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Review
Approximately 26 billion animals, spanning over 10 000
species, are kept on farms and in zoos, conservation
breeding centers, research laboratories and households.
Captive animals are often healthier, longer-lived and
more fecund than free-living conspecifics, but for some
species the opposite is true. Captivity is a very long
way from the ideal ‘common garden’ often assumed
by evolutionary and ecological researchers using data
for captive animals. The use of comparative methods to
investigate the fundamental biological causes of these
species differences would help to improve husbandry
and enclosure design, and might even reveal relation-
ships between susceptibilities to poor captive welfare
and susceptibilities to anthropogenic threat in the wild.
Studies of these species differences could also inspire
and facilitate ‘evo-mecho’ research into the functions of
behavioral control mechanisms.

Animal welfare science and the wellbeing of captive
wild animals
The poor wellbeing experienced by some animals in zoos,
laboratories and other captive situations is both a problem
that needs to be solved and an opportunity to address
fundamental questions about behavioral evolution. Im-
portant for both these topics is the enormous variation
between species in how they react to captivity, as illus-
trated in the first section of this review. This variation can
be used for hypothesis testing by means of comparative
methods, which involves statistical comparison of multi-
ple species with differing phenotypes. I summarize four
studies that have used comparative methods to investi-
gate causes of poor welfare in zoos and show the enormous
potential of this approach for future research. For exam-
ple, new hypotheses to test are suggested by recent
insights from conservation biology into links between
invasiveness and the ability to thrive in human proximity,
the special traits of ‘weed species’ and ‘urban invaders’
seeming likely to help themflourish in captivity. One clear
conclusion of this review is therefore that ecological and
evolutionary biology has much to offer animal welfare
research. However, as the final section argues, the benefits
are not just one-way. Animal welfare data highlight the
dangers of uncritical use of captive animals to test ecological
or evolutionary hypotheses by demonstrating that captivity
is not always the benign backdrop that is generally assumed
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in such work. Welfare data also raise novel ‘evo-mecho’ [1]
hypotheses to test, because some responses to captivity
suggest new insights into the mechanisms that control
behavior. To end, I highlight recent advances, especially
the increasing availability and quality of data from zoos,
that make the application of comparative methods to wel-
fare issues timely.

As a scientific discipline, animal welfare science needs
some introduction. This field evaluates the wellbeing of
animals controlled by humans [2–5], principally the vast
numbers kept confined (e.g. the 25 000 000 000 farm ani-
mals, http://faostat.fao.org/site/573/default.aspx#ancor). Its
research topics include the welfare impacts of enclosure
sizes and housing conditions that prevent species-typical
natural behaviors. It informs and shapes legislation and
guidelines on humane care, which comprise ethically driven
policies that assume that animals, or at least homeotherms,
are sentient and able to suffer. Welfare scientists therefore
often make explicit inferences about animal feelings (e.g.
pain, fear, frustration), states that cannot be measured
directly but are inferred using a toolbox of indices. These
indices will be familiar to biologists interested in stress
physiology, responses to predators and constraints on re-
production or immunity [6–10]. They include the avoidance
of potential threat (e.g. escape responses), associated acute
stress responses (e.g. catecholamine and corticosteroid re-
lease) and their functional consequences (e.g. increased
heart and ventilation rates), and long-term responses such
asadrenal enlargement, compromised growth, reproductive
suppression and immunosuppression. Box 1 describes an
additional index: stereotypic behavior. As discussed below,
these indices can reveal much about the welfare of captive
wild animals.

Captivity: a haven for some species but more prison-like
for others?
There is wide variation in how animals respond to captivi-
ty, and in some cases chronic stress seems to be an influ-
ence. Captive wild animals generally receive ample food
and water, veterinary care, and protection from predation
and conflict. Consequently, they are often healthier, live
longer and breed more successfully than conspecifics living
free in their natural environments. Many zoos have im-
pressive longevity records, and some captive populations
would have exponential growth rates were they not man-
aged to prevent this [11–14]. However, not all captive wild
animals flourish in this way, with some surviving and
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Figure I. Stereotypic behaviour and its consequences. (a) A tuskless captive walrus (image from iStockPhoto). (b) Self-harm in a cockatoo (image supplied by the World

Parrot Trust). (c) A stereotypic captive bear (image supplied by the Born Free Foundation).

Box 1. Stereotypic behavior: a captivity-induced behavioral anomaly with great interspecies variation

Suboptimal captive environments induce abnormal, repetitive stereo-

typic behavior by eliciting sustained attempts to perform specific

normal activities, and in some cases by disrupting normal brain

development leading to general tendencies to show behavioral

inflexibility [22,62,79]. Species differ greatly in how readily they develop

stereotypic behavior, with some species displaying little because they

adjust well to captivity and others displaying little because they instead

react with profound inactivity (Box 2). Species also differ greatly in what

forms they display. Zoo-housed walruses, for example, stereotypically

rub their tusks on concrete structures such as pool edges [74,78]. This

activity can so damage the tusks, risking infection, that zoos remove

them (Figure Ia). Walruses seem to be the only captive pinniped with an

oral stereotypic behavior, probably reflecting their unusual, naturally

molluscivorous diet: the tusk rubbing resembles actions used when

foraging on mollusc beds in the wild. Another stereotypic behavior that

possibly derives from natural foraging movements is the feather and

skin plucking common in some birds, including caged parrots (Figure

Ib) [79,80]. Cockatoos, as shown here, are very prone to self-plucking,

whereas certain other parrot species are far less prone (Table 1). This

interspecies variability could potentially be used in the future to

pinpoint the fundamental origins of this behavior (see the text). Species

differences similarly occur in the pacing and swaying typical of caged

carnivores (Figure Ic); within this taxon, those species in which it is

most time-consuming tend to be naturally wide-ranging (see the text)

[22,32]. Stereotypic behavior patterns like these are widely used in

welfare research, but not to date in evolutionary or ecological work.

However, they might provide ‘evo mecho’ insights into the evolution of

different types of behavioral control mechanisms (see the text).
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breeding far less well than might be expected. Further-
more, the evidence of compromised welfare often suggests
that physiological or psychological needs are not beingmet.

Forest duikers (Cephalophus spp.) in zoos, for instance,
are ‘highly susceptible to stress’ [15], vulnerable to oppor-
tunistic infections such as jaw abscesses [15], and common-
ly have infant mortality rates of 30–40% [16], which is
higher than typical for ungulates in good conditions [12].
Giraffes (Giraffa cameleopardalis) have a shorter lifespan
in zoos than when protected in the wild [17], an effect
seemingly linked to poor nutritional status and low energy
intake, suggesting inadequacies in zoo diets [17]. Further-
more, many captive giraffes (at least 75% of the North
American population [18]) show oral stereotypic behaviors
such as wall licking. African elephants (Loxodonta africa-
na) also have a shorter lifespan in zoos than when pro-
tected in the wild, whereas zoo-born Asian elephants
(Elephas maximus) have a shorter life than conspecifics
born in Burmese timber camps [19]. In zoos, both species
also have reproductive problems such as high infant mor-
tality and abnormal estrous cycling [14,19,20] and are not
self-sustaining [20]. Furthermore, many zoo elephants (at
least 50% [14]) perform stereotypic behavior. Cheetahs
(Acinonyx jubatus) in Western zoos are similarly not
self-sustaining [21] because of reproductive problems,
including high infant mortality [22]. Zoo-housed cheetahs
also have elevated cortisol outputs, hypertrophied adrenal
glands, and enhanced vulnerability to a Helicobacter spe-
cies that seems to be non-pathogenic in wild cheetahs but
causes severe gastritis in zoo animals (http://www.cbsg.org/
714
cbsg/workshopreports/26/global_cheetah_conservation_
plan_final_report_2002.pdf, [21–23]).

Finally, breeding colonies of Humboldt penguins
(Spheniscus humboldti) in UK zoos have approximately
half the chick output of free-living, undisturbed wild colo-
nies (see the supporting material online, [24,25]), and in
these and other penguin species, aspergillosis, a stress-
related opportunistic fungal infection, is more prevalent in
captive than in wild populations [26].

In all these cases, zoo animals fare worse than expected
given benchmark data from other protected populations.
This is paradoxical given the potential benefits of captivity.
It is not the only paradox. A second is that many other
species thrive in similar conditions. Table 1 illustrates this
species variation in more detail (with further examples in
the next section) and Box 2 discusses the types of data
needed tomake valid conclusions about the relative welfare
of different species. Overall, it is evident that even close
taxonomic relatives can differ enormously in captive well-
being: some species have arguably acceptable or even good
welfare, whereas their congeners display evidence of stress
in similar conditions. This in turn suggests that, compared
with their more easygoing relatives, the latter species have
requirements that are either particularly difficult to accom-
modate in captivity or are simply not yet understood.

These puzzling contrasts could hold the key to under-
standing such welfare problems. Traditional approaches
for identifying causes of poor welfare include epidemiologi-
cal investigations that exploit existing variation between
facilities, and experimental manipulations of management
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Table 1. Closely related species with unexplained variation in captive welfare

Taxon Species with relatively poor captive welfare Refs Species with relatively good captive welfare Refs

Prosimians Gentle lemur (Hapalemur spp.) Ring-tailed lemur (Lemur catta)

� Reportedly timid, with many abnormal behaviors;

poor reproduction in captivity

[65] � Reportedly minimal behavioral and veterinary

problems; excellent breeding success

[65]

Black lemur (Eulemur macaco) � Infant mortality rate in zoos 21%; lowest of five

lemurs surveyed in 1984, and more recently

estimated at just 10–15%

[66,68]a

� Infant mortality rate in zoos 27% in 1984 [66]

� Prevalence of stereotypic behavior 55% [67]

� Prevalence of stereotypic behavior 6% [67]a

Cetaceans Orca (Orcinus orca) Bottle-nose dolphin (Tursiops truncatus)

�Annual mortality rates of 4–6% in captivity, compared

with 2–3% in the wild, a significant difference

resulting in an expected lifespan of half to two-thirds

of that occurring naturally [http://dukespace.lib.

duke.edu/dspace/handle/10161/230]

[69,70] � Annual mortality rates not significantly different

from those in the wild, as long as recent data are

used [http://dukespace.lib.duke.edu/dspace/

handle/10161/230].

[69,70]

�Although ‘successfully kept and bred in captivity’, the

IUCN describes this success as ‘Limited’

[71,72]

� Reproductive rates can be faster than in the wild [73]

[71]

� ‘the most common species of cetacean kept in

captivity; highly adaptable. . . successfully kept

and bred in captivity’� ‘Can be aggressive, several attacks on trainers

occurred’ [71] Finless porpoise (Neophocaena phocaenoides)

Fraser’s dolphin (Lagenodelphis hosei) � ‘Playful in captivity. . . successfully kept and bred’

� ‘Shy, nervous, and refuse[s] to eat; fragile in captivity;

unsuccessfully kept so far; probably unsuitable for

captivity’

[71]

[71]

Dall’s porpoise (Phocoenoides dalli)

� ‘Unsuccessful in captivity, throwing itself against

walls and bottom; refuses to feed, nervous, irritable,

subject to infection and skin slough. . . probably

unsuitable for captivity’

[71]

Pinnipeds Walrus (Odobenus rosmarus) Gray seal (Halicheorus gypus)

� Shorter lifespan than in the wild
[74,75]

� Similar survivorship in captivity as in the wild

http://dukespace.lib.duke.edu/dspace/handle/

10161/230].

� Reports and census data suggest poor reproduction

in zoos [76,77]

� Census data suggest few breeding problems in

zoos

[79,80,83]� Intense stereotypic rooting of concrete pool edges,

causing tusk wear (see Figure I in Box 1)
[74,75,

77,78]

Psittacines Cockatoos (Cacatua Psittacus erithacus spp.), African

grey parrots and macaws (Ara spp.)

Lorikeets and lories (Lorius spp. and related genera

in the Loriinae) and budgerigars (Melopsittacus

undulatus)� Feather plucking (Fig. 1) is common

[79,80] � Feather-plucking is very uncommon [79,80,83]� Captive breeding of macaws varies with species,

some breed readily but others very poorly [51,81] � Also breed readily in captivity [81,82]

Raptors Sparrowhawk (Accipiter nisus) [84] Kestrel (Falco tinnunculus) [84]a

� Mortality rates as high as in the wild; ‘[susceptible]

to seizures. . . difficult to keep’

� Mortality rates ‘substantially lower’ than in the

wild; also lower than for captive sparrowhawks
aSee the supplementary material online.
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or husbandry regimes [2–5]. However, interspecies varia-
tion in welfare can be used for a complementary, and
potentially extremely valuable, third approach: compara-
tive methods.

Species variation in responses to captivity as an
emerging way to solve welfare problems
Comparative methods involve hypothesis testing using
data from multiple species with statistical testing of,
and if necessary control for, phylogenetic non-indepen-
dence (similarities between related taxa because of shared
traits from a common ancestor) [27–29]. Widely used in
evolutionary and ecological research and successfully ap-
plied to identify conservation risk and protective factors
[28,29], these methods can also be used to investigate
welfare problems.

Two early studies involved multispecies behavioral
data collected in zoos. Neither tested for phylogenetic
non-independence, so their findings are intriguing hints
rather than conclusive. However, they provided the first
demonstrations that species differences in welfare are non-
random. Chamove and colleagues investigated how visi-
tors affect zoo primates [30]. Across 12 species, they found
that human proximity caused increases in activity. They
hypothesized that smaller-bodied species were most affect-
ed and that differences existed between arboreal and
terrestrial primates. Their cross-species comparisons sig-
nificantly supported the former hypothesis (see the sup-
plementary material online). This suggests that relatively
small primates are particularly threatened by the presence
of humans. Mettke measured parrot responses to novel
objects placed in their aviaries [31]. Six species scored as
being prone to feather plucking (see Figure I in Box 1)
performed far more protracted exploration than three
scored as not prone (see the supplementary material on-
line). This suggests that frustrated exploration might un-
derlie feather plucking, so that the pre-emptive provision
of opportunities to explore might be beneficial for captive
investigatory species.

A more recent study by my own laboratory investigated
whether carnivore welfare is affected by the degree to
which captivity constrains natural activities such as hunt-
ing and ranging [22,32]. We used data on captive infant
mortality and stereotypic pacing or swaying (see Figure I
715



Box 2. Comparing captive welfare across species

Comparison of welfare across species requires certain checks to

ensure that any differences truly reflect differential responses to

captivity. Species differences in baseline attributes, response style or

husbandry might otherwise lead to incorrect inferences about

differential welfare.

Species differences in baseline attributes: For some welfare indices,

problems are signaled by changes from a norm. When species differ

in their norms (as is often the case for longevity, infant mortality,

corticosteroid output, etc.) these baselines must not be confused with

responses to captivity. To illustrate, the mortality rates of six captive

pinniped species differ, with Northern fur seals (Callorhinus ursinus)

having the highest [85]. Concluding that Northern fur seals are least

suited to captivity would be naı̈ve, however: they could have an

intrinsically shorter lifespan, with lower annual survival rates even in

optimal free-ranging conditions.

Species differences in response style: Some aversive stimuli provoke

divergent reactions. Predation threat, for instance, can elicit flight or

freezing [7,9], whereas in captivity, some animals become inactive

and apathetic instead of stereotypic [62]; these differences are

sometimes termed proactive and reactive responses [86]. Recording

just one response while ignoring the alternative could erroneously

suggest differences in welfare. To illustrate, when seven rodent

species were tested in an illuminated unfamiliar arena, the two

caviomorphs responded very differently: chinchillas (Chinchilla

laniger) scurried about, defecating extensively, whereas guinea pigs

(Cavio porcellus) remained huddled and inactive [87]. Using freezing

as the sole index might suggest that guinea pigs found the arena

most aversive, but this conclusion would obviously be simplistic

given that other indices show that chinchillas also found it stressful.

Solutions to these potential problems are to compare values for

captive animals with optimum or benchmark values determined for

the same species, and to use more than one index to infer welfare to

check that they lead to similar conclusions [14,22].

Species differences in husbandry: Ecological niche or other attributes

might encourage systematic patterns in husbandry that induce

species differences in captive welfare. Depending on the precise

research question, such differences in husbandry would be interest-

ing topics for analysis or could represent potential confounds that

require statistical control [22,33].

For example, given limited space, large species might tend to be

housed in smaller enclosures for their body size, whereas species

from polar or desert environments might be given barren enclosures

which mimic these human eyes. Captive species can also vary in

population size or tendencies for males and females to be housed

together, affecting reproductive opportunities in a manner analogous

to ‘propagule pressure’ (see the text). Species can also differ in

‘husbandry effort’, with endangered species perhaps attracting more

solicitous care and resources [33].
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in Box 1) for 31 species, controlling for phylogenetic relat-
edness using phylogenetically independent contrasts. Be-
ing naturally wide-ranging predicted greater stereotypic
behavior and captive infant mortality, suggesting that
designing enclosures with natural ranging in mind (for
instance, providing more space, multiple den sites, or
greater day-to-day environmental variability) would
improve carnivore welfare, and that targeting such
improvements on naturally wide-ranging species might
pre-empt the emergence of welfare problems. More recent-
Box 3. Ethological welfare risk factors: hypotheses for future tes

Specific natural behaviors that are constrained by captivity have often

been suggested as welfare risk factors. They and their testable

predictions are summarized below (see the text for additional hypotheses

concerning species-typical personality traits and conservation status).

Future tests should incorporate controls for phylogenetic non-indepen-

dence, where needed (see the text); the checks outlined in Box 2; and,

ideally, large sample sizes (with species as the unit of replication).

Feather and skin plucking in parrots: alternatives to the exploration

hypothesis (see the text)

Hypothesis I: This behavior is induced by social isolation [79,88].

Prediction: Feather and skin plucking will be most severe or

prevalent in the most social species; effects will be stronger in birds

kept as pets (often without conspecifics) than in reputable zoos or

breeding centers (generally with conspecifics).

Hypothesis II: This behavior is induced by frustration of natural

foraging [79,80].

Prediction: Feather and skin plucking will be most severe or

prevalent in species with the most naturally time-consuming or

manipulative foraging behavior.

Natural foraging behavior and stereotypic pacing in captive carnivores

Hypothesis: Stereotypic pacing derives from aspects of natural

hunting (e.g. prey search or pursuit) [22,89].

Prediction: Stereotypic pacing will be most time-consuming or

prevalent in species that travel long distances in search of prey or

show sustained pursuit, after statistically controlling for the effects of

species differences in ranging (see the text) [22,89].

716
ly still, Müller and colleagues used information on over 45
000 individual deer from the International Species Inven-
tory System (ISIS; Box 4) [33]. Their innovative analyses
involved calculating the ratio of mean lifespan in captivity
to the maximum ever recorded for each of 20 species, to
control for species differences in normal intrinsic life ex-
pectancy (Box 2). In females, for whom sample sizes were
larger and intraspecific aggression not an issue, these
values negatively co-varied with the percentage of browse
(leafymaterial from trees and bushes) in their natural diet,
ting using comparative methods

Natural foraging and post-feeding oral stereotypic behaviors

Hypothesis: Post-feeding oral stereotypic behaviors (e.g. those of

walruses [Box 1] and ungulates such as the giraffe [18]) derive from

localized food searching [90].

Prediction: Post-feeding oral stereotypic behaviors will typify

naturally patch-feeding species, in contrast to species with naturally

evenly dispersed or highly mobile food items.

Welfare of captive marmosets and tamarins in laboratories and zoos

Hypothesis I: Restrictions on ranging compromise callitrichid welfare

[90].

Prediction: Naturally wide-ranging callitrichid species will fare

poorest in laboratories and zoos.

Hypothesis II: Restrictions on arboreality compromise callitrichid

welfare [91].

Prediction: Species that naturally use the highest regions of the forest

canopy and/or least often use the forest floor will fare poorest in

laboratories and zoos.

Welfare of cetaceans in aquaria

Hypothesis I: Restrictions on diving compromise welfare in cetaceans

[71].

Prediction: Shallow water species will fare better in aquaria than deep

water species.

Hypothesis II: Restrictions on travelling long distances compromise

welfare in cetaceans [71].

Prediction: Coastal, little-ranging species will have poorer welfare in

aquaria than open-ocean pelagic species.
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suggesting that being naturally browsing is a risk factor for
shortened captive lifespan. These results need to be
checked for the potential effects of phylogenetic non-inde-
pendence, but given the otherwise superb quality of the
study and the poor performance of duikers and giraffes
(browsers from two quite different ruminant families; see
the previous section), they strongly suggest that meeting
the dietary needs of browsers could improve captive wel-
fare in cervids and that diligent monitoring of natural
browsers would be a strategic use of zoo resources.

These four studies show the great potential of compara-
tive methods. Like the more traditional techniques of
welfare research, they can successfully test hypotheses
about causes of poor welfare and can thus help to improve
husbandry in targeted, evidence-based ways. However,
they can also tackle hypotheses that would otherwise be
near impossible to test (e.g. that prevention of hunting
frustrates carnivores) and generate predictive rules of
thumb for anticipating which as-yet-unstudied species
are inherently likely to react well or adversely to captive
conditions.

Comparative methods are thus ideal for testing the
many other suggested explanations for species differences
in welfare, as well as untested hypotheses about the bio-
logical roots of welfare problems that abound in the etho-
logical and veterinary literature (Box 3). As discussed
below, they could also be used to test new hypotheses
generated by recent findings on the traits that help ani-
mals to cope with rapid anthropogenic environmental
change in the wild.

‘Weed species’, ‘urban invaders’ and the potential to
flourish in captivity
Potential threats, such as habitat destruction and human
disturbance, and potential opportunities, such as acciden-
tal or deliberate release into new environments, arguably
share similarities with being placed in captivity. To be
successful under these conditions, animals must modify
their behavior appropriately (change what and how they
eat, how they nest or den, and so on), cope with the close
proximity of humans, and not be overstressed by novelty.

Invasive ‘weed species’ thrive in human proximity

Laboratory animal texts on rats (Rattus norvegicus), mice
(Mus musculus) and rhesus monkeys (Macaca mulatta)
often suggest that species that thrive in captivity also tend
to be invasive and/or tolerant of urbanization. But do ‘weed
species’ truly succeed everywhere, whether free or captive?
Jeschke and Strayer [34] provided the first support for this
idea using clever comparative analyses that controlled for
the likelihood that both captive and commensal species are
simply most often transported to new locations. They
investigated why 139 of the 2362 vertebrate species native
to either North America or Europe have been moved
between these two continents, and why some of these
introductions then proved invasive. For 128 of these spe-
cies, data on the number of countries (in Europe) and states
or provinces (North America) where introductions occurred
were used to estimate propagule pressure, the number of
opportunities a non-native species has to establish itself.
Domesticates and other species raised in captivity as pets
or for food or sport were classed as human affiliates, as
were species that flourish in human settlements (e.g. R.
norvegicus and the house sparrow, Passer domesticus).
Unsurprisingly, human affiliates were more likely to be
introduced outside their native range and with higher
propagule pressure. However, this was not their only
correlate. Once introduced, they were more likely to be-
come established and spread, an effect that was observed
even when propagule pressure was statistically controlled
for. Thus, traits that help animals to thrive in close prox-
imity to humans do predict invasiveness in the wild. This
suggests a new hypothesis for formal testing: invasive
species are predisposed to good captive welfare. It also
raises questions about what traits confer this type of
success.

Do traits conferring resilience to anthropogenic

disturbance in the wild predict good captive welfare?

Boldness, behavioral flexibility and being non-migratory
have emerged as three key characteristics predicting inva-
siveness and tolerance of rapid, anthropogenic environ-
mental change in the wild. Intriguingly, a recent paper on
the evolution of domestication concludes that timidity, a
wide-ranging lifestyle and dietary or habitat specialism
are similarly unfavorable for successful domestication [35].
The question thus arises as to whether these traits also
predict poor wellbeing in captive wild species.

Boldness

Bold species show little fear when faced with familiar
threats such as predator cues [9,10]. This confers resilience
to disturbance in the wild because crucial behaviors such
as foraging are little interrupted by flight or freezing, and
growth and reproduction are not compromised by endo-
crine stress responses [8,9,36]. For example, ecotourism
studies have shown that Gentoo (Pygoscelis papua) and
Magellanic (Spheniscus megellanicus) penguins, which
show little fear of humans, exhibit minimal reproductive
suppression at popular ecotourist sites. In contrast, fearful
species such as Humboldt and yellow-eyed penguins
(Megadyptes antipodes) exhibit impaired breeding
[25,37–39]. New comparative research has tested such
associations statistically using large, multi-species data-
bases. Avian species that are particularly scared of
humans, as assessed by flight distance when approached,
have displayed the greatest recent population declines in
Europe [40]. These fearful species are also least likely to
colonize towns and cities [41].

For captive animals, the trait of boldness versus fear-
fulness was suggested decades ago as an explanation for
why zoo life is stressful for somewild species but not others
[42]. However, this increasingly plausible idea remains
untested. Captive birds would make ideal subjects for
exploring this further, given the new wealth of compara-
tive data on their fear of humans in the wild [36–41].

Resident versus migratory lifestyle

Being resident or little-ranging rather than migratory also
tends to be beneficial in terms of invasion success
[29,43,44]. For example, resident parrot species are more
likely than migratory species to successfully establish
717
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themselves in new locations [44]. In captivity, being wide-
ranging predicts poorer welfare in carnivores, as already
discussed [22,32], and some captive migratory birds also
show intense seasonal migratory restlessness and associ-
ated physiological stress responses [45]. However, it
remains unknown whether being migratory is a consistent
risk factor for poor captive welfare.

Behavioral flexibility

Behavioral flexibility, the ability to cope with new stimuli
or resources [10,29], is the third behavioral trait to consis-
tently promote tolerance of rapid, anthropogenic environ-
mental change in the wild. This involves being exploratory
rather than avoiding novelty and being able to modify
foraging and other behaviors to exploit new opportunities
[10,46]. Thus, ecological generalists that use a range of
habitats and/or food types are consistently more invasive
and likely to establish after introductions to new environ-
ments [29,34,47,48]. Bird species that readily develop new
foraging modes, as quantified by recording innovation
rates, are likewise most likely to thrive in new environ-
ments (as are those with the correlated trait of relatively
large brains [46], an effect also evident in mammals [48]).

In captivity, behavioral inflexibility could well confer
poor ability to habituate to human proximity or to suppress
natural activities that captivity renders impossible or re-
dundant. In addition, it could impede adjustment to new
social systems, types of shelter or foraging modes imposed
by captivehusbandry. In contrast, beinghighlymotivated to
explore and innovate might be frustrating in monotonous
enclosures, a possibility already suggested byMettke’swork
on parrots [31]. This potentially paradoxical impact of be-
havioral inflexibility versus flexibility has led to contrasting
hypotheses that omnivores might adapt particularly well to
captivity or, in contrast, might find it frustratingly ‘boring’
[22]. Future comparative studies might thus reveal that
being moderately flexible, without being excessively intelli-
gent or innovative, is optimal for captive welfare.

Conservation status and good captive welfare: are

vulnerable wild species also vulnerable in captivity?

The evidence above suggests that conservation status itself
might predict success in captivity, with common species
thriving but at-risk species being inherently prone to poor
welfare. Consistent with this, two 20-year-old studies
revealed that endangered species are numerically under-
represented in zoos [49] and that among captive canids,
endangered and vulnerable species have poorer pup surviv-
al than common species [50]. Furthermore, a review from
that time also argues that endangered bird species are
harder to breed in captivity than theirnon-endangered close
relatives [51]. These suggestions nowneed to be testedmore
rigorously using appropriate controls for phylogenetic non-
independence, for intrinsic species differences in, for exam-
ple, reproductive rate, and for the greater husbandry effort
that is probably devoted tomore endangered species (Box 2).

Captive animal welfare is important for ecology and
evolutionary researchers
Ecology and evolutionary biology clearly havemore to offer
animal welfare science than just new methodologies. In
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addition they offer new hypotheses to test and sometimes
even the data to test them. However, animal welfare
science has much to offer in return. The two main recipro-
cal benefits are the promotion of more valid, sophisticated
use of captive animal data in fundamental research and
the proposal of new hypotheses about the adaptive design
of behavioral control mechanisms.

Using captive animal data in fundamental research:

captivity is no common garden

Just as researchers assessing the impact of captivity must
not overlook intrinsic species differences in norms (Box 2),
so researchers interested in intrinsic species differences
must not overlook differential welfare when using data
from captive animals, because species differ so greatly in
responses to captivity.

This problem seems to be unrecognized in most studies
using captive species to investigate patterns of natural
adaptation, even when the variables involved are stress-
sensitive (e.g. comparative analyses of immune function
[52,53], exploration and neophobia [31,54] and lifespan
[55,56]). Statements such as ‘captive records are preferred
because maximum potential lifespan is of interest’ [56]
treat captivity as an optimum common garden that liber-
ates animals from extrinsic constraints. However, the
assumption that captivity is evenly benign is clearly naı̈ve.
This view ignores species�environment interactions in
captive animals’ data that will at best add noise and at
worst cause spurious results. Welfare science suggests
some potential solutions. One is to use only upper or lower
extreme values (depending on the variable) from each
captive species to eliminate the most stressed individuals.
Other solutions require additional information, such as
using only data from animals in very large, naturalistic
enclosures and/or from individuals for which other vari-
ables suggest good welfare (good reproductive rates com-
pared to benchmark populations, no stereotypic behavior,
etc.). Data on such variables from zoos will become increas-
ingly easy to obtain (Box 4; final section).

Using animal responses to captivity to generate and test

new ‘evo-mecho’ hypotheses

The responses of animals to captivity can be used to
generate novel evo-mecho hypotheses in at least three
ways: by highlighting the diversity of control mechanisms
underlying different behaviors; by showing the degree to
which behavior is affected by developmental environ-
ments; and by raising questions about the evolutionary
functions of feelings such as pleasure and suffering. To
illustrate, stereotypic behavior (Box 1) can help to reveal
plasticity in brain development and to identify attributes of
natural environments necessary for this to progress nor-
mally. This varies between species, but for reasons that
have barely been explored since the 1970s [57,58].

Through their form and timing, stereotypic behaviors
can also help to identify specific natural responses that are
predisposed to persist even without apparent proximate
benefits. This could reflect underlying control mechanisms
that do not require reinforcing feedback from the environ-
ment. This type of control is predicted to evolve when
learning would be challenging, for instance when the



Box 4. Sourcing data from animals in zoos and aquaria

Visiting zoos to collect data

Pros: Can be productive, especially for taxonomically specialized

collections such as bird gardens [31,54]; provides control over data

quality and the precise variables recorded.

Cons: Assessment of multiple replicates (since individuals

within one enclosure are non-independent) is potentially time-,

travel- and labor-intensive; data collection, especially for physiolo-

gical variables, might require permission and/or assistance from zoo

personnel.

Collating data from publications
Pros: As for any data mining research (see data sources below),

including good statistical power at a low cost.

Cons: Welfare-oriented studies are skewed towards homeotherms,

especially individuals and species with apparent problems. Thus,

species that thrive in captivity are under-represented, and the true

prevalence of welfare problems in a species cannot be estimated, just

the severity of problems in affected subjects [22,32].

Using infant mortality data published annually for 1966–1998 in the

International Zoo Yearbook, Vols 6–36

Pros: Freely available data on births or hatchings and deaths before 30

days; reported for many thousands of vertebrate species from zoos

worldwide plus some US Regional Primate Research Centers.

Cons: Data are submitted voluntarily without quality checks (thus they

suggest increasing infant carnivore mortality since the 1960s,

probably reflecting better reporting [50]). Individual dam identities

and non-independent animals sharing enclosures cannot be distin-

guished. ‘Zoo’ (rather than ‘report’ or ‘year’) is thus the most

appropriate unit of statistical replication [22,32].

Using the US National Oceanic and Atmospheric Administration

Marine Mammal Inventory Report (MMIR)

Pros: Data are publically available on acquisitions, births and deaths

for thousands of individual pinnipeds and cetaceans captive since

1972; data are generally of good quality [http://dukespace.lib.duke.

edu/dspace/handle/10161/230]; can be used for survivorship analyses.

Cons: Stillbirths and neonatal deaths are sometimes under-reported

[http://dukespace.lib.duke.edu/dspace/handle/10161/230]; walruses

are excluded (the one pinniped species not covered).

Using data from studbooks (demographic records of genetically

managed populations in zoos)

Pros: Largely good-quality data that include capture or birth dates,

and dates and causes of death for individuals; in the public domain,

although requests must be made on a case-by-case basis to the

respective studbook keepers.

Cons: Studbooks are only in place for a subset of captive species

(�1200 [92]); thus, they were available for under half the carnivores

used in one study [22,32] and just 25% of the cervids in another [33].

Quality can also vary and checking for internal errors is advisable

[19,20].

Using ARKS data from the International Species Inventory System

(www.isis.org/)

Pros: ARKS provides studbook- or MMIR-quality data on births or

hatchings and deaths for numerous species (nearly 10 000); related

databases (e.g. MEDARKS) also contain physiological, morphometric,

hematological and veterinary data.

Cons: Not in the public domain and so requires collaboration with

participating zoos.

Using data from the Zoological Information Management System

(http://www.isis.org/Pages/zims.aspx), the new system from ISIS

Pros: As for ARKS and MEDARKS, but contains integrated physiologi-

cal, morphometric, hematological, and veterinary data for zoo indivi-

duals; in the future will also provide husbandry and behavioral data.

Cons: As for ARKS and MEDARKS; ZIMS is also still in the process of

being widely adopted or implemented (see the text) so that husbandry

and behavioral data will not be available in quantity for several years.
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benefits of an action accrue only after a delay [59] or when
learning would have low value (e.g. natural environments
are extremely unstable within a lifetime, or extremely
predictable within and between generations [60,61]), pre-
dictions as yet little tested with data [61]. Potential
mechanisms for such effects might include the activity
involved instead being intrinsically self-rewarding or hav-
ing the property that its prevention causes stress [2,62–64].

Behaviors with the latter property have been termed
‘needs’ by welfare researchers, who have been struck by the
way that some natural activities seem to be crucial for
wellbeing, even when captivity renders them functionally
redundant [2,64]. One untested evo-mecho explanation
[64] is that the benefits of these behaviors naturally vary
more than their costs, making it adaptive for them to be
driven by negative feelings reflecting homeostatic deficits
or similar states of deprivation. It has been suggested that
other natural behaviors, in contrast, are pleasure-driven
when, evolutionarily, their costs vary more than their
benefits, making rapid reactions to low-cost opportunities
highly adaptive [64]. These are just some of the evo-mecho
hypotheses inspired by the remarkable ways in which
animals adjust to captivity, or fail to.

Conclusions and future directions
Poor captive welfare has ethical implications for those
concerned about animal wellbeing and practical implica-
tions for those wishing to establish self-sustaining captive
populations. Species variation in welfare also has scientific
implications for those needing captivity to generate valid,
comparable data on, say, normal immune function or
intrinsic optimum lifespan. Yet this variation between
species also holds the key to solving some of these pro-
blems, as we have seen, with comparative methods being
especially valuable for generating predictive frameworks
about welfare and for testing hypotheses that could be
tackled only with difficulty using more traditional
approaches. Understanding species differences in captive
welfare could also be biologically revealing, potentially
providing insights into the adaptive value of different
behavioral control mechanisms.

Furthermore, the enormous potential of applying com-
parative techniques to welfare issues has only just started
to be explored. Table 1 provides many examples of still
unexplained species variation in captive welfare; and
many untested hypotheses, both old (Box 3) and new, also
remain about factors conferring vulnerability or resil-
ience. The vast amount of data collected in and by zoos
is thus massively underused. For those wishing to now
exploit this opportunity, Box 4 provides a guide to sources,
from the ever-increasing number of welfare studies
through to the data that zoos collate themselves. This last
source is currently undergoing a revolution, with the
impending arrival of ZIMS, the Zoological Information
Management System (Box 4). ZIMS will integrate
data on births or hatchings, deaths, and physiological,
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morphometric, hematological and veterinary variables
(integrated historical data on 2.6 million individuals
across 10 000 species will be available to ISIS members
in 2011). By 2013, all 800 member zoos should also be
recording variables never collated before, such as simple
aspects of behavior (e.g. whether or not stereotypic) and
husbandry (e.g. enclosure size and complexity). Overall,
greater exchange between animal welfare science and
evolutionary ecology is thus not only mutually beneficial,
but also timely and feasible.
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