 48,
392-404. [CrossRef]

Peet, R.K. The measurement of species diversity. Annu. Rev. Ecol. Syst. 1974, 5, 285-307. [CrossRef]
DeJong, TM. A comparison of three diversity indices based on their components of richness and evenness.
Oikos 1975, 26, 222-227. [CrossRef]

Cronin, K.A.; Ross, S.R. Technical contribution: A cautionary note on the use of behavioural diversity
(H-Index) in animal welfare science. Anim. Welf. 2019, 28, 157-164. [CrossRef]

Collins, C.K.; Quirke, T.; Overy, L.; Flannery, K.; O'Riordan, R. The effect of the zoo setting on the behavioural
diversity of captive gentoo penguins and the implications for their educational potential. |. Zoo Aquar. Res.
2016, 3, 85-90.

Stanton, L.A.; Sullivan, M.S.; Fazio, ].M. A standardized ethogram for the felidae: A tool for behavioral
researchers. Appl. Anim. Behav. Sci. 2015, 173, 3-16. [CrossRef]

Patil, G.P; Taillie, C. Diversity as a concept and its measurement. J. Am. Stat. Assoc. 1982, 77, 548-567.
[CrossRef]

MacArthur, R.H. Patterns of species diversity. Biol. Rev. 1965, 40, 510-533. [CrossRef]

Hill, M.O. Diversity and evenness: A unifying notation and its consequences. Ecology 1973, 54, 427—-432.
[CrossRef]


http://dx.doi.org/10.1093/conphys/cou023
http://www.ncbi.nlm.nih.gov/pubmed/27293644
http://dx.doi.org/10.2460/javma.2003.223.973
http://www.ncbi.nlm.nih.gov/pubmed/14552484
http://dx.doi.org/10.1016/j.applanim.2018.05.015
http://dx.doi.org/10.1038/163688a0
http://dx.doi.org/10.1080/01621459.1987.10478446
http://dx.doi.org/10.1152/jappl.1993.75.6.2602
http://www.ncbi.nlm.nih.gov/pubmed/8125880
http://dx.doi.org/10.1152/ajpregu.1994.266.1.R40
http://dx.doi.org/10.1016/0022-5193(66)90013-0
http://dx.doi.org/10.2307/1932674
http://dx.doi.org/10.1146/annurev.es.05.110174.001441
http://dx.doi.org/10.2307/3543712
http://dx.doi.org/10.7120/09627286.28.2.157
http://dx.doi.org/10.1016/j.applanim.2015.04.001
http://dx.doi.org/10.1080/01621459.1982.10477845
http://dx.doi.org/10.1111/j.1469-185X.1965.tb00815.x
http://dx.doi.org/10.2307/1934352

Animals 2020, 10, 1211 17 of 17

94. Luebke, J.E.; Watters, J.V.; Packer, J.; Miller, L.J.; Powell, D.M. Zoo visitors’ affective responses to observing
animal behaviors. Visit Stud. 2016, 19, 60-76. [CrossRef]

95. Miller, L.].; Luebke, J.E; Matiasek, J. Viewing African and Asian elephants at accredited zoological institutions:
Conservation intent and perceptions of animal welfare. Zoo Biol. 2018, 37, 466—477. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1080/10645578.2016.1144028
http://dx.doi.org/10.1002/zoo.21445
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Behavioral Diversity and Behavioral Restriction 
	Behavioral Diversity and Stereotypic Behavior 
	Factors Affecting Behavioral Diversity 
	Behavioral Diversity and Physiological Indicators of Animal Welfare 
	Methods of Calculation 
	Behavioral Diversity Considerations 
	Shannon’s Behavioral Diversity Index Scores across Species 
	Application of Behavioral Diversity 
	Conclusions and Future Directions 
	References

