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Endangered species have small, unsustainable population sizes
that are geographically or genetically restricted. Ex-situ
conservation programmes are therefore faced with the challenge
of breeding sufficiently sized, genetically diverse populations
earmarked for reintroduction that have the behavioural skills to
survive and breed in the wild. Yet, maintaining historically
beneficial behaviours may be insufficient, as research continues
to suggest that certain cognitive-behavioural skills and flexibility
are necessary to cope with human-induced rapid environmental
change (HIREC). This paper begins by reviewing
interdisciplinary studies on the ‘captivity effect’ in laboratory,
farmed, domesticated and feral vertebrates and finds that
captivity imposes rapid yet often reversible changes to the brain,
cognition and behaviour. However, research on this effect in ex-
situ conservation sites is lacking. This paper reveals an apparent
mismatch between ex-situ enrichment aims and the cognitive-
behavioural skills possessed by animals currently coping with
HIREC. After synthesizing literature across neuroscience,
behavioural biology, comparative cognition and field
conservation, it seems that ex-situ endangered species deemed
for reintroduction may have better chances of coping with
HIREC if their natural cognition and behavioural repertoires are
actively preserved. Evaluating the effects of environmental
challenges rather than captivity per se is recommended, in
addition to using targeted cognitive enrichment.
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1. Introduction

We are currently experiencing the planet’s sixth mass extinction [1]. The United Nations established 20
‘AICHI’ biodiversity targets’ in 2010 to address and mitigate rapid biodiversity loss across the globe [2];
we failed to meet most targets by 2020 including the target to prevent species extinction [3,4]. As this
environmental crisis intensifies, conservation programmes are under increasing pressure to justify
actions to governments, funders, the public and other stakeholders [5]. Among the most scrutinized
conservation actions is ex-situ conservation (as defined in table 1).

The International Union for Conservation of Nature (IUCN) classifies species by their level of risk of
extinction, and these classifications are used globally for species conservation. Vulnerable, endangered
and critically endangered species are considered to be threatened with extinction [8]. These threatened
categories have criteria describing the species’ population size/s and geographical range/s. Currently,
around 20% of all assessed vertebrates are threatened with extinction, and conservation breeding
programmes are a growing strategy to halt extinction [13]. In line with IUCN categorization, ex-situ
conservation programmes have focused on maximizing the total numbers, and genetic diversity, of
individuals bred in ex-situ sites, via species survival plans [14–16]. Ex-situ sites are therefore
commonly referred to as metaphorical arks or safety nets against extinction [17,18].

However, the physical body of an animal is not the only thing at risk of extinction; animal cognition
and behaviour, and the neural substrates underlying them, are also at risk (at least of permanent
maladaptive change). Yet this ‘endangered brain’ concept is a paradox. Conservation breeding aims to
produce individuals that survive and reproduce, but living in captivity can significantly hinder the
development and expression of cognitive and behavioural skills required for survival, therefore
putting the species at further risk of extinction. This paper reviews evidence that captivity is linked to
cognitive/behavioural loss or modification, and that certain changes can detrimentally impact animal
survival [e.g. 19–21]. Most evidence for the captivity effect comes from laboratory and farmed
animals, in addition to a handful of historical zoo specimens (particularly carnivores) with no
accompanying cognitive or behavioural records [21]. This is concerning, given that approximately 15%
of threatened species are housed in zoos [22]. Furthermore, cognition rarely features in conservation
action plans [23].

A recently published review of phenotypic effects of captivity [21] gave significantly more focus to
physical and physiological health than cognition. To address this gap in the literature, the current paper
focuses primarily on what we know about the vertebrate brain in a captive state, synthesizing across
multiple disciplines: neuroscience, sensory biology, behavioural biology and comparative cognition (§2).
It then considers the vertebrate brain in its wild state under human-induced rapid environmental
change (HIREC; §3), before considering the challenged brain, i.e. the extent to which enrichment has
been used in ex-situ sites for reintroduction purposes, and more widely in captivity (§4). Finally, we
propose a new framework to evaluate environments by the level of challenge they provide, rather than
a captive/wild dichotomy or placing laboratories, farms, zoos, etc. into artificial siloes (§5).

This paper does not evaluate the ethics or success of the existing practice of conservation breeding.
Instead, readers should refer to a number of comprehensive reviews spanning the last five decades
including high-profile success stories such as the Przewalski’s horse (Equus ferus przewalskii) and
black-footed ferret (Mustela nigripes) [21,24–26]. Furthermore, the paper does not address how the
in-situ geographical ranges or genetic pools of various species became threatened in the first place, in
other words, we do not review the causes of human-induced rapid environmental change (see
[1–3,11]). Species conservation has always been a holistic venture with practitioners working
collaboratively in-situ and ex-situ [25,27,28]. So, the focus of this paper is to question whether
individuals housed in ex-situ programmes have the mental and behavioural tools necessary for
ongoing survival, a topic that has been relatively overshadowed by other collaborative efforts.
2. The captive brain
2.1. A primer on the brain
In vertebrates, many studies have sought to link whole or partial brain size (volume or mass) to a range
of characteristics including social structure, foraging style or generalized intelligence (for example, more
than 50 cross-species analyses were performed prior to 2006 [29]). Relative brain size, which corrects for
animal body size, is often seen as particularly important because larger animals tend to have larger



Table 1. Glossary of terms.

term definition

captivity All settings where animals have confined housing and/or are under human

management.

captivity effect The effect(s) of living in captivity on the brain, body and behaviour of animals.

challenge An environmental situation that pushes an animal above its own baseline, to

engage or develop evolved cognitive skills.

cognition The mental processes by which animals collect, retain and use information from

the environment to guide their behaviour [6].

cognitive enrichment Enrichment that specifically aims to challenge evolved cognitive skill(s) to either

enhance future cognitive skill, or welfare.

cognitive or behavioural flexibility The ability to effectively change behaviour in response to changing

environmental conditions [7].

conservation breeding The action of creating and maintaining sustainable populations of animals ex-

situ, through reproductive and genetic management.

domestication Adaptations to captivity that arise from artificial selection by humans for certain

behavioural, morphological and genetic traits.

endangered At a very high threat of extinction (species level). Endangered species have

small, unsustainable population sizes that are geographically or genetically

restricted [8].

enrichment A purposeful addition of challenge to the captive environment to modify

cognition, behaviour or welfare state [9,10].

ex-situ site A captive site where animals are managed for conservation purposes. Includes:

zoos, safari parks, aquariums, wildlife sanctuaries, research centres, and

temporary field stations within range countries.

Human-induced rapid

environmental change (HIREC)

The phenomenon where the wild environment is rapidly altered by human

activities and their outcomes. HIREC exposes animals to novel selection

pressures that are vastly different to the ones they have evolved to overcome

[11].

neuroplasticity The ability of the brain’s structure/function to change as a result of life

experience.

reintroduction The intentional movement and release of an organism inside its indigenous

range from which it has disappeared [12, p. 2].
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brains, and vice versa [30], although some authors argue absolute size may more directly reflect
functional performance [31]. The relative size of the whole brain is also often taken as a global
measure of animal cognitive ability, but the relative measurement of brain areas responsible for
specific cognitive functions is arguably more valid [30]. In dead yet preserved animal specimens, the
brain can be removed and weighed to estimate its total size [e.g. 32], and dissected or imaged to
reveal the relative size of specific brain regions [e.g. 33–35]. In skeletal specimens where the brain has
already decayed, the volume of the remaining braincase of the skull can be measured by pouring
water, sand or other fine-grained material into this shape. In live specimens, brain data can be
obtained by placing sedated animals into an MRI scanner [36] or, in a hybrid approach, post-mortem
brains may be scanned to reveal internal brain structure and an estimate of brain volume [37].

Due to space limitations, more thorough critiques of what brain size means in terms of animal
cognition and behaviour will not be covered here [instead see 29,30]. In this paper, whole brain size is
discussed primarily as the most accessible source of data, under the assumption that any within-
species changes observed in whole brain size may also reflect specific changes in composition.



pressures imposed by captivity

effects of captivity

brain size and structure

cognition/behaviour

fitness/survival

–  excessive risk-taking behaviour

–  increased mortality in the wild
–  lower likelihood of population establishment in the wild

–  heritable brain, cognitive and behavioural changes

–  lack of predator and prey recognition
–  docility (towards tameness, domestication)
–  falling into evolutionary traps (loss of cognitive flexibility)

–  reduced total brain size
–  reduced brain structure
–  compressed skull size

–  removal of environmental challenge, or
    insufficient environmental challenge

–  natural selection against expensive neural
    tissue required for cognition

–  natural selection for smaller body size

–  artificial selection by humans for unnatural
    behavioural and morphological traits

Figure 1. An overview of the captivity effect in vertebrates.
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2.2. Summary of the captivity effect
Current evidence for the captivity effect (figure 1.) mostly stems from data from animals housed in
laboratories and farms (including fisheries) as well as domesticated and feral species (see also a recent
review focusing on morphological changes [21]). The question of why evidence is lacking for a
captivity effect in animals in ex-situ conservation sites is important because the absence of evidence
does not mean the effect does not exist. Endangered species are by definition rare, and where they
exist, small ex-situ sample sizes [38] are not conducive to the large-scale comparative neural research
normally undertaken on laboratory model animals. Animal lifespan can also be extended in captivity
versus the wild [38] so it may take a long time to access brain and other morphological materials at
post-mortem from species with slow life histories. Another significant obstacle is being able to sedate
large, dangerous or anaesthetic-sensitive animals for live brain scanning; this is not feasible for many
if not most ex-situ sites.

2.3. Brain size and structure
The size of the total brain or its various structures provides insight into how captivity impacts animals at
a gross neurological level. For example, captive Trinidadian guppies (Poecilia reticulata) and steelhead
trout (Oncorhynchus mykiss) have smaller brains than their wild counterparts [34,35], and variation in
brain size is also linked to survival within captive guppy populations [39]. However, this is not
always the case. Brain volume is not reduced in stripe-faced dunnarts (Sminthopsis macroura) reared in
captivity for 2–7 generations compared with wild specimens [40] (although records on this research
colony suggest there was a high level of enrichment).

Effects of long-term captivity on the brain are most dramatically illustrated in domesticated species.
In general, domesticated animals have smaller brains than their wild ancestors [e.g. cattle, chicken,
Mongolian gerbils (Meriones unguiculatus) 32,33,41] and some specific brain structures, including the
telencephalon and cerebellum, are linked to increased fearfulness and aggression [33,42,43] or
increased levels of human contact [41]. Some typical morphological traits in domesticated mammals
like ‘flat-facedness’ are linked to abnormal embryonic cell development rather than brain size [44,45].
Brain changes in captivity could also be linked to the high energetic cost of neural tissue [45,46],
which may lead to rapid degradation of neural traits (or behaviours) that no longer contribute to
survival [46]. Studies in domesticated animals reveal that changes in brain size and structure can
occur over relatively short time periods. For example, in the Russian farm-fox experiment artificially
recreating an accelerated wolf-to-dog domestication, silver foxes (Vulpes vulpes) selected for tameness
and aggression showed significant changes to the prefrontal cortex and hypothalamus in less than 100
generations [43]. The loss of genetic diversity can also be rapid, adding further strain to the
maintenance of natural phenotypic diversity [47–49].
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Domesticated species are likely under more targeted selection than animals in ex-situ conservation

sites; nevertheless, the studies discussed above raise the prospect of substantial neural changes in
captive populations over short time periods. At a shorter timescale, feral populations of domesticated
species may provide some clues as an extreme analogy for prolonged captivity [50,51]. Interestingly,
feralization does not result in a simple reversal in trends of brain size reduction and composition;
feral populations display small differences in brain size compared to domesticated species, and
potential changes in brain structure that differ from both wild and domesticated species [51]. Genomic
findings on feral chickens are consistent with this non-reversal effect, showing genes targeted by
selection during domestication and feralization are independent [52].

Very little data are available on vertebrate brain size and structure in ex-situ populations, compared
with laboratory, farmed and domesticated species. However, there is some evidence of sizeable
differences in brain/skull size between wild animals and their captive counterparts where captivity
has been maintained for a few decades or less. A reduction in black-footed ferret skull size is detected
after less than 10 years of captive breeding; captive skulls are 5–10% smaller than wild skulls and
genetic analyses rule out simple effects of inbreeding [53]. There could be selection pressure for a
smaller body size in captivity that would rebound back to wild levels if the animals were
reintroduced, but this lacks empirical investigation. Indeed, in feral populations of domestic pigs,
cranial capacity does not rebound to its ancestral levels [54]. Similar patterns are also observed in
species currently under threat. For example, cranial volume (a proxy for brain size) of lions Panthera
leo and tigers P. tigris is reduced in ex-situ specimens compared to wild specimens [55]. Similarly,
absolute and relative brain volume across 21 species of Anseriforme waterfowl in captive breeding
programmes are reduced versus wild specimens [56].

Carnivores are particularly vulnerable to extinction and have therefore been subject to intense
conservation breeding, but also appear particularly vulnerable to morphological changes in captivity
[57]. Deformations in skull morphology have been found to reduce space for, and possibly compress,
particular brain structures in lions [58]. These effects may also be compounded by ecology. Among
canid species, those with more specialized carnivorous diets have the most pronounced differences in
cranial shape between wild and captive samples [59]. However, metanalyses suggest the effect of
captivity on cranial morphology can be varied and unpredictable across species. This highlights the
need for further comparative research and more consistent methodologies to measure variation in
brain structure [30].

Changes to adult brain size and structure observed in a very small selection of zoo-housed vertebrates
thus far could be due to genetic effects in these populations accumulated over multiple generations. This
would be consistent with wider evidence of heritable variation of both brain morphology [36,60] and
behavioural traits [61,62] in captive mammals. However, substantial differences in brain size and
structure can also be produced over more immediate time scales due to neuroplasticity during
development. Postnatal brain growth is substantial in some mammalian species and can correlate with
ecological traits [63,64]. Brain growth is also indeterminate in some species, thus extending the
window for the environment to shape its development. For example, brain development (and
consequently behaviour) can be impacted by a range of stimuli in mammals and fish including
sensory cues [65], social interactions [66,67], predator threats [66], and locomotor experience [67]. In
sticklebacks (Pungitius pungitius) short-term changes in brain structure can be induced by
environmental changes and can impact behavioural decision-making, including social interactions
[65], which could then have broader impacts on population dynamics.

Thus far, research on the captivity effect has focused on the size of the whole brain, or partial brain
regions, and reports a reduction in brain size as a negative (undesirable) result. To be a concern for
conservation practice, this brain change must be linked to fitness or survival in natural populations.
Indeed, a study across 236 bird species found that species with larger brains (relative to their body
size) have lower mortality, supporting the cognitive buffer hypothesis of large brain evolution [68],
and in experimental populations of fish, brain size can aid survival from predation [39]. Numerous
other studies point towards the survival benefits of larger overall brain size, such as more effective
population establishment in mammals, reptiles and amphibians [69,70]. These comparative analyses
often assume these effects are due to cognitive or behavioural flexibility [71], again highlighting the
importance of plasticity and environmental effects on behaviour. However, how these effects play out
within rather than between species is not yet clear. It is also important to acknowledge that other
morphological changes can affect survival (for example wing shape in orange-bellied parrots,
Neophema chrysogaster; [72]) making it difficult to isolate the effect of morphological changes to the
brain from morphological changes to the body.
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2.4. Cognition and behaviour

Long or short-term changes to animal brain size or structure could be linked to the expense of brain
tissue, and therefore the rapid loss of any brain structures that do not contribute to fitness [46,65].
Alternatively, brain changes can result from artificial selection by humans for behavioural syndromes
or temperaments such as docility that make animals easier to work with or manage [73,74]. Even
though animals living in ex-situ sites may not purposely be subjected to this type of selective breeding
for behavioural traits, breeding can be inadvertently biased towards behavioural phenotypes that
better cope with the ex-situ environment and human caregivers can exert unconscious selection in
choosing breeding pairings [74].

There is some evidence for a link between changes in brain size/structure and cognitive ability and
behavioural repertoire across and within species both in the wild and captivity (across mammals, birds;
[75,76] within birds, fish [77,78]). For example, the performance of stereotypic behaviour (a repetitive,
invariant behaviour pattern with no obvious goal or function [79]) has been speculatively linked to
changes in cranial morphology in large terrestrial mammals (Asian rhinoceros Rhinoceros and
Dicerorhinus spp. [80], tigers [81] and pigs Sus scrofa [82]), but without a clear cause-effect relationship.
It is conceivable that stereotypical behaviour leads to changes in muscle usage which then leads to
morphological changes [59,82], rather than morphological changes leading to pathological behaviour.
Interestingly, there is no significant morphological drift seen in older versus newer post-mortem
specimens collected from ex-situ sites [59]. This could suggest the experience of captivity has changed
little over time and it is always going to be inherently different to that of the wild. Alternatively, any
improvements in the captive experience (i.e. due to changes to animal housing and husbandry) might
be outweighed by other negative effects such as a response to artificial selection regimes imposed by
multiple generations of captivity and inbreeding.

Regardless of their aetiology, stereotypical behaviours might have negative implications for
reintroduction because they take the place of other more desirable behaviours in the animal’s
repertoire. For example, stereotypical behaviours have been associated with decreased behavioural
flexibility and engagement with the environment [83]. There seem to be no reports of stereotypic
behaviour extinguishing following an animal’s reintroduction; stereotypical behaviour is more likely to
remain a scar of earlier life experience, as supported by its perpetuation in captive animals placed into
different environments [84,85]. The effects of prolonged captivity on the dampening of other
behavioural traits such as predator avoidance and reproductive behaviour have also been documented
[86,87], some of which are unlikely to be regained without intervention [88]. Since the erosion of these
traits in human care is not a given [89], more research from ex-situ sites would allow for better
predictions on the likelihood of behavioural impacts. The link between animal cognition and affective
state (i.e. short-term emotions and long-term moods) also has relevance here. The Affect as
Information hypothesis [90] states that current affective state impacts cognition, namely the ability to
make judgements. This is supported in a number of nonhuman primate species; for example, captive
Guinea baboon (Papio papio) response times on a computerized cognitive task are slower when they
have a negative mood, versus a neutral or positive mood [91]. Captivity-induced depression [92] thus
has the potential to compromise cognitive performance.

2.5. Fitness and survival
At this juncture, one may be wondering whether endangered species released from ex-situ sites have
poorer fitness and survival outcomes than wild-to-wild translocated animals in-situ. In other words,
what do we know about the effect of captivity on the post-release success of threatened species? The
topic of animal reintroduction (and more widely animal translocation which covers any human-
mediated movement for conservation benefit [12]) is vast and spans several decades (for review see
[12,93–95]). While ex-situ sites have played a critical role in saving numerous vertebrate species that
were previously extinct in the wild [22,27], reintroduction of captive vertebrates has sometimes been
criticized for low overall success (e.g. success rate from wild sources 31% versus ex-situ sources 13%
[96]), although it should be noted this reference is now over 20 years old.

Recent data, however, paint a more positive view. A 2018 IUCN report containing 42 vertebrate case
studies classified 73% of reintroductions (some reintroductions to multiple sites) as successful or highly
successful, although the definitions of success varied widely [97]. And while more animals are
translocated wild-to-wild than from ex-situ sites (57% versus 23% respectively) there is a comparable
success rate between captive and wild sources (around 88%) [98]. A systematic review of
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514 terrestrial vertebrate translocations found that translocations of animals from ex-situ sites were

marginally more successful than those of animals from the wild (76% versus 70%, respectively).
However, animals reintroduced from ex-situ sites were more likely to have a declining population
growth rate [93] than those moved from elsewhere in the wild. Further analysis focusing on vertebrate
reintroductions from ex-situ sites, with a categorization of the nature of captivity (e.g. duration,
housing type, but see §5 for an alternative classification) is required to fully understand the effect of
captivity on reintroduction. Thus far, there is some evidence from reptiles that captive-rearing
duration may be more important than environmental enrichment for survival [99,100]. For a new
empirical analysis to be of real benefit, it must address the prevailing issue of how to define
reintroduction successes and failures in an operational manner [101]. It would be helpful to expand
the definition of reintroduction success to consider animal welfare, i.e. any stress, pain or suffering
related to reintroduction, which has been a topic overshadowed by focusing on maximum population
sizes and ranges [102].

In lieu of specific data linking a captivity effect with endangered species reintroduction failure, it is
necessary to try and extrapolate from non-endangered species in laboratories and farmed fish. In fish,
there is mounting evidence that the long-term genetic effects of captivity can affect population
survival in the wild (steelhead trout [103]), and that captive conditions can even reduce survival in a
single generation (Atlantic salmon, Salmo salar [104]), but the specific contribution of captivity-induced
changes in brain development to these survival deficits is difficult to quantify. While there is evidence
that intraspecific variation in fish brain size can affect survival in semi-natural conditions containing
natural predators [39], perhaps the best evidence for a link between the captive environment and the
probability of survival in the wild comes from farmed or endangered fish, where individuals are
released from hatcheries to supplement wild populations. Here, genetic adaptation to captivity can
occur quickly [105] and captive breeding can cause reduced fitness in the wild [104], leading to
negative impacts on population recovery rates if genetic changes occur in captive animals later
released into the wild [106]. These kinds of effects could explain why population growth is higher
when the source population comes from the wild rather than captivity [12].
3. The wild brain
A persistent debate in the literature is whether the wild is justifiably a ‘better’ site for animals to be
conserved than ex-situ and vice versa [5,17,18,107]. Fundamental ethical standpoints on animal
freedom withstanding, it is increasingly recognized that HIREC poses significant survival risks to wild
animals, and without these animals, ecosystem processes can degrade [11,108].

3.1. Environmental change and traps
While the brains of wild animals have been shaped by relatively predictable threats encountered over
their long evolutionary histories, wild animals are now being challenged at unprecedented levels by
HIREC [11,109,110]. Five major categories of HIREC are recognized: habitat loss and fragmentation,
environmental pollution, climate change, over-harvesting and the spread of exotic species [11]. These
categories can also overlap; for example, habitat loss can contribute to climate change, and therefore
HIREC should be considered as a suite of connected issues [11]. HIREC is responsible for introducing
novel threats that many animals are simply not adapted to overcome. Many anthropogenic
environmental stimuli may fail to activate adaptive behavioural responses due to the novelty or
unpredictability of the stimuli and thus affect the likelihood of survival [110–113]. The strong selective
pressures humans exert upon animal behaviour and its underlying cognitive processes are clear in the
case of ecological or evolutionary traps (ecological traps are habitat-based whereas evolutionary traps
are at a wider scale) [113]. Animals are ‘trapped’ when their natural response to the environment is
no longer associated with expected survival outcomes. These traps can lead to issues across the
cognitive domains of perception, learning, memory and decision-making [20] such as maladaptive
habitat preferences [114] or the mis-categorization of food or predators [115,116]. For example, marine
turtles (Family Cheloniidae) and mosquitofish (Gambusia affinis) can mistake marine plastics for their
normal diets because their evolved search images fail to distinguish these threats from their prey
[117,118]. HIREC also pushes animals into conflict involving humans; for example, brown bears
(Ursus arctos) compete with humans over access to high-quality habitat, leading to increased bear
mortality through hunting and vehicle strikes [119].
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HIREC can disrupt other cognitive mechanisms too. For instance, fragmented habitats and reduced

opportunities for conspecific interactions can disrupt social learning [120]. Reductions in population size
can create Allee effects, leading to, for example, a breakdown in the expression of group behaviour such
as lekking and communal defence [121], which can impact the potential for population recovery post-
translocation [122]. For example, in the kakapo (Strigops habroptilus), a lek-breeding parrot, the Allee
effect has been implicated in the remaining population having little possibility of recovery.
Meanwhile, human-mediated removal of cues or experiences, such as the removal of top predators,
can lead to the erosion of targeted perception and behaviour, such as predatory wariness and
anti-predator responses [123].

3.2. Environmental change and cognitive flexibility
Most studies examining the impact of HIREC on vertebrates report negative outcomes [11,124,125].
Positive outcomes are infrequent, but when they do occur they are linked to a species having a high
level of cognitive flexibility [20,126]. As a reminder, cognitive or behavioural flexibility is defined as
the ability to effectively change behaviour in response to changing environmental conditions [7].
Urbanization as part of HIREC can provide animals with more widespread and predictable foraging
and nesting opportunities, protection from predators and more stable microclimates [127]. Beyond
cognitive flexibility, a number of allied behavioural or cognitive traits have been implicated in the
success of ‘urban adaptor’ species, including neophilia, boldness, innovation, social learning and the
ability to categorize humans and interpret their cues for danger [126,128–130]. Because the brain gives
rise to cognition and behaviour, cognitive flexibility is linked with neuroplasticity (§2.2, [7]). Relatively
large-brained animals have a higher propensity to innovate and learn, i.e. they have better cognitive
flexibility (birds: [131], primates: [132]) and such flexibility helps them face challenges presented by
new or altered environments [133,134]. However, while the ability of birds to innovate new
behavioural solutions is linked to lower extinction risk [135], it has alternatively been shown to have
no significant effect [136].

3.3. Cognition and conservation
The survival potential of species may be related to their overall brain size or cognitive or behavioural
flexibility and allied skills such as the novelty response and ability to categorize. Cognitive or
behavioural flexibility therefore appears to be a well-justified aim for ex-situ animals earmarked for
reintroduction. So far, there is scant research in the area of captive-wild cognitive comparisons, and
results have been mixed and not focused on endangered species. For example, a study of problem-
solving in wild and captive hyenas (Crocuta crocuta) showed that captive animals were better problem-
solvers, possibly due to less neophobia and higher exploration [137]. By contrast, wild and captive
passerine birds show similar cognitive task performance [138]. Wild Goffin’s cockatoos (Cacatua
goffiniana) have comparable innovation skills to their captive counterparts, but a lower level of
motivation [139]. These studies provide some evidence that captive birds can retain their wild-like
skills under certain environmental conditions but offer little insight into the level of variation one
might expect across different environments, thus calling for increased replication. One recent pair of
studies in an endangered species, the Asian elephant (Elephas maximus), showed that both captive
[140] and wild [141] elephants can innovate on a similar problem-solving task, although the authors
did not compare performance between the populations. It is also likely that cognitive flexibility varies
within species and within populations [112,141], suggesting that considering individual variation in
certain cognitive traits, and its environmental or genetic determinants, should also be an important
factor when considering how best to select ex-situ individuals for reintroduction.
4. The challenged brain
We define ‘challenge’ as an environmental situation that pushes an animal above its own baseline, to
engage or develop evolved cognitive skills (table 1). The brains of animals are challenged by natural
or man-made changes to the environment related to finding food, mates or other resources or
avoiding threats [142]. Enrichment refers to challenges purposely added to captive environments
[9,10] and is often used to simulate a wild environment [e.g. 143], but can also be highly functional
and artificial [e.g. 144]. The primary aim of enrichment is usually to enhance animal welfare (e.g.
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zoos, farmed livestock and laboratory animals [10]) but it can also be used as an intervention to modify

brain, cognitive and behavioural development and expression [7,10,145,146]. This paper focuses on two
overarching types of enrichment with relevance to ex-situ conservation. First, general environmental
enhancements can improve naturalistic brain development and promote naturalistic behaviours.
Second, specific and targeted challenges or experiences prior to wild release can promote specific
cognitive and behavioural skills thought to enhance survival [147–149].

4.1. Environmental enhancements
Given that captive rearing can significantly impact brain development (§2), enriched rearing
environments have been used to promote behavioural competence and flexibility in laboratory rodents
[150]. Low survival in salmon reintroduced from a hatchery setting is linked to excessive risk-taking
behaviours, but when tanks are enriched with naturalistic vegetation, prey and predators, risky
behaviours significantly decrease within two weeks [143]. However, in environmental enhancement
studies such as this, it is not possible to parse the relative effect of habitat, prey and predator opportunity.

The positive effects of enrichment potentially extend beyond one generation, as the parental condition
can also impact offspring brain size [151], neural gene regulation [152] and behaviour [153]. For example,
maternal stress has been shown to alter offspring activity and feeding success in farmed salmon [154],
while enrichment of the parental environment can alter maternal care [155,156] with subsequent
effects on play behaviour in laboratory rodents [156]. Hence, by impacting behavioural development,
these environmental effects can ripple through multiple generations [146], potentially influencing
behavioural strategies expressed in the wild and the survival of reintroduced populations. This also
means that ex-situ populations may require breeding multiple generations in semi-natural conditions
before release.

4.2. Targeted challenges
Conservation programmes have used more specific enrichment as a tool to support the reintroduction of
captive adult animals [147,157]. In zoos, there has been an overwhelming focus on environmental
enrichment that recreates naturalistic-looking environments but is also motivated by giving aesthetic
and educational value to visitors [10,158–160]. From the published literature, it seems conservation-
focused enrichment has a number of goals including increasing behavioural diversity and skill
learning [143,147–149,161]. A recent meta-analysis of 41 vertebrate translocations found that
enrichment is associated with higher survival [162], but the authors did not identify which element(s)
of enrichment are linked to survival success. The authors also viewed anti-predator training as
separate to, not a subset of, enrichment (in contrast to [143]).

Enrichment in the form of skill learning can be achieved either through passive opportunities and
social learning from conspecifics, or more active periods of training by humans [94]. Post-release
survival in zoo-housed honeyeater birds (Anthochaera phrygia) was linked to pre-release song learning
[161], and while it was not classified as a form of enrichment by the authors, the addition of song
stimuli into the existing environment could be classified as such [10]. Other learning experiences may
involve exposure to prey (black-footed ferrets [163]), adding flexibly moving vegetation from the wild
habitat (Golden lion tamarins, Leontopithecus rosalia [164]), and puppet-rearing chicks to avoid human
imprinting [165]. Predator and prey recognition training has been undertaken for mammals, birds,
amphibians and fish (reviewed by [19,113,126]), along with training to hunt [166]. Anti-predator
training has had mixed success and is highly dependent on species, specific method and release
context, but a thorough evaluation is hindered by research focusing on measuring behavioural
responses to training rather than post-release survival [19,113]. The ‘ecology of fear’ and more broadly
the ‘landscape of fear’ conceptual frameworks acknowledge there are numerous behavioural and
physiological costs and benefits to being fearful of predators, and success against predation is not
simply defined as the ability to escape a discrete hunting episode [167,168].

Even though targeted enrichment challenges have been used in ex-situ conservation programmes
focused on reintroduction, the actual goal of enrichment varies and has lacked clear definition across
the literature. Exposure to a prey species, for example, could challenge many cognitive domains or
skills including memory, reasoning, problem-solving, spatial navigation and motor coordination.
Enrichment that focuses on challenging a particular cognitive skill or cognitive performance in a given
domain [6] has only recently begun to gain traction, broadly termed ‘cognitive enrichment’ [169] or
‘cognitive training’ [170]. Cognitive enrichment for conservation may therefore actually take the same



Figure 2. Two Asian elephants eat together after pulling ropes to gain access to an out-of-reach table. This is a classic cognitive test
of cooperation. Image: J.M. Plotnik.
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physical form as cognitive tasks used in pure research; for example, puzzle boxes, tubes, string-pulling
tasks or mazes [171,172] (figure 2).
5. Preserving the endangered brain
5.1. Challenge appraisal
This paper reviews how captivity can lead to changes in the brain, cognition and behaviour of vertebrates.
But these changes come down to the type of challenges animals face, rather than being in captivity per se. In
fact, challenges can vary considerably within one type of captive setting such as laboratories, and
enrichment is an experimentally induced challenge that can be added to any type of captive setting. It
has also been proposed that some aspects of captivity are broadly equivalent to some aspects of HIREC
(e.g. habitat loss in the wild is equivalent to restricted movement in enclosures [173,174]), displacing the
idea that a particular setting is ‘better’ for animals to reside. This leads to an important forward-
thinking question: is a captive brain/wild brain dichotomy useful when thinking about the ex-situ
conservation of endangered species? Rather than delineate different types of ex-situ site (zoos versus
field stations, etc.), it is useful to appraise the type of challenges animals face relative to their evolved
behavioural and cognitive skills and current HIREC conditions (table 2).

It is important to proceed with caution when considering the welfare outcomes of challenge.
Challenges are more likely to be associated with overall good welfare outcomes if they can ultimately
be overcome because the animal has the requisite cognitive or behavioural skills [142,169]. However,
these challenges may still be associated with some temporary negative outcomes like frustration or
distress. In the example provided (table 2), aerial predator exposure may be associated with brief
distress upon initial predator exposure, but gradually lead to more adaptive behavioural responses
and less fear. This being said, it is also important to acknowledge that stimuli used in reintroduction
programmes to prepare animals for human conflict or predation, such as water pistols and predator
models, have been criticized for producing unrealistic conditioned responses [94,175] and to date,
their welfare outcomes have been neglected [176]. However, real-world alternatives such as live
predators, harsh weather conditions or aggressive competitors are arguably a larger welfare concern
that could lead to real pain and suffering or even fatality. Continued welfare debates must weigh
whether causing an animal brief pain or suffering as part of a survival-relevant challenge is a
necessary step towards a laudable, utilitarian conservation outcome to save a species at large [176].

With a challenge appraisal framework in hand for ex-situ populations, we can begin to move away from
an ex-situ ‘captivity effect’ and towards an ex-situ ‘challenge effect’. This steers away from arbitrary



Table 2. A challenge appraisal for a fictitious endangered species, currently living in an ex-situ site, deemed for reintroduction.
In this example, the site climate and social grouping are inadequate challenges, but exposure to anthropogenic noise and aerial
threats may prepare animals for reintroduction.

ex-situ challenge comparison to in-situ challenge challenge appraisal

The enclosure temperature and

humidity are on a thermostat

and kept constant.

The climate is unstable and harsh.

There are hot-dry and warm-

damp seasons.

The ex-situ climatic challenge is

inadequate because the species has

evolved to cope with seasonal

fluctuations. The animal may find it

difficult to deal with increasingly

harsh temperature fluctuations

caused by HIREC when reintroduced.

The enclosure houses five

individuals.

Group size ranges from 10–60,

average 40. Social groups

periodically undergo fission-

fusion to forage in patchy

habitat.

The ex-situ group size is too low;

animals currently do not experience

adequate challenges including food

competition and mate choice.

The site is in a quiet countryside

area. Animals receive regular

exposure to traffic noise

playback through speakers.

Due to HIREC, the species’ territory

defence call is masked by road

traffic noise.

Research confirms ex-situ animals

change the frequency and duration

of territory calls in response to

playback. This helps them to adapt

to current HIREC conditions.

Commercial aircraft fly over the

enclosure 10–20 times per

week.

The main predator is a large bird

of prey; the species responds by

alarm-calling and hiding in

vegetation.

Sporadic exposure to aircraft may

simulate the threat of aerial

predators, but research is needed to

examine if the animals’ response is

appropriate (e.g. alarm-calling,

hiding). Consider using more realistic

aerial predator models and whether

too regular and predictable

challenge leads to habituation.
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classifications of captivity. The practicalities of this endeavour will not be covered in this paper because
they require a far more collaborative approach with multiple stakeholders. But in brief, cognitive and
behavioural records from live specimens could be synchronized to anatomical and neurological brain
measurements (most likely post-mortem). Repositories of brain and skull material (e.g. primates [177])
could be paired with records of living specimen cognition and behaviour and the environmental
challenges they have faced [178]. Thinking strategically, such an endeavour could be integrated into
existing regional and international conservation programmes for endangered species, which already
oversee the conservation breeding activities of many dozens of species in ex-situ sites worldwide [5,24,25].

5.2. Preserving behavioural and cognitive skills and flexibility
A challenge appraisal framework will identify inadequate challenges that need to be addressed. In other
words, inadequate challenges need specific intervention to transform into adequate challenges. The
‘agony of choice’, i.e. the difficulty in choosing where to invest limited conservation funds in the
current mass extinction crisis [179] is beyond the scope of this paper. However, there are species for
which the most effective approach may be to use enrichment to develop a particular cognitive skill or
more general behavioural or cognitive flexibility. More specifically, a cognitive enrichment approach
centring around competence and agency [180] could prove very useful for reintroduction
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preparedness because it helps an animal become competent at a specific task, but also generalize to wider

survival or breeding-relevant situations. As an example, zoo-housed chimpanzees (Pan troglodytes) who
become competent at foraging from complex artificial termite mounds [181] might develop wider agency
from this activity, as evidenced by accessing other cryptic food sources and using various tools to do so.
ietypublishing.org/journal/rsos
R.Soc.Open
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6. Conclusion
Ultimately, future research is needed to confirm whether actively preserving the ‘endangered brain’
ex-situ leads to better reintroduction outcomes than traditional approaches. This research must be
interdisciplinary, to better understand how the environment and human interventions impact the
animal brain, cognition and behaviour. However, this research will also feed back into specific
research fields that focus on the proximate and ultimate causes of animal behaviour; from
neuroscience and physiology to cognition. Coordination between ex-situ sites could accelerate the pace
and impact of future research by encouraging its incorporation into species survival plans that focus
efforts on particular taxonomic groups and regions. Hopefully, this review will ignite relevant
conversations so that researchers and conservation managers can work collectively to evaluate and act
upon any challenge effect in ex-situ populations.

Data accessibility. This article has no additional data.
Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. F.C.: conceptualization, writing—original draft, writing—review and editing; A.L.G.:
conceptualization, writing—original draft, writing—review and editing; S.M.: conceptualization, writing—original
draft, writing—review and editing; J.M.P.: conceptualization, writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We have no competing interests.
Funding. This research did not receive any specific grant from funding agencies in the public, commercial, or not-
for-profit sectors. However, SH Montgomery was supported by a NERC Fellowship at the University of Bristol.
References

1. Barnosky AD et al. 2011 Has the Earth’s sixth

mass extinction already arrived? Nature 471,
51–57. (doi:10.1038/nature09678)

2. CBD (Convention on Biological Diversity). 2011
Strategic Plan for Biodiversity 2011–2020,
Including Aichi Biodiversity Targets. See https://
www.cbd.int/sp/

3. Díaz S et al. 2019 Pervasive human-driven
decline of life on Earth points to the need for
transformative change. Science 366, eaax3100.
(doi:10.1126/science.aax3100)

4. IPBES. 2019 Global assessment report on
biodiversity and ecosystem services of the
intergovernmental science-policy platform on
biodiversity and ecosystem services, 1148 pp.
Bonn, Germany: IPBES secretariat. Secretariat of
the Convention on Biological Diversity (2020)
Global Biodiversity Outlook 5. Montreal.

5. Kapos V et al. 2008 Calibrating conservation:
new tools for measuring success. Conserv. Lett.
1, 155–164. (doi:10.1111/j.1755-263X.2008.
00025.x)

6. Morand-Ferron J, Cole EF, Quinn JL. 2016
Studying the evolutionary ecology of cognition
in the wild: a review of practical and conceptual
challenges. Biol. Rev. 91, 367–389. (doi:10.
1111/brv.12174)

7. Gelfo F. 2019 Does experience enhance cognitive
flexibility? An overview of the evidence provided
by the environmental enrichment studies. Front.
Behav. Neurosci. 13, 150. (doi:10.3389/fnbeh.
2019.00150)
8. IUCN Species Survival Commission (SSC). 2012
IUCN red list categories and criteria, version 3.1,
32 pp, 2nd edn. Gland Switzerland: IUCN.

9. Newberry RC. 1995 Environmental enrichment:
increasing the biological relevance of captive
environments. Appl. Anim. Behav. Sci. 44,
229–243. (doi:10.1016/0168-1591(95)00616-Z)

10. Young RJ. 2013 Environmental enrichment for
captive animals. Oxford, UK: John Wiley & Sons.

11. Sih A, Ferrari MC, Harris DJ. 2011 Evolution and
behavioural responses to human-induced rapid
environmental change. Evol. Appl. 4, 367–387.
(doi:10.1111/j.1752-4571.2010.00166.x)

12. Morris SD, Brook BW, Moseby KE, Johnson CN.
2021 Factors affecting success of conservation
translocations of terrestrial vertebrates: a global
systematic review. Global Ecol. Conserv. 28,
e01630. (doi:10.1016/j.gecco.2021.e01630)

13. International Union for Conservation of Nature.
2021 Summary Tables 1996–2021. Table 1a.
See https://www.iucnredlist.org/resources/
summary-statistics.

14. Barongi R, Fisken FA, Parker M, Gusset M (eds)
2015 Committing to conservation: The world Zoo
and aquarium conservation strategy. Gland:
WAZA Executive Office.

15. Leus K, Traylor-Holzer K, Lacy RC. 2011 Genetic
and demographic population management in
zoos and aquariums: recent developments,
future challenges and opportunities for scientific
research. Int. Zoo Yearbk 45, 213–225. (doi:10.
1111/j.1748-1090.2011.00138.x)
16. Norman AJ, Putnam AS, Ivy JA. 2019 Use of
molecular data in zoo and aquarium collection
management: benefits, challenges, and best
practices. Zool. Biol. 38, 106–118. (doi:10.1002/
zoo.21451)

17. Balmford A, Leader-Williams N, Green MJB.
1995 Parks or arks: where to conserve
threatened mammals? Biodiv. Conserv. 4,
595–607. (doi:10.1007/BF00222516)

18. Minteer BA, Maienschein J, Collins JP. 2018 The
Ark and beyond: The evolution of Zoo and
aquarium conservation. Chicago, IL: University of
Chicago Press.

19. Moseby KE, Carthey A, Schroeder T. 2015 The
influence of predators and prey naivety on
reintroduction success: current and future
directions. In Advances in reintroduction biology
of Australian and New Zealand Fauna,
pp. 29–42.

20. Griffin AS, Tebbich S, Bugnyar T. 2017 Animal
cognition in a human-dominated world. Anim.
Cogn. 20, 1–6. (doi:10.1007/s10071-016-1051-9)

21. Crates R, Stojanovic D, Heinsohn R. 2022 The
phenotypic costs of captivity. Biol. Rev. 98,
434–449. (doi:10.1111/brv.12913)

22. Conde DA, Flesness N, Colchero F, Jones OR,
Scheuerlein A. 2011 An emerging role of zoos to
conserve biodiversity. Science 331, 1390–1391.
(doi:10.1126/science.1200674)

23. Berger-Tal O, Blumstein DT, Carroll S, Fisher RN,
Mesnick SL, Owen MA, Saltz D, St Claire CC,
Swaisgood RR. 2016 A systematic survey of the

http://dx.doi.org/10.1038/nature09678
https://www.cbd.int/sp/
https://www.cbd.int/sp/
http://dx.doi.org/10.1126/science.aax3100
http://dx.doi.org/10.1111/j.1755-263X.2008.00025.x
http://dx.doi.org/10.1111/j.1755-263X.2008.00025.x
http://dx.doi.org/10.1111/brv.12174
http://dx.doi.org/10.1111/brv.12174
http://dx.doi.org/10.3389/fnbeh.2019.00150
http://dx.doi.org/10.3389/fnbeh.2019.00150
http://dx.doi.org/10.1016/0168-1591(95)00616-Z
http://dx.doi.org/10.1111/j.1752-4571.2010.00166.x
http://dx.doi.org/10.1016/j.gecco.2021.e01630
https://www.iucnredlist.org/resources/summary-statistics
https://www.iucnredlist.org/resources/summary-statistics
http://dx.doi.org/10.1111/j.1748-1090.2011.00138.x
http://dx.doi.org/10.1111/j.1748-1090.2011.00138.x
http://dx.doi.org/10.1002/zoo.21451
http://dx.doi.org/10.1002/zoo.21451
http://dx.doi.org/10.1007/BF00222516
http://dx.doi.org/10.1007/s10071-016-1051-9
http://dx.doi.org/10.1111/brv.12913
http://dx.doi.org/10.1126/science.1200674


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.10:230707
13
integration of animal behavior into

conservation. Conserv. Biol. 30, 744–753.
(doi:10.1111/cobi.12654)

24. Balmford A, Kroshko J, Leader-Williams N,
Mason G. 2011 Zoos and captive breeding.
Science 332, 1149–1150. (doi:10.1126/science.
332.6034.1149-k)

25. Fa JE, Funk SM, O’Connell DM. 2011 Zoo
conservation biology. Cambridge, UK: Cambridge
University Press.

26. Magin CD, Johnson TH, Groombridge B, Jenkins
M, Smith H et al. 1994 Species extinctions,
endangerment and captive breeding. In Creative
conservation: interactive management of wild
and captive animals (eds PJS Olney, GM Mace,
ATC Feistner). London, UK: Chapman and Hall.

27. Soorae P (ed) 2008 Global re-introduction
perspectives: re-introduction case -studies from
around the globe. Gland: IUCN/SSC
Reintroduction Specialist Group.

28. Byers O, Lees C, Wilcken J, Schwitzer C. 2013
The one plan approach: the philosophy and
implementation of CBSG’s approach to
integrated species conservation planning. WAZA
Magazine, 14, 2–5. See http://www.waza.org/
en/site/conservation/integrated-species-
conservation.

29. Healy SD, Rowe C. 2007 A critique of
comparative studies of brain size. Proc. R. Soc. B
274, 453–464. (doi:10.1098/rspb.2006.3748)

30. Healy SD. 2021 Adaptation and the brain.
Oxford, UK: Oxford University Press.

31. Marino L. 2006 Absolute brain size: Did we
throw the baby out with the bathwater? Proc.
Natl Acad. Sci. USA 103, 13 563–13 564.
(doi:10.1073/pnas.0606337103)

32. Stuermer IW, Wetzel W. 2006 Early experience
and domestication affect auditory discrimination
learning, open field behaviour and brain size in
wild Mongolian gerbils and domesticated
laboratory gerbils (Meriones unguiculatus forma
domestica). Behav. Brain Res. 173, 11–21.
(doi:10.1016/j.bbr.2006.05.025)

33. Mehlhorn J, Caspers S. 2021 The Effects of
Domestication on the Brain and Behavior of the
Chicken in the Light of Evolution. Brain Behav.
Evol. 95, 287–301. (doi:10.1159/000516787)

34. Kihslinger RL, Nevitt GA. 2006 Early rearing
environment impacts cerebellar growth in
juvenile salmon. J. Exp. Biol. 209, 504–509.
(doi:10.1242/jeb.02019)

35. Burns JG, Saravanan A, Helen Rodd F. 2009
Rearing environment affects the brain size of
guppies: Lab-reared guppies have smaller brains
than wild-caught guppies. Ethology
115, 122–133. (doi:10.1111/j.1439-0310.2008.
01585.x)

36. Rogers J, Kochunov P, Lancaster J, Shelledy W,
Glahn D, Blangero J, Fox P. 2007 Heritability of
brain volume, surface area and shape: an MRI
study in an extended pedigree of baboons.
Hum. Brain Mapp. 28, 576–583. (doi:10.1002/
hbm.20407)

37. Corfield JR, Wild JM, Cowan BR, Parsons S,
Kubke MF. 2008 MRI of postmortem specimens
of endangered species for comparative brain
anatomy. Nat. Protoc. 3, 597–605. (doi:10.
1038/nprot.2008.17)

38. Species 360. See www.species360.org.
39. Kotrschal A, Buechel SD, Zala SM, Corral-Lopez
A, Penn DJ, Kolm N. 2015 Brain size affects
female but not male survival under predation
threat. Ecol. Lett. 18, 646–652. (doi:10.1111/
ele.12441)

40. Guay PJ, Parrott M, Selwood L. 2012 Captive
breeding does not alter brain volume in a
marsupial over a few generations. Zool. Biol. 31,
82–86. (doi:10.1002/zoo.20393)

41. Balcarcel AM, Veitschegger K, Clauss M,
Sánchez-Villagra MR. 2021 Intensive human
contact correlates with smaller brains:
differential brain size reduction in cattle types.
Proc. R. Soc. B 288, 20210813. (doi:10.1098/
rspb.2021.0813)

42. Brusini I et al. 2018 Changes in brain
architecture are consistent with altered fear
processing in domestic rabbits. Proc. Natl Acad.
Sci. USA 115, 7380–7385. (doi:10.1073/pnas.
1801024115)

43. Hecht EE, Kukekova AV, Gutman DA, Acland GM,
Preuss TM, Trut LN. 2021 Neuromorphological
changes following selection for Tameness and
aggression in the Russian Farm-Fox experiment.
J. Neurosci. 41, 6144–6156. (doi:10.1523/
JNEUROSCI.3114-20.2021)

44. Wilkins AS, Wrangham RW, Fitch WT. 2014 The
‘domestication syndrome’ in mammals: a
unified explanation based on neural crest cell
behavior and genetics. Genetics 197, 795–808.
(doi:10.1534/genetics.114.165423)

45. Lesch R, Kotrschal K, Kitchener AC, Fitch WT,
Kotrschal A. 2022 The expensive-tissue
hypothesis may help explain brain-size
reduction during domestication. Commun.
Integr. Biol. 15, 190–192. (doi:10.1080/
19420889.2022.2101196)

46. Niven JE, Laughlin SB. 2008 Energy limitation as
a selective pressure on the evolution of sensory
systems. J. Exp. Biol. 211, 1792–1804. (doi:10.
1242/jeb.017574)

47. Fiumera AC, Parker PG, Fuerst PA. 2000 Effective
population size and maintenance of genetic
diversity in captive-bred populations of a Lake
Victoria cichlid. Conserv. Biol. 14, 886–892.
(doi:10.1046/j.1523-1739.2000.97337.x)

48. Willoughby JR, Fernandez NB, Lamb MC, Ivy JA,
Lacy RC, DeWoody JA. 2015 The impacts of
inbreeding, drift and selection on genetic
diversity in captive breeding populations. Mol.
Ecol. 24, 98–110. (doi:10.1111/mec.13020)

49. Frankham R. 2008 Genetic adaptation to
captivity in species conservation programs. Mol.
Ecol. 17, 325–333. (doi:10.1111/j.1365-294X.
2007.03399.x)

50. O’Regan HJ, Kitchener AC. 2005 The effects of
captivity on the morphology of captive,
domesticated and feral mammals. Mammal
Review 35, 215–230. (doi:10.1111/j.1365-2907.
2005.00070.x)

51. Gering E, Incorvaia D, Henriksen R, Conner J,
Getty T, Wright D. 2019 Getting back to nature:
feralization in animals and plants. Trends Ecol.
Evol. 34, 1137–1151. (doi:10.1016/j.tree.2019.
07.018)

52. Johnsson M, Gering E, Willis P, Lopez S, Van
Dorp L, Hellenthal G, Henriksen R, Friberg U,
Wright D. 2016 Feralisation targets different
genomic loci to domestication in the chicken.
Nat. Commun. 7, 1–11. (doi:10.1038/
ncomms12950)

53. Wisely SM, Ososky JJ, Buskirk SW. 2002
Morphological changes to black-footed ferrets
(Mustela nigripes) resulting from captivity.
Can. J. Zool. 80, 1562–1568. (doi:10.1139/z02-
160)

54. Kruska D, Röhrs M. 1974 Comparative-
quantitative investigations on brains of feral
pigs from the Galapagos Islands and of
European domestic pigs. Zeitschrift für Anatomie
und Entwicklungsgeschichte 144, 61–73.
(doi:10.1007/BF00518633)

55. Yamaguchi N, Kitchener AC, Gilissen E,
MacDonald DW. 2009 Brain size of the lion
(Panthera leo) and the tiger (P. tigris):
implications for intrageneric phylogeny,
intraspecific differences and the effects of
captivity. Biol. J. Linnean Soc. 98, 85–93.
(doi:10.1111/j.1095-8312.2009.01249.x)

56. Guay PJ, Iwaniuk AN. 2008 Captive breeding
reduces brain volume in waterfowl
(Anseriformes). Condor 110, 276–284. (doi:10.
1525/cond.2008.8424)

57. Siciliano-Martina L, Light JE, Lawing AM. 2021a
Cranial morphology of captive mammals: a
meta-analysis. Front. Zool. 18, 1–13. (doi:10.
1186/s12983-021-00386-0)

58. Saragusty J, Shavit-Meyrav A, Yamaguchi N,
Nadler R, Bdolah-Abram T, Gibeon L,
Hildebrandt TB, Shamir MH. 2014 Comparative
skull analysis suggests species-specific captivity-
related malformation in lions (Panthera leo).
PLoS ONE 9, e94527. (doi:10.1371/journal.pone.
0094527)

59. Siciliano-Martina L, Light JE, Lawing AM. 2021
Changes in canid cranial morphology induced
by captivity and conservation implications. Biol.
Conserv. 257, 109143. (doi:10.1016/j.biocon.
2021.109143)

60. Fears SC et al. 2009 Identifying heritable brain
phenotypes in an extended pedigree of vervet
monkeys. J. Neurosci. 29, 2867–2875. (doi:10.
1523/JNEUROSCI.5153-08.2009)

61. Weiss A, King JE, Figueredo AJ. 2000 The
heritability of personality factors in chimpanzees
(Pan troglodytes). Behav. Genet. 30, 213–221.
(doi:10.1023/A:1001966224914)

62. Staes N, Weiss A, Helsen P, Korody M, Eens M,
Stevens JM. 2016 Bonobo personality traits are
heritable and associated with vasopressin
receptor gene 1a variation. Sci. Rep. 6, 1–8.
(doi:10.1038/srep38193)

63. Barton RA, Capellini I. 2011 Maternal
investment, life histories, and the costs of brain
growth in mammals. Proc. Natl Acad. Sci. USA
108, 6169–6174. (doi:10.1073/pnas.
1019140108)

64. Montgomery SH. 2014 The relationship between
play, brain growth and behavioural flexibility in
primates. Anim. Behav. 90, 281–286. (doi:10.
1016/j.anbehav.2014.02.004)

65. Pike TW, Ramsey M, Wilkinson A. 2018
Environmentally induced changes to brain
morphology predict cognitive performance. Phil.
Trans. R. Soc. B 373, 20170287. (doi:10.1098/
rstb.2017.0287)

66. Gonda A, Herczeg G, Merilä J. 2009 Habitat-
dependent and-independent plastic responses

http://dx.doi.org/10.1111/cobi.12654
http://dx.doi.org/10.1126/science.332.6034.1149-k
http://dx.doi.org/10.1126/science.332.6034.1149-k
http://www.waza.org/en/site/conservation/integrated-species-conservation
http://www.waza.org/en/site/conservation/integrated-species-conservation
http://www.waza.org/en/site/conservation/integrated-species-conservation
http://dx.doi.org/10.1098/rspb.2006.3748
http://dx.doi.org/10.1073/pnas.0606337103
http://dx.doi.org/10.1016/j.bbr.2006.05.025
http://dx.doi.org/10.1159/000516787
http://dx.doi.org/10.1242/jeb.02019
http://dx.doi.org/10.1111/j.1439-0310.2008.01585.x
http://dx.doi.org/10.1111/j.1439-0310.2008.01585.x
http://dx.doi.org/10.1002/hbm.20407
http://dx.doi.org/10.1002/hbm.20407
http://dx.doi.org/10.1038/nprot.2008.17
http://dx.doi.org/10.1038/nprot.2008.17
http://www.species360.org
http://dx.doi.org/10.1111/ele.12441
http://dx.doi.org/10.1111/ele.12441
http://dx.doi.org/10.1002/zoo.20393
http://dx.doi.org/10.1098/rspb.2021.0813
http://dx.doi.org/10.1098/rspb.2021.0813
http://dx.doi.org/10.1073/pnas.1801024115
http://dx.doi.org/10.1073/pnas.1801024115
http://dx.doi.org/10.1523/JNEUROSCI.3114-20.2021
http://dx.doi.org/10.1523/JNEUROSCI.3114-20.2021
http://dx.doi.org/10.1534/genetics.114.165423
http://dx.doi.org/10.1080/19420889.2022.2101196
http://dx.doi.org/10.1080/19420889.2022.2101196
http://dx.doi.org/10.1242/jeb.017574
http://dx.doi.org/10.1242/jeb.017574
http://dx.doi.org/10.1046/j.1523-1739.2000.97337.x
http://dx.doi.org/10.1111/mec.13020
http://dx.doi.org/10.1111/j.1365-294X.2007.03399.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03399.x
http://dx.doi.org/10.1111/j.1365-2907.2005.00070.x
http://dx.doi.org/10.1111/j.1365-2907.2005.00070.x
http://dx.doi.org/10.1016/j.tree.2019.07.018
http://dx.doi.org/10.1016/j.tree.2019.07.018
http://dx.doi.org/10.1038/ncomms12950
http://dx.doi.org/10.1038/ncomms12950
http://dx.doi.org/10.1139/z02-160
http://dx.doi.org/10.1139/z02-160
http://dx.doi.org/10.1007/BF00518633
http://dx.doi.org/10.1111/j.1095-8312.2009.01249.x
http://dx.doi.org/10.1525/cond.2008.8424
http://dx.doi.org/10.1525/cond.2008.8424
http://dx.doi.org/10.1186/s12983-021-00386-0
http://dx.doi.org/10.1186/s12983-021-00386-0
http://dx.doi.org/10.1371/journal.pone.0094527
http://dx.doi.org/10.1371/journal.pone.0094527
http://dx.doi.org/10.1016/j.biocon.2021.109143
http://dx.doi.org/10.1016/j.biocon.2021.109143
http://dx.doi.org/10.1523/JNEUROSCI.5153-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.5153-08.2009
http://dx.doi.org/10.1023/A:1001966224914
http://dx.doi.org/10.1038/srep38193
http://dx.doi.org/10.1073/pnas.1019140108
http://dx.doi.org/10.1073/pnas.1019140108
http://dx.doi.org/10.1016/j.anbehav.2014.02.004
http://dx.doi.org/10.1016/j.anbehav.2014.02.004
http://dx.doi.org/10.1098/rstb.2017.0287
http://dx.doi.org/10.1098/rstb.2017.0287


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.10:230707
14
to social ebjnvironment in the nine-spined

stickleback (Pungitius pungitius) brain.
Proc. R. Soc. B 276, 2085–2092. (doi:10.1098/
rspb.2009.0026)

67. Brees JC, Lackinger M, Höglinger GU, Schratt G,
Schwarting RK, Wöhr M. 2016 Differential
effects of social and physical environmental
enrichment on brain plasticity, cognition, and
ultrasonic communication in rats. J. Comp.
Neurol. 524, 1586–1607. (doi:10.1002/cne.
23842)

68. Sol D, Székely T, Liker A, Lefebvre L. 2007 Big-
brained birds survive better in nature.
Proc. R. Soc. B 274, 763–769. (doi:10.1098/
rspb.2006.3765)

69. Sol D, Bacher S, Reader SM, Lefebvre L. 2008
Brain size predicts the success of mammal
species introduced into novel environments. Am.
Nat. 172(S1), 63–71. (doi:10.1086/588304)

70. Amiel JJ, Tingley R, Shine R. 2011 Smart moves:
effects of relative brain size on establishment
success of invasive amphibians and reptiles.
PLoS ONE 6, e18277. (doi:10.1371/journal.pone.
0018277)

71. Vila Pouca C, Mitchell DJ, Lefèvre J, Vega-Trejo
R, Kotrschal A. 2021 Early predation risk shapes
adult learning and cognitive flexibility. Oikos
130, 1477–1486. (doi:10.1111/oik.08481)

72. Stojanovic D. 2023 Altered wing phenotypes of
captive-bred migratory birds lower post-release
fitness. Ecol. Lett. 26, 789–796. (doi:10.1111/
ele.14200)

73. McDougall PT, Réale D, Sol D, Reader SM. 2006
Wildlife conservation and animal temperament:
causes and consequences of evolutionary
change for captive, reintroduced, and wild
populations. Anim. Conserv. 9, 39–48. (doi:10.
1111/j.1469-1795.2005.00004.x)

74. Larson G, Fuller DQ. 2014 The evolution of
animal domestication. Ann. Rev. Ecol. Evol. Syst.
45, 115–136. (doi:10.1146/annurev-ecolsys-
110512-135813)

75. MacLean EL et al. 2014 The evolution of self-
control. Proc. Natl Acad. Sci. USA 111,
E2140–E2148. (doi:10.1073/pnas.1318476111)

76. Benson-Amram S, Dantzer B, Stricker G,
Swanson EM, Holekamp KE. 2016 Brain size
predicts problem-solving ability in mammalian
carnivores. Proc. Natl Acad. Sci. USA 113,
2532–2537. (doi:10.1073/pnas.1505913113)

77. Pravosudov VV, Clayton NS. 2002 A test of the
adaptive specialization hypothesis: population
differences in caching, memory, and the
hippocampus in black-capped chickadees
(Poecile atricapilla). Behav. Neurosci. 116, 515.
(doi:10.1037/0735-7044.116.4.515)

78. Triki Z, Emery Y, Teles MC, Oliveira RF, Bshary R.
2020 Brain morphology predicts social
intelligence in wild cleaner fish. Nat. Commun.
11, 1–9. (doi:10.1038/s41467-020-20130-2)

79. Mason GJ. 1991 Stereotypies: a critical review.
Anim. Behav. 41, 1015–1037. (doi:10.1016/
S0003-3472(05)80640-2)

80. Groves CP. 1982 The skulls of Asian rhinoceroses:
wild and captive. Zool. Biol. 1, 251–261.
(doi:10.1002/zoo.1430010309)

81. Duckler GL. 1998 An unusual osteological
formation in the posterior skulls of captive
tigers (Panthera tigris). Zool. Biol. 17, 135–142.
(doi:10.1002/(SICI)1098-2361(1998)17:2<135::
AID-ZOO8>3.0.CO;2-A)

82. Neaux D, Sansalone G, Lecompte F, Haruda A,
Schafberg R, Cucchi T. 2020 Examining the
effect of feralization on craniomandibular
morphology in pigs, Sus scrofa (Artiodactyla:
Suidae). Biol. J. Linnean Soc. 131, 870–879.
(doi:10.1093/biolinnean/blaa156)

83. Vickery SS, Mason GJ. 2003 Behavioral
persistence in captive bears: implications for
reintroduction. Ursus 14, 35–43.

84. Tilly SLC, Dallaire J, Mason GJ. 2010 Middle-
aged mice with enrichment-resistant stereotypic
behaviour show reduced motivation for
enrichment. Anim. Behav. 80, 363–373. (doi:10.
1016/j.anbehav.2010.06.008)

85. Cooper JJ, Ödberg F, Nicol CJ. 1996 Limitations
on the effectiveness of environmental
improvement in reducing stereotypic behaviour
in bank voles (Clethrionomys glareolus). Appl.
Anim. Behav. Sci. 48, 237–248. (doi:10.1016/
0168-1591(95)01020-3)

86. Lacy RC, Alaks G, Walsh A. 2013 Evolution of
Peromyscus leucopus mice in response to a
captive environment. PLoS ONE 8, e72452.
(doi:10.1371/journal.pone.0072452)

87. McPhee ME. 2003 Generations in captivity
increases behavioral variance: considerations for
captive breeding and reintroduction programs.
Biol. Conserv. 115, 71–77. (doi:10.1016/S0006-
3207(03)00095-8)

88. Ross AK, Letnic M, Blumstein DT, Moseby KE.
2019 Reversing the effects of evolutionary prey
naiveté through controlled predator exposure.
J. Appl. Ecol. 56, 1761–1769. (doi:10.1111/
1365-2664.13406)

89. Greggor AL, Masuda B, Sabol AC, Swaisgood RR.
2022 What do animals learn during anti-
predator training? Testing for predator-specific
learning in ‘alalā (Corvus hawaiiensis). Behav.
Ecol. Sociobiol. 76, 165. (doi:10.1007/s00265-
022-03273-8)

90. Schwarz N, Clore GL. 1983 Mood,
misattribution, and judgments of well-being:
Informative and directive functions of affective
states. J. Pers. Soc. Psychol. 45, 513–523.
(doi:10.1037/0022-3514.45.3.513)

91. Marzouki Y, Gullstrand J, Goujon A, Fagot J.
2014 Baboons’ response speed is biased by their
moods. PloS ONE 9, e102562. (doi:10.1371/
journal.pone.0102562)

92. Lecorps B, Weary DM, von Keyserlingk MA. 2021
Captivity-induced depression in animals. Trends
Cogn. Sci. 25, 539–541. (doi:10.1016/j.tics.2021.
03.010)

93. Berger-Tal O, Blumstein DT, Swaisgood RR. 2020
Conservation translocations: a review of
common difficulties and promising directions.
Anim. Conserv. 23, 121–131. (doi:10.1111/acv.
12534)

94. Shier DM. 2016 Manipulating animal behavior
to ensure reintroduction success. In Applying
behavioral ecology to wildlife conservation and
management (eds O Berger-Tal, D Saltz), pp.
275–304. Cambridge University Press.

95. IUCN/SSC. 2013 Guidelines for reintroductions
and other conservation translocations. Version
1.0. Gland, Switzerland: IUCN Species Survival
Commission.
96. Fischer J, Lindenmayer DB. 2000 An assessment
of the published results of animal relocations.
Biol. Conserv. 96, 1–11. (doi:10.1016/S0006-
3207(00)00048-3)

97. Evans MJ et al. 2023 Trends in animal
translocation research. Ecography 2023, e06528.
(doi:10.1111/ecog.06528)

98. Resende PS, Viana-Junior AB, Young RJ, De
Azevedo CS. 2020 A global review of animal
translocation programs. Anim. Biodiv. Conserv.
43, 221–232. (doi:10.32800/abc.2020.43.0221)

99. DeGregorio BA, Sperry JH, Tuberville TD,
Weatherhead PJ. 2017 Translocating ratsnakes –
does enrichment offset negative effects of time
in captivity? Wildl. Res. 44, 438–448. (doi:10.
1071/WR17016)

100. Tetzlaff SJ, Sperry JH, Kingsbury BA, DeGregorio
BA. 2019 Captive-rearing duration may be more
important than environmental enrichment for
enhancing turtle head-starting success. Global
Ecol. Conserv. 20, e00797. (doi:10.1016/j.gecco.
2019.e00797)

101. Robert A, Colas B, Guigon I, Kerbiriou C, Mihoub
JB, Saint-Jalme M, Sarrazin F. 2015 Defining
reintroduction success using IUCN criteria for
threatened species: a demographic assessment.
Anim. Conserv. 18, 397–406. (doi:10.1111/acv.
12188)

102. Thulin CG, Röcklinsberg H. 2020 Ethical
considerations for wildlife reintroductions and
rewilding. Front. Vet. Sci. 7, 163. (doi:10.3389/
fvets.2020.00163)

103. Hitoshi A, Cooper B, Blouin MS. 2009 Carry-over
effect of captive breeding reduces reproductive
fitness of wild-born descendants in the wild.
Biol. Lett. 5, 621–624. (doi:10.1098/rsbl.2009.
0315)

104. Milot E, Perrier C, Papillon L, Dodson JJ,
Bernatchez L. 2013 Reduced fitness of Atlantic
salmon released in the wild after one
generation of captive breeding. Evolutionary
Applications 6, 472–485. (doi:10.1111/eva.
12028)

105. Christie MR, Marine ML, French RA, Blouin MS.
2012 Genetic adaptation to captivity can occur
in a single generation. Proc. Natl Acad. Sci. USA
109, 238–242. (doi:10.1073/pnas.1111073109)

106. Bowlby HD, Gibson AJF. 2011 Reduction in
fitness limits the useful duration of
supplementary rearing in an endangered
salmon population. Ecol. Appl. 21, 3032–3048.
(doi:10.1890/10-2100.1)

107. Pritchard DJ, Fa JE, Oldfield S, Harrop SR. 2012
Bring the captive closer to the wild: redefining
the role of ex situ conservation. Oryx 46, 18–23.
(doi:10.1017/S0030605310001766)

108. Dee LE, Cowles J, Isbell F, Pau S, Gaines SD,
Reich PB. 2019 When do ecosystem services
depend on rare species? Trends Ecol. Evol. 34,
746–758. (doi:10.1016/j.tree.2019.03.010)

109. Beckman AK, Richey BM, Rosenthal GG. 2022
Behavioral responses of wild animals to
anthropogenic change: insights from
domestication. Behav. Ecol. Sociobiol. 76, 105.
(doi:10.1007/s00265-022-03205-6)

110. Gunn RL, Hartley IR, Algar AC, Niemelä PT, Keith
SA. 2022 Understanding behavioural responses
to human-induced rapid environmental change:
a meta-analysis. Oikos 4, e08366.

http://dx.doi.org/10.1098/rspb.2009.0026
http://dx.doi.org/10.1098/rspb.2009.0026
http://dx.doi.org/10.1002/cne.23842
http://dx.doi.org/10.1002/cne.23842
http://dx.doi.org/10.1098/rspb.2006.3765
http://dx.doi.org/10.1098/rspb.2006.3765
http://dx.doi.org/10.1086/588304
http://dx.doi.org/10.1371/journal.pone.0018277
http://dx.doi.org/10.1371/journal.pone.0018277
http://dx.doi.org/10.1111/oik.08481
http://dx.doi.org/10.1111/ele.14200
http://dx.doi.org/10.1111/ele.14200
http://dx.doi.org/10.1111/j.1469-1795.2005.00004.x
http://dx.doi.org/10.1111/j.1469-1795.2005.00004.x
http://dx.doi.org/10.1146/annurev-ecolsys-110512-135813
http://dx.doi.org/10.1146/annurev-ecolsys-110512-135813
http://dx.doi.org/10.1073/pnas.1318476111
http://dx.doi.org/10.1073/pnas.1505913113
http://dx.doi.org/10.1037/0735-7044.116.4.515
http://dx.doi.org/10.1038/s41467-020-20130-2
http://dx.doi.org/10.1016/S0003-3472(05)80640-2
http://dx.doi.org/10.1016/S0003-3472(05)80640-2
http://dx.doi.org/10.1002/zoo.1430010309
http://dx.doi.org/10.1002/(SICI)1098-2361(1998)17:2%3C135::AID-ZOO8%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1098-2361(1998)17:2%3C135::AID-ZOO8%3E3.0.CO;2-A
http://dx.doi.org/10.1093/biolinnean/blaa156
http://dx.doi.org/10.1016/j.anbehav.2010.06.008
http://dx.doi.org/10.1016/j.anbehav.2010.06.008
http://dx.doi.org/10.1016/0168-1591(95)01020-3
http://dx.doi.org/10.1016/0168-1591(95)01020-3
http://dx.doi.org/10.1371/journal.pone.0072452
http://dx.doi.org/10.1016/S0006-3207(03)00095-8
http://dx.doi.org/10.1016/S0006-3207(03)00095-8
http://dx.doi.org/10.1111/1365-2664.13406
http://dx.doi.org/10.1111/1365-2664.13406
http://dx.doi.org/10.1007/s00265-022-03273-8
http://dx.doi.org/10.1007/s00265-022-03273-8
http://dx.doi.org/10.1037/0022-3514.45.3.513
http://dx.doi.org/10.1371/journal.pone.0102562
http://dx.doi.org/10.1371/journal.pone.0102562
http://dx.doi.org/10.1016/j.tics.2021.03.010
http://dx.doi.org/10.1016/j.tics.2021.03.010
http://dx.doi.org/10.1111/acv.12534
http://dx.doi.org/10.1111/acv.12534
http://dx.doi.org/10.1016/S0006-3207(00)00048-3
http://dx.doi.org/10.1016/S0006-3207(00)00048-3
http://dx.doi.org/10.1111/ecog.06528
http://dx.doi.org/10.32800/abc.2020.43.0221
http://dx.doi.org/10.1071/WR17016
http://dx.doi.org/10.1071/WR17016
http://dx.doi.org/10.1016/j.gecco.2019.e00797
http://dx.doi.org/10.1016/j.gecco.2019.e00797
http://dx.doi.org/10.1111/acv.12188
http://dx.doi.org/10.1111/acv.12188
http://dx.doi.org/10.3389/fvets.2020.00163
http://dx.doi.org/10.3389/fvets.2020.00163
http://dx.doi.org/10.1098/rsbl.2009.0315
http://dx.doi.org/10.1098/rsbl.2009.0315
http://dx.doi.org/10.1111/eva.12028
http://dx.doi.org/10.1111/eva.12028
http://dx.doi.org/10.1073/pnas.1111073109
http://dx.doi.org/10.1890/10-2100.1
http://dx.doi.org/10.1017/S0030605310001766
http://dx.doi.org/10.1016/j.tree.2019.03.010
http://dx.doi.org/10.1007/s00265-022-03205-6


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.10:230707
15
111. Patten MA, Kelly JF. 2010 Habitat selection and

the perceptual trap. Ecol. Appl. 20, 2148–2156.
(doi:10.1890/09-2370.1)

112. Plotnik JM, Jacobson SL. 2022 A ‘thinking
animal’ in conflict: studying wild elephant
cognition in the shadow of anthropogenic
change. Curr. Opin. Behav. Sci. 46, 101148.
(doi:10.1016/j.cobeha.2022.101148)

113. Greggor AL, Trimmer PC, Barrett BJ, Sih A. 2019
Challenges of Learning to Escape Evolutionary
Traps. Front. Ecol. Evol. 7, 408. (doi:10.3389/
fevo.2019.00408)

114. Hale R, Swearer SE. 2016 Ecological traps:
current evidence and future directions.
Proc. R. Soc. B 283, 20152647.

115. Sih A, Bolnick DI, Luttbeg B, Orrock JL, Peacor
SD, Pintor LM, Preisser E, Rehage JS, Vonesh JR.
2010 Predator-prey naïveté, antipredator
behavior, and the ecology of predator invasions.
Oikos 119, 610–621. (doi:10.1111/j.1600-0706.
2009.18039.x)

116. Robertson BA, Rehage JS, Sih A. 2013 Ecological
novelty and the emergence of evolutionary
traps. Trends Ecol. Evol. 28, 552–560. (doi:10.
1016/j.tree.2013.04.004)

117. Pollack L, Munson A, Zepeda E, Culshaw-Maurer
M, Sih A. 2022 Variation in plastic consumption:
social group size enhances individual
susceptibility to an evolutionary trap. Anim.
Behav. 192, 171–188. (doi:10.1016/j.anbehav.
2022.07.010)

118. Duncan EM et al. 2021 Plastic pollution and
small juvenile marine turtles: a potential
evolutionary trap. Front. Mar. Sci. 8, 961.
(doi:10.3389/fmars.2021.699521)

119. Lamb CT, Mowat G, McLellan BN, Nielsen SE,
Boutin S. 2017 Forbidden fruit: human
settlement and abundant fruit create an
ecological trap for an apex omnivore. J. Anim.
Ecol. 86, 55–65. (doi:10.1111/1365-2656.12589)

120. Brakes P et al. 2021 A deepening understanding
of animal culture suggests lessons for
conservation. Proc. R. Soc. B 288, 20202718.
(doi:10.1098/rspb.2020.2718)

121. Stephens PA, Sutherland WJ. 1999
Consequences of the Allee effect for behaviour,
ecology and conservation. Trends Ecol. Evol. 14,
401–405. (doi:10.1016/S0169-5347(99)01684-5)

122. White TH et al. 2021 Minimizing Potential Allee
Effects in Psittacine Reintroductions: An
Example from Puerto Rico. Diversity 13, 13.
(doi:10.3390/d13010013)

123. Carthey AJR, Blumstein DT. 2018 Predicting
Predator Recognition in a Changing World.
Trends Ecol. Evol. 33, 106–115. (doi:10.1016/j.
tree.2017.10.009)

124. Sih A, Trimmer PC, Ehlman SM. 2016 A
conceptual framework for understanding
behavioral responses to HIREC. Curr. Opin.
Behav. Sci. 12, 109–114. (doi:10.1016/j.cobeha.
2016.09.014)

125. Júnior ECB, Rios VP, Dodonov P, Vilela B,
Japyassú HF. 2022 Effect of behavioural
plasticity and environmental properties on the
resilience of communities under habitat loss
and fragmentation. Ecol. Modell 472, 110071.
(doi:10.1016/j.ecolmodel.2022.110071)

126. Lee VE, Thornton A. 2021 Animal cognition in
an urbanised world. Front. Ecol. Evol. 9, 120.
127. Dammhahn M, Mazza V, Schirmer A, Göttsche C,
Eccard JA. 2020 Of city and village mice:
behavioural adjustments of striped field mice to
urban environments. Sci. Rep. 10, 1–12.
(doi:10.1038/s41598-020-69998-6)

128. Barrett LP, Stanton LA, Benson-Amram S. 2019
The cognition of ‘nuisance’ species. Anim.
Behav. 147, 167–177. (doi:10.1016/j.anbehav.
2018.05.005)

129. Sarkar R, Bhadra A. 2022 How do animals
navigate the urban jungle? A review of
cognition in urban-adapted animals. Curr. Opin.
Behav. Sci. 46, 101177. (doi:10.1016/j.cobeha.
2022.101177)

130. Goumas M, Lee VE, Boogert NJ, Kelley LA,
Thornton A. 2020 The role of animal cognition
in human-wildlife interactions. Front. Psychol.
11, 589978. (doi:10.3389/fpsyg.2020.589978)

131. Lefebvre L, Whittle P, Lascaris E, Finkelstein A.
1997 Feeding innovations and forebrain size in
birds. Anim. Behav. 53, 549–560. (doi:10.1006/
anbe.1996.0330)

132. Reader SM, Laland KN. 2002 Social intelligence,
innovation, and enhanced brain size in
primates. Proc. Natl Acad. Sci. USA 99,
4436–4441. (doi:10.1073/pnas.062041299)

133. Shultz S, B. Bradbury R, L. Evans K, D. Gregory
R, R. Blackburn T. 2005 Brain size and resource
specialization predict long-term population
trends in British birds. Proc. R. Soc. B 272,
2305–2311. (doi:10.1098/rspb.2005.3250)

134. Sol D, Duncan RP, Blackburn TM, Cassey P,
Lefebvre L. 2005 Big brains, enhanced
cognition, and response of birds to novel
environments. Proc. Natl Acad. Sci. USA 102,
5460–5465. (doi:10.1073/pnas.0408145102)

135. Ducatez S, Sol D, Sayol F, Lefebvre L. 2020
Behavioural plasticity is associated with reduced
extinction risk in birds. Nat. Ecol. Evol. 4,
788–793. (doi:10.1038/s41559-020-1168-8)

136. Nicolakakis N, Sol D, Lefebvre L. 2003
Behavioural flexibility predicts species richness
in birds, but not extinction risk. Anim. Behav.
65, 445–452. (doi:10.1006/anbe.2003.2085)

137. Benson-Amram S, Holekamp KE. 2012
Innovative problem solving by wild spotted
hyenas. Proc. R. Soc. B 279, 4087–4095.
(doi:10.1098/rspb.2012.1450)

138. Cauchoix M, Hermer E, Chaine AS, Morand-
Ferron J. 2017 Cognition in the field:
comparison of reversal learning performance in
captive and wild passerines. Sci. Rep. 7, 1–10.
(doi:10.1038/s41598-017-13179-5)

139. Rössler T, Mioduszewska B, O’Hara M, Huber L,
Prawiradilaga DM, Auersperg AM. 2020 Using
an Innovation Arena to compare wild-caught
and laboratory Goffin’s cockatoos. Sci. Rep. 10,
1–12. (doi:10.1038/s41598-019-56847-4)

140. Jacobson SL, Puitiza A, Snyder RJ, Sheppard A,
Plotnik JM. 2021 Persistence is key: investigating
innovative problem solving by Asian elephants
using a novel multi-access box. Anim. Cogn. 25,
657–669. (doi:10.1007/s10071-021-01576-3)

141. Jacobson SL, Dechanupong J, Horpiencharoen
W, Yindee M, Plotnik JM. 2023 Innovating to
solve a novel puzzle: Wild Asian elephants vary
in their ability to problem solve. Preprint from
PsyArXiv, 21 Apr 2023. (doi:10.31234/osf.io/
xazw6)
142. Meehan CL, Mench JA. 2007 The challenge of
challenge: can problem solving opportunities
enhance animal welfare? Appl. Anim. Behav. Sci.
102, 246–261. (doi:10.1016/j.applanim.2006.
05.031)

143. Roberts LJ, Taylor J, De Leaniz CG. 2011
Environmental enrichment reduces maladaptive
risk-taking behavior in salmon reared for
conservation. Biol. Conserv. 144, 1972–1979.
(doi:10.1016/j.biocon.2011.04.017)

144. Clark FE, Gray SI, Bennett P, Mason LJ, Burgess
KV. 2019 High-tech and tactile: Cognitive
enrichment for zoo-housed gorillas. Front.
Psychol. 10, 1574. (doi:10.3389/fpsyg.2019.
01574)

145. Salvanes AGV, Moberg O, Ebbesson LOE, Nilsen
TO, Jensen KH, Braithwaite VA. 2013
Environmental enrichment promotes neural
plasticity and cognitive ability in fish.
Proc. R. Soc. B 280, 20131331. (doi:10.1098/
rspb.2013.1331)

146. Berbel-Filho WM, Berry N, Rodríguez-Barreto D,
Rodrigues Teixeira S, Garcia de Leaniz C,
Consuegra S. 2020 Environmental enrichment
induces intergenerational behavioural and
epigenetic effects on fish. Mol. Ecol. 29,
2288–2299. (doi:10.1111/mec.15481)

147. Shepherdson D. 1994 The role of environmental
enrichment in the captive breeding and
reintroduction of endangered species. In Creative
conservation, pp. 167–177. Dordrecht: Springer.

148. Reading RP, Miller B, Shepherdson D. 2013 The
value of enrichment to reintroduction success.
Zool. Biol. 32, 332–341. (doi:10.1002/zoo.
21054)

149. Riley LM. 2018 Conserving behaviour with
cognitive enrichment: A new frontier for zoo
conservation biology. In Zoo animals:
husbandry, welfare and public interactions (eds
M Berger, S Corbett), pp. 199–264. New York,
NY: Nova Science.

150. Simpson J, Kelly JP. 2011 The impact of
environmental enrichment in laboratory rats-
behavioural and neurochemical aspects. Behav.
Brain Res. 222, 246–264. (doi:10.1016/j.bbr.
2011.04.002)

151. Wahlsten D. 1983 Maternal effects on mouse
brain weight. Dev. Brain Res. 9, 215–221.
(doi:10.1016/0165-3806(83)90054-8)

152. Curley JP, Mashoodh R, Champagne FA. 2011
Epigenetics and the origins of paternal effects.
Horm. Behav. 59, 306–314. (doi:10.1016/j.
yhbeh.2010.06.018)

153. Badyaev AV, Uller T. 2009 Parental effects in
ecology and evolution: mechanisms, processes
and implications. Phil. Trans. R. Soc. B 364,
1169–1177. (doi:10.1098/rstb.2008.0302)

154. Eriksen MS, Faerevik G, Kittilsen S, McCormick
MI, Damsgård B, Braithwaite VA, Braastad BO,
Bakken M. 2011 Stressed mothers–troubled
offspring: a study of behavioural maternal
effects in farmed Salmo salar. J. Fish Biol. 79,
575–586. (doi:10.1111/j.1095-8649.2011.
03036.x)

155. Mashoodh R, Franks B, Curley JP, Champagne
FA. 2012 Paternal social enrichment effects on
maternal behavior and offspring growth. Proc.
Natl Acad. Sci. USA 109, 17 232–17 238.
(doi:10.1073/pnas.1121083109)

http://dx.doi.org/10.1890/09-2370.1
http://dx.doi.org/10.1016/j.cobeha.2022.101148
http://dx.doi.org/10.3389/fevo.2019.00408
http://dx.doi.org/10.3389/fevo.2019.00408
http://dx.doi.org/10.1111/j.1600-0706.2009.18039.x
http://dx.doi.org/10.1111/j.1600-0706.2009.18039.x
http://dx.doi.org/10.1016/j.tree.2013.04.004
http://dx.doi.org/10.1016/j.tree.2013.04.004
http://dx.doi.org/10.1016/j.anbehav.2022.07.010
http://dx.doi.org/10.1016/j.anbehav.2022.07.010
http://dx.doi.org/10.3389/fmars.2021.699521
http://dx.doi.org/10.1111/1365-2656.12589
http://dx.doi.org/10.1098/rspb.2020.2718
http://dx.doi.org/10.1016/S0169-5347(99)01684-5
http://dx.doi.org/10.3390/d13010013
http://dx.doi.org/10.1016/j.tree.2017.10.009
http://dx.doi.org/10.1016/j.tree.2017.10.009
http://dx.doi.org/10.1016/j.cobeha.2016.09.014
http://dx.doi.org/10.1016/j.cobeha.2016.09.014
http://dx.doi.org/10.1016/j.ecolmodel.2022.110071
http://dx.doi.org/10.1038/s41598-020-69998-6
http://dx.doi.org/10.1016/j.anbehav.2018.05.005
http://dx.doi.org/10.1016/j.anbehav.2018.05.005
http://dx.doi.org/10.1016/j.cobeha.2022.101177
http://dx.doi.org/10.1016/j.cobeha.2022.101177
http://dx.doi.org/10.3389/fpsyg.2020.589978
http://dx.doi.org/10.1006/anbe.1996.0330
http://dx.doi.org/10.1006/anbe.1996.0330
http://dx.doi.org/10.1073/pnas.062041299
http://dx.doi.org/10.1098/rspb.2005.3250
http://dx.doi.org/10.1073/pnas.0408145102
http://dx.doi.org/10.1038/s41559-020-1168-8
http://dx.doi.org/10.1006/anbe.2003.2085
http://dx.doi.org/10.1098/rspb.2012.1450
http://dx.doi.org/10.1038/s41598-017-13179-5
http://dx.doi.org/10.1038/s41598-019-56847-4
http://dx.doi.org/10.1007/s10071-021-01576-3
http://dx.doi.org/10.31234/osf.io/xazw6
http://dx.doi.org/10.31234/osf.io/xazw6
http://dx.doi.org/10.1016/j.applanim.2006.05.031
http://dx.doi.org/10.1016/j.applanim.2006.05.031
http://dx.doi.org/10.1016/j.biocon.2011.04.017
http://dx.doi.org/10.3389/fpsyg.2019.01574
http://dx.doi.org/10.3389/fpsyg.2019.01574
http://dx.doi.org/10.1098/rspb.2013.1331
http://dx.doi.org/10.1098/rspb.2013.1331
http://dx.doi.org/10.1111/mec.15481
http://dx.doi.org/10.1002/zoo.21054
http://dx.doi.org/10.1002/zoo.21054
http://dx.doi.org/10.1016/j.bbr.2011.04.002
http://dx.doi.org/10.1016/j.bbr.2011.04.002
http://dx.doi.org/10.1016/0165-3806(83)90054-8
http://dx.doi.org/10.1016/j.yhbeh.2010.06.018
http://dx.doi.org/10.1016/j.yhbeh.2010.06.018
http://dx.doi.org/10.1098/rstb.2008.0302
http://dx.doi.org/10.1111/j.1095-8649.2011.03036.x
http://dx.doi.org/10.1111/j.1095-8649.2011.03036.x
http://dx.doi.org/10.1073/pnas.1121083109


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.10:230707
16
156. Cutuli D et al. 2019 Effects of pre-reproductive

maternal enrichment on maternal care,
offspring’s play behavior and oxytocinergic
neurons. Neuropharmacology 145, 99–113.
(doi:10.1016/j.neuropharm.2018.02.015)

157. Rabin LA. 2003 Maintaining behavioural
diversity in captivity for conservation:
natural behaviour management. Animal
Welfare 12, 85–94. and 157. (doi:10.1017/
S0962728600025409)

158. Fàbregas MC, Guillén-Salazar F, Garcés-Narro C.
2012 Do naturalistic enclosures provide
suitable environments for zoo animals? Zoo
Biology 31, 362–373. Have 2 153’s. (doi:10.
1002/zoo.20404)

159. Razal CB, Miller LJ. 2019 Examining the
impact of naturalistic and unnaturalistic
environmental enrichment on visitor perception
of naturalness, animal welfare, and
conservation. Anthrozoös 32, 141–153.
(doi:10.1080/08927936.2019.1550289)

160. Vicino GA, Sheftel JJ, Radosevich LM. 2022
Enrichment Is Simple, That’s the Problem: Using
Outcome-Based Husbandry to Shift from
Enrichment to Experience. Animals 12, 1293.
(doi:10.3390/ani12101293)

161. Tripovich JS, Popovic G, Elphinstone A,
Ingwersen D, Johnson G, Schmelitschek E,
Wilkin D, Taylor G, Pitcher BJ. 2021 Born to Be
Wild: Evaluating the Zoo-Based Regent
Honeyeater Breed for Release Program to
Optimise Individual Success and Conservation
Outcomes in the Wild. Front. Conserv. Sci. 2,
669563. (doi:10.3389/fcosc.2021.669563)

162. Tetzlaff SJ, Sperry JH, DeGregorio BA. 2019
Effects of antipredator training, environmental
enrichment, and soft release on wildlife
translocations: a review and meta-analysis. Biol.
Conserv. 236, 324–331. Have 2 156’s. (doi:10.
1016/j.biocon.2019.05.054)
163. Biggins DE, Vargas A, Godbey JL, Anderson SH.
1999 Influence of prerelease experience on
reintroduced black-footed ferrets (Mustela
nigripes). Biol. Conserv. 89, 121–129. (doi:10.
1016/S0006-3207(98)00158-X)

164. Stoinski TS, Beck BB. 2004 Changes in
locomotor and foraging skills in captive-born,
reintroduced golden lion tamarins
(Leontopithecus rosalia rosalia). Am. J. Primatol.
62, 1–13. (doi:10.1002/ajp.20002)

165. Valutis LL, Marzluff JM. 1999 The
appropriateness of puppet-rearing birds for
reintroduction. Conserv. Biol. 13, 584–591.
(doi:10.1046/j.1523-1739.1999.97443.x)

166. Houser A, Boast LK, Somers MJ, Gusset M,
Bragg CJ. 2011 Pre-release hunting training and
post-release monitoring are key components in
the rehabilitation of orphaned large felids.
South Afr. J. Wildl. Res. 41, 11–20. (doi:10.
3957/056.041.0111)

167. Zanette LY, Clinchy M. 2019 Ecology of fear.
Curr. Biol. 29, R309–R313. ]. (doi:10.1016/j.cub.
2019.02.042)

168. Bleicher SS. 2017 The landscape of fear
conceptual framework: definition and review of
current applications and misuses. PeerJ 5,
e3772. (doi:10.7717/peerj.3772)

169. Clark FE. 2017 Cognitive enrichment and
welfare: Current approaches and future
directions. Anim. Behav. Cogn. 4, 52–71.
(doi:10.12966/abc.05.02.2017)

170. Owen AM, Hampshire A, Grahn JA, Stenton R,
Dajani S, Burns AS, Howard RJ, Ballard CG. 2010
Putting brain training to the test. Nature 465,
775–778. (doi:10.1038/nature09042)

171. Shettleworth SJ. 2010 Cognition, evolution, and
behavior. Oxford, UK: Oxford University Press.

172. Shaw RC, Schmelz M. 2017 Cognitive test
batteries in animal cognition research:
evaluating the past, present and future of
comparative psychometrics. Anim. Cogn. 20,
1003–1018. (doi:10.1007/s10071-017-1135-1)

173. Mason G, Burn CC, Dallaire JA, Kroshko J,
Kinkaid HM, Jeschke JM. 2013 Plastic animals in
cages: behavioural flexibility and responses to
captivity. Anim. Behav. 85, 1113–1126. (doi:10.
1016/j.anbehav.2013.02.002)

174. Clubb R, Mason G. 2003 Captivity effects on
wide-ranging carnivores. Nature 425, 473–474.
(doi:10.1038/425473a)

175. Snyder NFR, Derrickson SR, Beissinger SR, Wiley
JW, Smith TB, Toone WD, Miller B. 1996
Limitations of captive breeding in endangered
species recovery. Conserv. Biol. 10, 338–348.
(doi:10.1046/j.1523-1739.1996.10020338.x)

176. Sekar N, Shiller D. 2020 Engage with animal
welfare in conservation. Science 369, 629–630.
(doi:10.1126/science.aba7271)

177. Sakai T et al. 2018 The Japan Monkey Centre
Primates Brain Imaging Repository for comparative
neuroscience: an archive of digital records
including records for endangered species. Primates
59, 553–570. (doi:10.1007/s10329-018-0694-3)

178. Miller SE, Jernigan CM, Legan AW, Miller CH,
Tumulty JP, Walton A, Sheehan MJ. 2021
Animal behavior missing from data archives.
Trends Ecol. Evol. 36, 960–963. (doi:10.1016/j.
tree.2021.07.008)

179. Vane-Wright RI, Humphries CJ, Williams PH.
1991 1991: What to protect? Systematics and
the agony of choice. Biological Conservation 55,
235–254. (doi:10.1016/0006-3207(91)90030-D)

180. Špinka M. 2019 Animal agency, animal
awareness and animal welfare. Animal Welfare
28, 11–20. (doi:10.7120/09627286.28.1.011)

181. Hopper LM, Tennie C, Ross SR, Lonsdorf EV.
2015 Chimpanzees create and modify probe
tools functionally: A study with zoo-housed
chimpanzees. Am. J. Primatol. 77, 162–170.
(doi:10.1002/ajp.22319)

http://dx.doi.org/10.1016/j.neuropharm.2018.02.015
http://dx.doi.org/10.1017/S0962728600025409
http://dx.doi.org/10.1017/S0962728600025409
http://dx.doi.org/10.1002/zoo.20404
http://dx.doi.org/10.1002/zoo.20404
http://dx.doi.org/10.1080/08927936.2019.1550289
http://dx.doi.org/10.3390/ani12101293
http://dx.doi.org/10.3389/fcosc.2021.669563
http://dx.doi.org/10.1016/j.biocon.2019.05.054
http://dx.doi.org/10.1016/j.biocon.2019.05.054
http://dx.doi.org/10.1016/S0006-3207(98)00158-X
http://dx.doi.org/10.1016/S0006-3207(98)00158-X
http://dx.doi.org/10.1002/ajp.20002
http://dx.doi.org/10.1046/j.1523-1739.1999.97443.x
http://dx.doi.org/10.3957/056.041.0111
http://dx.doi.org/10.3957/056.041.0111
http://dx.doi.org/10.1016/j.cub.2019.02.042
http://dx.doi.org/10.1016/j.cub.2019.02.042
http://dx.doi.org/10.7717/peerj.3772
http://dx.doi.org/10.12966/abc.05.02.2017
http://dx.doi.org/10.1038/nature09042
http://dx.doi.org/10.1007/s10071-017-1135-1
http://dx.doi.org/10.1016/j.anbehav.2013.02.002
http://dx.doi.org/10.1016/j.anbehav.2013.02.002
http://dx.doi.org/10.1038/425473a
http://dx.doi.org/10.1046/j.1523-1739.1996.10020338.x
http://dx.doi.org/10.1126/science.aba7271
http://dx.doi.org/10.1007/s10329-018-0694-3
http://dx.doi.org/10.1016/j.tree.2021.07.008
http://dx.doi.org/10.1016/j.tree.2021.07.008
http://dx.doi.org/10.1016/0006-3207(91)90030-D
http://dx.doi.org/10.7120/09627286.28.1.011
http://dx.doi.org/10.1002/ajp.22319

	The endangered brain: actively preserving ex-situ animal behaviour and cognition will benefit in-situ conservation
	Introduction
	The captive brain
	A primer on the brain
	Summary of the captivity effect
	Brain size and structure
	Cognition and behaviour
	Fitness and survival

	The wild brain
	Environmental change and traps
	Environmental change and cognitive flexibility
	Cognition and conservation

	The challenged brain
	Environmental enhancements
	Targeted challenges

	Preserving the endangered brain
	Challenge appraisal
	Preserving behavioural and cognitive skills and flexibility

	Conclusion
	Data accessibility
	Declaration of AI use
	Authors' contributions
	Conflict of interest declaration
	Funding
	References


