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Understanding why some species thrive in captivity, while others struggle to
adjust, can suggest new ways to improve animal care. Approximately half of
all Psittaciformes, a highly threatened order, live in zoos, breeding centres
and private homes. Here, some species are prone to behavioural and reproductive problems that raise conservation and ethical concerns. To identify
risk factors, we analysed data on hatching rates in breeding centres (115
species, 10 255 pairs) and stereotypic behaviour (SB) in private homes
(50 species, 1378 individuals), using phylogenetic comparative methods
(PCMs). Small captive population sizes predicted low hatch rates, potentially
due to genetic bottlenecks, inbreeding and low availability of compatible
mates. Species naturally reliant on diets requiring substantial handling
were most prone to feather-damaging behaviours (e.g. self-plucking),
indicating inadequacies in the composition or presentation of feed (often
highly processed). Parrot species with relatively large brains were most
prone to oral and whole-body SB: the first empirical evidence that intelligence can confer poor captive welfare. Together, results suggest that more
naturalistic diets would improve welfare, and that intelligent psittacines
need increased cognitive stimulation. These findings should help improve
captive parrot care and inspire further PCM research to understand species
differences in responses to captivity.

1. Introduction
Author for correspondence:
Georgia J. Mason
e-mail: gmason@uoguelph.ca

†

These authors contributed equally to this
study.
‡
Present address: Lunenfeld-Tanenbaum
Research Institute, Sinai Health, Toronto,
Canada.
Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
c.5646498.

When kept by humans, why do some species thrive, yet others struggle? This
question has been relevant since the dawn of domestication. Today, with wild
populations under increasing threat, and captive populations dominating
some taxa, it has both conservation and welfare implications. Many wild
animal species enjoy impressive lifespans and breeding success when kept in
zoos, breeding centres or people’s homes [1]. Yet others are prone to behavioural,
health and reproductive problems (e.g. [2,3]), raising ethical concerns when
indicative of stress, and conservation concerns if captive populations become
non-sustainable (e.g. [4–6]). Parrots illustrate such issues well. For this highly
threatened order, in which > 40% of species are threatened or near threatened
[7], captive populations equal wild ones in size (each around 50 million;
J. Gilardi, World Parrot Trust, 2020, pers. comm.), spanning zoos (for a few thousand individuals [8]), breeding centres (for tens of thousands [9]) and private
homes (for tens of millions [10]). Here, some species do well. Captive cockatiels,
Nymphicus hollandicus, for instance, typically breed well [11] and show little evidence of stress [12,13]. Others, in contrast, despite living in similar conditions, are
prone to disease (e.g. [14]), apparently shortened lifespans [15] and poor
© 2021 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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2. Methods
(a) Outcome variables: stereotypic behaviour and
captive hatch rates
To test these hypotheses, we sought high-quality data for multiple
species (required when using PCMs). For stereotypic behaviour
(SB), we looked to the largest captive sector, pet parrots [8–10],
running an online survey for pet owners for 15 months (www.
parrotsurvey.com). Following quality controls (see below and
electronic supplementary material), this generated data on 1378
individuals across 50 species. For each species, we calculated the
prevalence of FDB, other oral SBs (e.g. biting/mouthing the
cage bars) and SBs involving the head or body (e.g. route-tracing,
head-twirling). The survey also collected detailed information on
species-typical demographic and husbandry characteristics (see
below and electronic supplementary material, table S1), which
could potentially be highly influential and even act as confounds
(see ‘Statistical procedures and analyses’)
For reproductive success, pet owners could not supply
data as they seldom bred their birds. Instead, we obtained captive hatch rates from the Psittacine Captive Breeding Survey, a
1991 census of over 31 000 parrots in 1183 private breeding collections by TRAFFIC USA [9]. Their contemporary relevance
was confirmed via independent ratings from a present-day
aviculturalist (see electronic supplementary material). These
records enabled us to calculate chicks hatched per breeding
pair per year for 122 species, which, after quality controls (see
electronic supplementary material), yielded values for 115
species. To control for species differences in life history
[5,58,64], data on natural fecundity were obtained for inclusion
in models ( product of the median eggs per clutch and clutches
per year [16,65]; see ‘Statistical procedures and analyses’). All
species-typical values for SB pet population characteristics and
breeding output in private breeding centres are given in the
electronic supplementary material, table S2.
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human-induced rapid environmental change, HIREC (e.g.
urbanization, translocation and climate change), thanks to
their behavioural flexibility [31,53–56]. Further forms of plasticity are protective too: species with broad dietary or habitat
niches have proved easier to domesticate, and cope better
with HIREC than those with narrow niches [57–59]. Consistent with this idea, one author proposed that ‘less specialised
animals … settle down most easily in zoos, and exhibit less
disturbed behaviour’ [60]. The hypothesis that behavioural
plasticity pre-adapts animals to adjust to captivity [31] thus
generates an alternate set of predictions about traits conferring risk, with small-brained, specialist parrots being most
prone to welfare problems.
The final type of potential risk factor is an endangered
conservation status. Traits common in threatened species—
especially timidity, wide-ranging lifestyles and low behavioural plasticity—may put them in ‘double jeopardy’: both
vulnerable in the wild and at risk of stress when captive
[2,31]. Furthermore, the small population sizes of rare species
can cause further issues, such as the increased expression of
deleterious alleles (e.g. [17,61]). Consistent with such potential problems, endangered bird species may be harder to
breed than their non-endangered relatives [62], and endangered parrot species are also disproportionately rare in
private breeding centres [9], zoos [63] and the pet trade [7].
We therefore tested two further hypotheses: that rarity predicts breeding problems, and that threatened parrots are
most at risk of captivity stress.

royalsocietypublishing.org/journal/rspb

reproduction (with yellow-faced Amazons, Amazona xanthops,
among the many showing just a fraction of their wild
reproductive outputs [8,16]). Such problems may reflect deleterious effects of genetic bottlenecks [17,18] and/or captivityinduced stress [18–20]. More specific evidence of stress comes
from the abnormal, repetitive, ‘stereotypic’ behaviour [21–24]
common in some species. For example, 10–15% of pet parrots
show feather-damaging behaviour (FDB), chewing, plucking
and/or ingesting their own feathers [12,25] in ways that compromise flying and thermoregulation, and even cause tissue
damage [12,13,26]. FDB prevalence can be 40% in some species
(e.g. grey parrots, Psittacus erithacus), yet in similar living conditions, other species (e.g. Senegal parrots, Poicephalus
senegalus) rarely display it [12,13,27–29].
Phylogenetic comparative methods (PCMs) developed
by evolutionary biologists can reveal why species show
such variation. PCMs allow multi-species datasets to be
statistically analysed to identify attributes that predispose certain taxa to problems in captivity, while controlling for
similarities arising from evolutionary relatedness (e.g. [3,5];
see electronic supplementary material, figure S1 for an
illustration). One potential such attribute is the degree of
difference or ‘mismatch’ [30,31] between typical wild and
captive environments. This determines the extent to which
captivity constrains animals’ natural behaviours, which can
cause frustration (e.g. [32,33]). A second is phenotypic plasticity, which, if high, can enable animals to adjust to such
mismatches (e.g. [2,5,31]). A third is a species’s conservation
status (endangeredness), which can predict vulnerability to
both poor welfare [2,31] and problems induced by small population sizes per se (e.g. inbreeding [34]). All three potential risk
factors make predictions that are testable in parrots.
For parrots, major mismatches exist between captive and
wild environments in social complexity, and in the opportunities available for foraging, decision-making and cognitive
problem-solving. Most parrots are naturally highly social
[35,36], and social contact is often crucial for animal welfare
[37,38], yet captive parrots frequently live with little or no
access to conspecifics [35,39,40]. If this causes stress, then
naturally highly social species should be most at risk of welfare problems in captivity. Turning to foraging, wild parrots
spend 40–75% of their active time in this behaviour [41–43],
yet captive birds face spatial restrictions, dish feeding and
processed diets which constrain opportunities to search for,
select and manipulate food [40,44], a mismatch suggested
to reduce parrot welfare (e.g. resulting in FDB [13,26,45]).
This hypothesis predicts that species with naturally timeconsuming foraging will be most at risk of welfare problems.
A final major mismatch is that captivity constrains opportunities to explore, make decisions and problem-solve (e.g.
[31,37,46]). This has been argued to compromise welfare in
large-brained, intelligent species (e.g. great apes, elephants
and cetaceans [31,47,48]), and in naturally generalist species
said to risk ‘boredom’ in captivity [49,50]. Parrots often
resemble primates in relative brain size (i.e. encephalization),
neuron number and cognitive abilities [51,52]. Many are
also naturally opportunistic omnivores. This third mismatch
hypothesis thus predicts that captive species with high
degrees of generalism and intelligence will be most at risk
of welfare problems.
However, intelligence and generalism could instead be
protective, because they promote behavioural plasticity. In
the wild, large-brained innovators are good at coping with

volume (ml) taken from skeletal specimens or converted from brain mass [82,83] .

Population sizes in US aviculture systems: number of pairs per species, taken from [9].

Vulnerable, Endangered, Critically Endangered.

IUCN Red List category: status in the International Union for Conservation of Nature Red List of Threatened Species [87] (ranked 1-5): Least Concern, Near Threatened,

d

To control for allometry [83–85], each species’ average body mass (g) [82,83] was included in all models. We also excluded values taken from single animals [cf. 86].

Zoological Records web index (Thomson Reuters) between 1978-2004 [76,77].
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Research effort (number of published papers on a given species) was included in all models to control for differential interest by birdwatchers [76], calculated from results of searches of species names (scientiﬁc and common) in the ‘Topic’ ﬁeld of the

fuscus, was coded as 100% fruit but according to the source [65] it uses seeds from two trees. On advice from EltonTraits’ authors (Y. Belmaker, pers. comm., 2020), we corrected these entries for our dataset.

Two species’ diets were recorded incorrectly in EltonTraits: the black-headed parrot Pionites melanocephalus, was coded as using 60% nectar, yet its source account [65] did not mention it using nectar but rather tree seeds; and the dusky parrot, Pionus

problems assessed here)

Positive (N.B. only reproductive

Positive

ive or a risk factor

whether intelligence is protect-

d

Negative or positive depending on

Relative brain volume [encephalization] was used as a proxy for intelligence ([78–81]; see additional information in Discussion). A species’ average endocranial

or a risk factor

whether generalism is protective

Innovation frequency: total number of feeding innovations reported by regions [74–77], supplemented with unpublished data (Louis Lefebvre, pers. comm., 2013)c.

scrub, marsh and wetland, cultivated and farmland, and urban environments [59].

Habitat breadth: total number (1-7) of main habitat types in the native range, from: mixed lowland forest, alpine scrub and forest, grassland and savannah, mixed

material, and animal material [58,59].

Diet breadth: total number (1-5) of main food types in the species-typical native adult diet [16,65], from: seeds/nuts, fruits/berries, pollen/nectar, other vegetative

between small/grass seeds and tree seeds/nutsb).

regarding welfare. Therefore, by referring to their literature sources [65], and following their methods, we split each species’ reliance on seeds/nuts proportionally

(Note that Wilman et al. [70] pooled reliance on small/grass seeds and tree seeds/nuts into one category, “seeds”, but we made opposing predictions about each

invertebrates and tree seeds/nuts.

seeds/nuts.

Negative or positive depending on

positive

% natural diet requiring extensive food handling: reliance on food items requiring extensive oral manipulation (based on [71–73] and adapted here), namely

inconspicuous (based on [71–73] and adapted here in line with EltonTraits’ dietary categories), namely invertebrates, nectar and pollen, fruit, and tree

positive

yes > no

positive

problems if hypothesis is correct

behavioural and reproductive

predicted relationship with

% natural diet requiring extensive locomotor/visual food search: reliance on food items that are naturally patchily distributed in space and time, and/or scarce or

spent on food-search and/or -handling [cf. 69] in the wild was inferred from diet-types reported in the EltonTraits avian foraging database [70] and other sources [65].

Frustrating appetitive and consummatory aspects of foraging can give rise to stereotypic behaviour [67,68]. Quantitative wild time budget data were unavailable, so time

The one categorical (rather than continuous) predictor.

b

a

… being rare/threatened

… being intelligent and innovative

generalist

… being a habitat or dietary

behaviours

… restriction of natural foraging

Communal roosting a: whether or not a species roosts communally while sleeping [36].

Maximum feeding group size: maximum feeding group size during the non-breeding season, a measure of sociality while active [36,66].

Data on social bond strength/number were unavailable, and so group size was used as a proxy (cf. [38]).

… constraints on natural social

interaction

predictor variable(s)

captivity reﬂect…

reproductive problems in

hypothesis: behavioural and

Table 1. Details regarding potential predictors of behavioural and reproductive problems in captive Psittacines: data sources, how quantiﬁed and the effects predicted by each hypothesis under test.
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(c) Statistical procedures and analyses
(i) Data analysis: general methods
All analyses were performed in R [88], with alpha set at 0.05.
To control for species non-independence (e.g. [89–91]), we used
phylogenetic generalized least-squared (PGLS) regressions in
‘caper’ [92] for continuous outcomes and phylogenetic logistic regressions in ‘phylolm’ [93] for binomial outcomes. Before
hypothesis-testing, we constructed a consensus phylogenetic
tree (electronic supplementary material, figure S2) from 1000
BirdLife parrot trees (Hackett backbone) [94,95] in ‘phytools’
[96]. We first used this to run PGLS models for our 50 pet species
assessing potential confounds between predictor variables and
key captive population characteristics that could influence SB
(e.g. lack of enrichment, being housed alone; see electronic supplementary material, table S1). Along with a treeblock, it was
then used in hypothesis-testing models as described next.

(ii) Hypothesis testing
Each predictor was regressed against our outcome variables
(table 1 for details). Following [97], any captive population
characteristic emerging as significantly confounded with a predictor variable (see electronic supplementary material, table S4)
was included in the relevant hypothesis-testing model for SB
(see below). In all breeding centre hatch rate models, natural
fecundity was included to control for species differences in life-history traits [5].
To check that any findings were robust, we then added three
further steps:
(i) We investigated relationships between the predictor variables used to test different hypotheses (see electronic
supplementary material, table S5), then assessed whether
any collinearity detected could artefactually account for
or obscure any initial findings.
(ii) To account for phylogenetic uncertainty [98], analyses
were repeated over a ‘tree block’ of the 1000 parrot phylogenetic trees. This improved parameter estimation and
generated 95% confidence intervals (CIs) (e.g. [94,98]).
(iii) To assess whether any significant findings merely reflected
outliers, we used a custom version of the influ_phylm
function within the ‘sensiPhy’ package [99]. This performs
‘leave-one-out’ deletion analyses (removing each species
in turn and recalculating the intercept, slope and corresponding p-value for each parameter), a species being
deemed ‘influential’ if its removal yielded a standardized
difference > 2. This revealed whether any results critically
relied on the influence of just one or two particular
data points.

Different species varied greatly in the prevalence of SB and
how their captive hatch rates compared to wild fecundity
(see electronic supplementary material, table S2); some
hypothesized predictors explained this variance. Summarized results of all final hypothesis-testing models are shown
in table 2 (with full model outputs presented in electronic
supplementary material, table S6, and further details in
electronic supplementary material, table S7). Tests of our
‘mismatch’ hypotheses yielded the following. Constraints
on natural social interaction did not seem to predict problems
in captivity: naturally more social species were not more at
risk of more SB or poorer captive hatch rates. Restricting natural foraging behaviours, in contrast, emerged as important for
abnormal behaviour: species naturally reliant on diets requiring extensive handling had a higher FDB prevalence ( partial
R 2 = 0.16; table 2 and figure 1), a result that ‘leave-one-out’
analyses showed was robust (electronic supplementary
material, table S7). Furthermore, there was evidence that
one type of behavioural plasticity is an additional risk
factor: species with relatively large brains had higher prevalences of both whole-body and oral SB ( partial R 2 = 0.19
and 0.26 respectively; figure 2 and table 2). ‘Leave-one-out’
analyses showed that both these effects were also extremely
robust (see electronic supplementary material, table S7).
Finally, turning to endangeredness (rarity and threat
level), these did not significantly predict SB (table 2; electronic supplementary material, table S6). However, the
number of breeding pairs present within each species’s aviculture population did predict captive hatch rates, small
populations having significantly poorer reproductive outputs
(table 2; electronic supplementary material, table S6). This
result was extremely robust to species’ removal (electronic
supplementary material, table S7). IUCN Red List category
also appeared to predict captive breeding success, with
more endangered species having lower hatch rates, if the confound of foraging group size was statistically controlled for
(table 2; partial R 2 = 0.06). However, this result was vulnerable to species’ removal, reliant on the influence of just two
key species; it was thus not robust.

4. Discussion
Our results confirmed that PCMs can test otherwise intractable
hypotheses about causes of poor welfare, so yielding new
insights for improving wild animal care and captive breeding.
The strongest effect in our data was that psittacines with relatively large brains were most prone to two categories of SB.
Encephalization, our marker of intelligence, thus explained
over 25% of the variance in oral SBs not directed at feathers
(e.g. repetitive biting at cage bars), and nearly 20% of the
variance in whole-body forms like route-tracing (the most
common SB, affecting 45 of our 50 pet species and 23.2% of
individuals). A larger relative brain size reflects a larger pallium, which is associated with general cognition [84] (and
homologous with the neocortex, critical for general intelligence
in primates [81]). It predicts greater behavioural flexibility in
the wild (e.g. [53]) and thence improved establishment success,
even invasiveness, in bird populations translocated to novel
wild environments [53,54]. Being placed in a novel captive
environment clearly poses a very different challenge for

4
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We collated data on sociality in the wild (maximum group size
when foraging; use of communal roosting when sleeping); reliance
on extensive foraging in the wild (inferred from the percentage of
the natural diet requiring prolonged food search or handling); and
indicators of behavioural plasticity (habitat and diet niche breadths;
feeding innovation rate; relative brain size [encephalization], a
marker of intelligence). Our two measures of endangeredness
were threat level according to IUCN Red List categories and ex
situ rarity: captive population sizes in private breeding centres.
Descriptions of each are provided in table 1 (plus sources used);
species-typical values are given in the electronic supplementary
material, table S3 (with fuller details available via links provided
in the electronic supplementary material).

3. Results

royalsocietypublishing.org/journal/rspb

(b) Potential predictors: captive-wild mismatches, traits
conferring behavioural plasticity and
endangeredness

no. of pairs in aviculture dataset

Concern and 5 is Critically Endangered)

IUCN Red List category (1–5, where 1 is Least

brain volume (ml)

a

innovation rateb (number reported)

types)

habitat breadth (1–7, count of main habitat

diet breadth (1–5, count of main food types)

% natural diet needing extensive handling

% natural diet needing extensive search

Research effort included in all models to control for this potential inﬂuence on observed innovation rates;

prop. standard cage

prop. hand-reared

prop. standard cage

prop. female

prop. adult

captive diet diversity

prop. standard cage

N/A

(+) R 2 < 0.01

+ R = 0.19

2

(–) R 2 = 0.02

N/A

(+) R 2 = 0.01

(+) R = 0.02

2

(+) R 2 = 0.02

(+) R = 0.10

2

(+) R = 0.04

(–) R 2 < 0.01

2

+ R 2 = 0.16

(+) R 2 = 0.01

(+) R 2 = 0.04

(+) R 2 = 0.01

(+) R 2 = 0.02

(+) R < 0.01

2

(–) R < 0.01

– R 2 = 0.10

2

FDB

(+) R 2 = 0.03

whole-body SB

IUCN Red List category.

g

Maximum feeding group size.

Brain volume.

f

e

g

(+) R 2 = 0.02
(–) R 2 = 0.01

(+) R 2 = 0.02
2

(–) R < 0.01
(+) R 2 < 0.01

N/A

+ R 2 = 0.08

for additional analyses)

(–) R 2 = 0.03 (see main text

(+) R 2 = 0.01

(+) R 2 = 0.06

(+) R 2 = 0.01

(–) R 2 = 0.01

(+) R 2 < 0.01

(–) R 2 < 0.01

(–) R 2 = 0.03f

(+) R < 0.01

+ R = 0.26

(–) R 2 = 0.01

2

2

(+) R 2 = 0.02e

(–) R 2 < 0.01

oral SB
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In some models, the following correlated predictors were also included because collinear with the predictor under investigation (see electronic supplementary material, table S5):

Natural fecundity included in all models to control for life-history traits.

Species-typical attributes of pet populations controlled for where these covaried with a predictor variable;

d

c

b

Body mass included in all models to control for allometry;

a

The following controls were included (see text and electronic supplementary material for more details):

… being rare/threatened

… being intelligent or innovative

… habitat and dietary generalism

behaviours

… restriction of natural foraging

early ED

current ED

maximum feeding group size

… constraints on natural social

communal roosting (yes versus no)

characteristic(s) controlled for c

predictor:

reﬂect…

interaction

captive population

reproductive problems in captivity

Hypothesis: behavioural and

hatch rate resultsd

royalsocietypublishing.org/journal/rspb

SB results

Table 2. Species-level predictors of behavioural and reproductive problems in captive parrots. Summary of key results from hypothesis-testing PCM models. Each partial R 2 shown is calculated from the median values for the term’s
t-statistic (over the tree block); its associated degrees of freedom is also reported, with + and – denoting the direction of the relationship (in brackets if non-signiﬁcant). Signiﬁcant ( p < 0.05) results are shown in bold. Full model
results are shown in electronic supplementary material, table S6. ED = enrichment diversity; prop. = proportion.
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2.5
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7.5
percentage diet needing extensive handling (square-root transformed)

10.0

Figure 1. Species reliant on wild diets needing extensive handling have more prevalent FDB. Each data point is a species; the model contained other predictor
terms (table 2; electronic supplementary material, table S6), and so predicted rather than raw values of FDB are shown; the shaded area shows the 95% CIs of
the slope.
parrots: one where intelligence is a harm rather than a benefit.
Species particularly prone to these SBs thus included monk
parakeets, Myiopsitta monachus, highly successful invaders in
the wild [100–102], and blue-and-yellow macaws, Ara ararauna,
whose forebrains are more neuron-rich than those of rhesus
monkeys, Macaca mulatta [51].
Despite strongly predicting SB in birds kept as pets, encephalization did not predict poor reproduction in breeding
centres. We suspect this reflects the differential sensitivity
and specificity of these two welfare indicators. SBs have
very good specificity, reliably indicating sub-optimal rearing
(e.g. [103]), aversive current treatments [85,104] and recurrent
stressors over the lifespan (e.g. [85]). However, SBs have poor
sensitivity: their absence does not always indicate good welfare, because inactivity is an alternative response in some
genotypes (e.g. [105,106]). Our results could thus reflect
that larger- and smaller-brained species do not differ in
their degrees of stress, but instead in how they display it,
with smaller brained species expressing poor welfare hypoactively (e.g. with apathy) instead of hyper-actively via SB.
Alternatively, however, that relatively large brains did not
predict poor reproduction could well be a false negative
result. This seems likely because, while reproductive problems can reflect stress [20,107], they have poor specificity
as stress indicators, being affected by multiple other factors
(including genetic bottlenecks [17,61], a lack of appropriate
imprinting opportunities and artificial incubation (e.g. [117]),
all factors that would add noise to our analyses which we
could not parse out (so increasing chances of Type II error).
Furthermore, recent evidence suggests that parrot species
which commonly breed in captivity tend not to be invasive
if released [102], consistent with them being smaller brained,
and that birds become less encephalized with domestication
(e.g. [108]), consistent with large brains being selected
against in captivity. We therefore suspect that the lower SB
of smaller-brained species does indicate that they adjust
better to captivity than do larger-brained species.
Further work is now required, but these findings still
provide the first empirical evidence that intelligent species
can have unmet welfare needs in captivity. That captive

conditions can be predictable, monotonous and unchallenging is often argued to reduce well-being in intelligent
mammals (e.g. [31,47,48]), and intelligent species often attract
special welfare protection e.g. those afforded to primates over
other mammals (e.g. [109] when used in research). Our
results suggest such concerns are well-placed and should
now extend to large-brained birds, with parrots ( perhaps
also corvids [110]) being given care better tailored for intelligent species. As for precisely what large-brained species lack
in captivity, opportunities for exploration, learning and
agency are all possibilities. Their absence could cause the
diverse array of SBs shown by large-brained parrots by compromising normal brain development [21], by promoting
boredom (aversive states caused by monotony [37,111]) and
resulting attempts to self-stimulate [104,106]), and/or by
enhancing birds’ motivations to escape (as underlie some
mammalian SBs [21]; a concerning possibility given these
larger-brained parrots’ invasiveness). Opportunities for cognitive stimulation must therefore urgently be investigated,
to identify the most effective ways to improve these parrots’
well-being (e.g. [46,112]).
FDB, which affected 20.8% of our population, was instead
predicted by naturally relying on food items in the wild that
need extensive handling (inferred from diet type, since crossspecies data on handling time budgets were unavailable).
This metric explained 16% of the variance in FDB prevalence.
One likely explanation is that parrots remain motivated to
perform food handling even when captive diets do not
require it, then redirecting these movements to their own
feathers [21,26,113]. Alternatively, captive diets may lack the
nutrients or cellulose/chitin present in nuts, tree seeds and
invertebrates ( potentially then altering the gut microbiome),
parrots then ingesting feathers in attempts to rectify these
deficits (cf. such effects in hens, Gallus gallus domesticus:
[114,115]). More research is now needed to identify the precise mechanisms underlying FDB, but for now this finding
highlights the likely importance of less processed, more
naturalistic diets for parrot welfare; helps explain why foraging enrichment seems one of the more effective strategies
for tackling parrot FDB [116]; and echoes experimental
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Figure 2. (a) Species with large brains (relative to body mass) have more prevalent whole-body SB. (b) Relatively large-brained species also have more prevalent
oral SB. See figure 1 legend for explanation.
work in hens showing that feather-pecking involves the fixed
action patterns used in feeding [113].
Turning to reproduction, we found no evidence that breeding success is affected by the degree to which captivity restricts
natural behaviours. Further research is needed to determine
whether this is a true negative, or (as we suspect) a false one
caused by the multiplicity of other influences on captive reproduction. Nevertheless, we did find cautious support for an
untested hypothesis raised three decades ago. Derrickson &
Snyder [62] suggested that endangered species are harder
to breed in captivity than their non-endangered relatives
(their examples including whooping cranes, Grus americana,
being harder to breed than their common relatives, greater
sandhill cranes, Antigone canadensis tabida). Their hypothesis
was plausible in part because small captive populations are
so vulnerable to genetic drift and inbreeding [17,18,61], and
to shortages of compatible mates and other management
issues [117]. Consistent with this, our one robust finding related
to population size: species represented by only a few pairs in
captivity had the poorest reproductive rates relative to natural
fecundity. How and why rarity and poor captive breeding are
linked requires further study—ideally in present-day breeding
centres, and incorporating data on the various management
practices that could obscure underlying stress effects.
In sum, we successfully used PCMs to test hypotheses
about the risks to captive psittacines posed by key discrepancies between natural and captive environments, degrees of
behavioural plasticity, and aspects of rarity. As a highly threatened order, in which half of all individuals live in captivity,
ensuring good captive welfare is a conservation imperative.
In private homes (a sink of tens of millions of non-breeding
individuals), a large proportion of birds show SBs indicative
of poor welfare. To prevent these, our results suggest that
care should improve to supply these wild animals with naturalistic food items and cognitive stimulation. If redressing
these deficits is impossible, then perhaps the keeping of
( potentially invasive) intelligent species with naturally

handling-intensive diets should cease. Further, the significant
impact of encephalization indicates for the first time that in
this taxon, intelligence, which is so protective in the wild, is
the opposite in captivity. Whether similar effects operate
across captive primates and cetaceans should now be investigated: topics ideal for future PCMs. Further work is also
needed to understand why small captive population sizes
predict low hatching rates, and what else explains the substantial variation in captive reproductive success across
parrots. This is highly urgent because, even today, avian captive breeding centres often ‘suffer notably high levels of
hatching failure’ [117]. More broadly, we recommend that
PCMs—with their abilities to interrogate multi-species datasets and address hypotheses that would otherwise be
challenging to test—are increasingly used to understand
why it is that some species thrive, yet others struggle, when
kept in human care.

Ethics. All aspects of this study were approved by the University of
Guelph Research Ethics Board (REB number 11JL024).
Data accessibility. Data in Excel, and R codes in fill, are available from the
Dryad Digital Repository: https://doi.org/10.5061/dryad.ns1rn8psb
[118].
The data are provided in the electronic supplementary material
[119].
Authors’ contributions. E.L.M.: data curation, formal analysis, investigation, methodology and writing-original draft; H.K.M.K.: data
curation, formal analysis, investigation, methodology, writingreview and editing; M.T.M.: funding acquisition, supervision, writing-review and editing; I.C.C.: methodology, supervision, writingreview and editing; Y.R.A.v.Z.: data curation, methodology,
resources, writing-review and editing; G.J.M.: conceptualization,
funding acquisition, investigation, methodology, project administration, supervision, 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.
Competing interests. We declare we have no competing interests

Proc. R. Soc. B 288: 20211952

Downloaded from https://royalsocietypublishing.org/ on 11 October 2021

(b)

royalsocietypublishing.org/journal/rspb

predicted whole body SB prevalence

(a)

Lefebvre for data on innovation rates; Tim Wright for early advice
about phylogenetic trees; and Jamie Gilardi for conservation perspectives. Many thanks to Miquel Vall-Llosera for supplying example R
code for tree block analyses, and Gustavo Paterno for the custom version of influ_phylm for the ‘leave-one-out’ analyses. Thanks to
H.M.K.’s advisory committee: Dave Barney, for his enthusiasm and
captive breeding wisdom, and Lee Niel, for her encouragement and
survey expertise. Also thanks to two thoughtful referees for their comments. The University of Guelph authors acknowledge the ancestral
lands of the Attawandaron people and the treaty lands and territory
of the Mississaugas of the Credit.

References

Downloaded from https://royalsocietypublishing.org/ on 11 October 2021

Tidière M, Gaillard JM, Berger V, Müller DWH,
Bingaman Lackey L, Gimenez O, Clauss M,
Lemaître JF. 2016 Comparative analyses of
longevity and senescence reveal variable
survival benefits of living in zoos across
mammals. Sci. Rep. 6, 36361. (doi:10.1038/
srep36361)
2. Mason GJ. 2010 Species differences in responses to
captivity: stress, welfare and the comparative
method. Trends Ecol. Evol. 25, 713–721. (doi:10.
1016/j.tree.2010.08.011)
3. Müller DW, Lackey LB, Streich WJ, Fickel J,
Hatt JM, Clauss M. 2011 Mating system,
feeding type and ex situ conservation effort
determine life expectancy in captive ruminants.
Proc. R. Soc. B 278, 2076–2080. (doi:10.1098/rspb.
2010.2275)
4. Clubb R, Rowcliffe M, Lee P, Mar KU, Moss C, Mason
GJ. 2009 Fecundity and population viability in
female zoo elephants: problems and possible
solutions. Anim. Welf. 18, 237–247.
5. Mellor E, McDonald Kinkaid H, Mason G. 2018
Phylogenetic comparative methods: harnessing the
power of species diversity to investigate welfare
issues in captive wild animals. Zoo Biol. 37,
369–388. (doi:10.1002/zoo.21427)
6. Clubb R, Rowcliffe M, Lee P, Mar KU, Moss C, Mason GJ.
2008 Compromised survivorship in zoo elephants.
Science 322, 1649. (doi:10.1126/science.1164298)
7. Olah G, Butchart SH, Symes A, Guzmán IM,
Cunningham R, Brightsmith DJ, Heinsohn R.
2016 Ecological and socio-economic factors
affecting extinction risk in parrots. Biodivers.
Conserv. 25, 205–233. (doi:10.1007/s10531015-1036-z)
8. Frynta D, Lišková, S., Bültmann S, Burda H. 2010
Being attractive brings advantages: the case of
parrot species in captivity. PLoS ONE 5, e12568.
(doi:10.1371/journal.pone.0012568)
9. Allen CM, Johnson KA. 1991 Psittacine captive
breeding survey: a survey of private aviculture in the
United States. Washington, DC: TRAFFIC USA,
World Wildlife Fund - US.
10. Tweti M. 2008 Of parrots and people: the sometimes
funny, always fascinating, and often catastrophic
collision of Two intelligent species. New York, NY: Viking.
11. Schubot RM, Clubb KJ, Clubb SL. 1992 Psittacine
aviculture: perspectives, techniques, and research.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Loxahatchee, FL: Avicultural Breeding and Research
Center.
McDonald KHY, Mills DS, Nichols SG, Meagher RK,
Mason G. 2013 Feather-damaging behaviour in
companion parrots: an initial analysis of potential
demographic risk factors. Avian Biol. Res. 6, 1–8.
(doi:10.3184/175815512X13528955707337)
van Zeeland YRA, Spruit BM, Rodenburg TB,
Riedstra B, van Hierden YM, Buitenhuis B, Korte SM,
Lumeij JT. 2009 Feather damaging behaviour in
parrots: a review with consideration of
comparative aspects. Appl. Anim. Behav.
Sci. 121, 75–95. (doi:10.1016/j.applanim.2009.
09.006)
Bavelaar FJ, Beynen AC. 2004 Atherosclerosis in
parrots: a review. Vet. Q. 26, 50–60. (doi:10.1080/
01652176.2004.9695168)
Young AM, Hobson EA, Bingaman Lackey L, Wright
TF. 2012 Survival on the ark: life-history trends in
captive parrots. Anim. Conserv. 15, 28–43. (doi:10.
1111/j.1469-1795.2011.00477.x)
Juniper T, Parr M. 1998 Parrots: a guide to
parrots of the world. New Haven, CT: Yale University
Press.
Briskie JV, Mackintosh M. 2004 Hatching failure
increases with severity of population bottlenecks in
birds. Proc. Natl Acad. Sci. USA 101, 558–561.
(doi:10.1073/pnas.0305103101)
Hemmings N, West M, Birkhead TR. 2012 Causes of
hatching failure in endangered birds. Biol. Lett. 8,
964–967. (doi:10.1098/rsbl.2012.0655)
Walker MD, Duggan G, Roulston N, Van Slack A,
Mason G. 2012 Negative affective states and
their effects on morbidity, mortality and longevity.
Anim. Welf. 21, 497–509. (doi:10.7120/09627286.
21.4.497)
Wingfield JC, Sapolsky RM. 2003 Reproduction and
resistance to stress: when and how.
J. Neuroendocrinol. 15, 711–724. (doi:10.1046/j.
1365-2826.2003.01033.x)
Mason G. 2006 Stereotypic behaviour in captive
animals: fundamentals and implications for welfare
and beyond. In Stereotypic animal behaviour:
fundamentals and applications to welfare (eds G
Mason, J Rushen), pp. 325–367, 2nd edn.
Wallingford, UK: CAB International.
Grandin T, Deesing MJ. 2014 Genetics and animal
welfare. In Genetics and the behavior of domestic

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

animals, pp. 435–472, 2nd edn. San Diego, CA:
Academic Press.
Miller LJ, Ivy JA, Vicino GA, Schork IG. 2019 Impacts
of natural history and exhibit factors on carnivore
welfare. J. Appl. Anim. Welf. Sci. 22, 188–196.
(doi:10.1080/10888705.2018.1455582)
Mellor DJ, Hunt S, Gusset M. 2015 Caring for
wildlife: the world Zoo and aquarium animal welfare
strategy, p. 87. Gland, Switzerland: WAZA.
Gaskins LA, Bergman L. 2011 Surveys of avian
practitioners and pet owners regarding
common behavior problems in psittacine birds.
J. Avian Med. Surg. 25, 111–118. (doi:10.1647/
2010-027.1)
Meehan CL, Millam JR, Mench JA. 2003 Foraging
opportunity and increased physical complexity both
prevent and reduce psychogenic feather picking by
young Amazon parrots. Appl. Anim. Behav. Sci. 80,
71–85. (doi:10.1016/S0168-1591(02)00192-2)
Seibert LM. 2006 Feather-picking disorder in pet
birds. In Manual of parrot behavior (ed. AU Luescher),
pp. 255–265. Oxford, UK: Blackwell Publishing.
Gaskins LA, Hungerford L. 2014 Nonmedical factors
associated with feather picking in pet psittacine
birds. J. Avian Med. Surg. 28, 109–117. (doi:10.
1647/2012-073R)
Jayson SL, Williams DL, Wood JLN. 2014 Prevalence
and risk factors of feather plucking in African grey
parrots (Psittacus erithacus erithacus and Psittacus
erithacus timneh) and cockatoos (Cacatua spp).
J. Exotic Pet Med. 23, 250–257. (doi:10.1053/j.
jepm.2014.06.012)
Koene P. 2013 Behavioral ecology of captive species:
using behavioral adaptations to assess and enhance
welfare of nonhuman zoo animals. J. Appl. Anim.
Welf. Sci. 16, 360–380. (doi:10.1080/10888705.
2013.827917)
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)
Clubb R, Mason GJ. 2007 Natural behavioural
biology as a risk factor in carnivore welfare: how
analysing species differences could help zoos
improve enclosures. Appl. Anim. Behav. Sci.
102, 303–328. (doi:10.1016/j.applanim.2006.
05.033)

Proc. R. Soc. B 288: 20211952

1.

8

royalsocietypublishing.org/journal/rspb

Funding. NSERC is gratefully acknowledged for funding to G.J.M. and
H.K.M.K. E.L.M. was funded by a University of Bristol PhD Scholarship and UFAW.
Acknowledgements. Many thanks to Nico Schoemaker for help with
survey design; the survey translators who helped us reach dozens of
countries; the hundreds of survey respondents; and Michael Kinkaid
for extracting and processing the raw survey data. Many thanks to
Rosemary Low and Susan Clubb for discussions about parrot aviculture and advice on our captive reproduction data. Many thanks to
Claudia Mettke-Hofmann and Cathy Toft for advice on natural behavioural biology, especially parrots’ natural foraging behaviour; Louis

Downloaded from https://royalsocietypublishing.org/ on 11 October 2021

63. Conde DA, Colchero F, Gusset M, Pearce-Kelly P,
Byers O, Flesness N, Browne RK, Jones OR. 2013
Zoos through the lens of the IUCN Red List: a global
metapopulation approach to support conservation
breeding programs. PLoS ONE 8, e80311. (doi:10.
1371/journal.pone.0080311)
64. Cassey P, Blackburn TM, Jones KE, Lockwood JL.
2004 Mistakes in the analysis of exotic species
establishment: source pool designation and
correlates of introduction success among parrots
(Aves: Psittaciformes) of the world. J. Biogeogr. 31,
277–284. (doi:10.1046/j.0305-0270.2003.00979.x)
65. del Hoyo J, Elliot A, Sargatal J. 1997 Handbook of
the birds of the world: sandgrouse to cuckoos.
Barcelona, Spain: Lynx Edicons.
66. Beauchamp G, Fernandez-Juricic E. 2004 Is there a
relationship between forebrain size and group size
in birds? Evol. Ecol. Res. 6, 833–842.
67. Mason g, Mendl M. 1997 Do the stereotypies of
pigs, mink and chickens reflect adaptive species
differences in the control of foraging? Appl. Animal
Behav. Sci. 53, 45–58.
68. Bergeron R, Badnell-Waters A, Lambton S, Mason G.
2006 Oral stereotypies in captive ungulates:
Foraging, diet and gastro-intestinal function. In
Stereotypic behaviour in captive animals:
fundamentals and applications to welfare, 2nd
edition (eds G Mason, J Rushen), pp. 19–57.
Wallingford, UK: CAB International.
69. Rowland NE, Mathes CM. 2008 Appetitive and
consummatory aspects of food intake in rodents. In
Appetite and food intake: behavioral and
physiological considerations (eds RBS Harris,
RD Mattes), pp. 43–60. Boca Raton, FL:
CRC Press.
70. Wilman H, Belmaker J, Simpson J, de la Rosa C,
Rivadeneira MM, Jetz W. 2014 EltonTraits 1.0: specieslevel foraging attributes of the world’s birds and
mammals. Ecology 95, 2027. (doi:10.1890/13-1917.1)
71. Mettke-Hofmann C, Wink M, Winkler H, Leisler B.
2005 Exploration of environmental changes relates
to lifestyle. Behav. Ecol. 16, 247–254. (doi:10.1093/
beheco/arh159)
72. Mettke-Hofmann C, Winkler H, Leisler B. 2002 The
significance of ecological factors for exploration and
neophobia in parrots. Ethology 108, 249–272.
(doi:10.1046/j.1439-0310.2002.00773.x)
73. Mettke-Hofmann C, Wink M, Braun M, Winkler H.
2012 Residency and a broad feeding spectrum are
related to extensive spatial exploration in parrots.
Behav. Ecol. 23, 1365–1371. (doi:10.1093/beheco/
ars130)
74. 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)
75. Lefebvre L, Gaxiola A, Dawson S, Timmermans S,
Rosza L, Kabai P. 1998 Feeding innovations and
forebrain size in Australasian birds. Behaviour 135,
1077–1097.
76. Overington SE, Morand-Ferron J, Boogert NJ,
Lefebvre L. 2009 Technical innovations drive the
relationship between innovativeness and residual

9

Proc. R. Soc. B 288: 20211952

49. Ormrod SA. 1987 Standards for modern captive
animal management. In Proceedings of the animal
welfare foundation’s fourth symposium (ed. TE
Gibson), pp. 22–27. London, UK: BVA Animal
Welfare Foundation.
50. Morris D. 1964 The response of animals to a
restricted environment, pp. 99–120. London, UK:
Symposium of the Zoological Society.
51. Olkowicz S, Kocourek M, Lučan RK, Porteš M, Fitch
WT, Herculano-Houzel S, Němec P. 2016 Birds have
primate-like numbers of neurons in the forebrain.
Proc. Natl Acad. Sci. USA 113, 7255–7260. (doi:10.
1073/pnas.1517131113)
52. Krasheninnikova A, Berardi R, Lind M-A, O’Neill L,
von Bayern AMP. 2019 Primate cognition test
battery in parrots. Behaviour 156, 721–761.
(doi:10.1163/1568539X-0003549)
53. Szabo B, Damas-Moreira I, Whiting MJ. 2020 Can
cognitive ability give invasive species the means to
succeed? A review of the evidence. Front. Ecol. Evol.
8, 187. (doi:10.3389/fevo.2020.00187)
54. 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)
55. Reif J, Bohning-Gaese K, Flade M, Schwarz J,
Schwager M. 2011 Population trends of birds across
the iron curtain: brain matters. Biol. Conserv. 144,
2524–2533. (doi:10.1016/j.biocon.2011.07.009)
56. Pocock MJO. 2011 Can traits predict species’
vulnerability? A test with farmland passerines in
two continents. Proc. R. Soc. B 278, 1532–1538.
(doi:10.1098/rspb.2010.1971)
57. Delhey K, Smith J, Peters A. 2013 Colour-variable
birds have broader ranges, wider niches and are less
likely to be threatened. J. Evol. Biol. 26,
1559–1568. (doi:10.1111/jeb.12157)
58. Cassey P, Blackburn TM, Russell GJ, Jones KE,
Lockwood JL. 2004 Influences on the transport and
establishment of exotic bird species: an analysis of
the parrots (Psittaciformes) of the world. Glob.
Change Biol. 10, 417–426. (doi:10.1111/j.15298817.2003.00748.x)
59. Cassey P. 2002 Life history and ecology influences
establishment success of introduced land birds.
Biol. J. Linn. Soc. 76, 465–480. (doi:10.1046/j.10958312.2002.00086.x)
60. Boorer MK. 1972 Some aspects of stereotypic
patterns of movement exhibited by zoo animals.
Int. Zoo Yearbook 12, 164–168. (doi:10.1111/j.
1748-1090.1972.tb02312.x)
61. Whitlock MC. 2000 Fixation of new alleles and the
extinction of small populations: drift load, benefical
alleles, and sexual selection. Evolution 54,
1855–1861. (doi:10.1111/j.0014-3820.2000.
tb01232.x)
62. Derrickson SR, Snyder NFR. 1992 Potentials and
limits of captive breeding in parrot conservation. In
New world parrots in crisis: solutions from
conservation biology (eds SR Beissinger,
NFR Snyder), pp. 133–163. Washington, DC:
Smithsonian Institution Press.

royalsocietypublishing.org/journal/rspb

33. Clubb R, Mason G. 2003 Animal welfare: captivity
effects on wide-ranging carnivores. Nature 425,
473–474. (doi:10.1038/425473a)
34. Lynch M, Conery J, Burger R. 1995 Mutation
accumulation and the extinction of small opulations.
Am. Nat. 146, 489–518. (doi:10.1086/285812)
35. Engebretson M. 2006 The welfare and suitability of
parrots as companion animals: a review. Anim. Welf.
15, 263–276.
36. Munshi-South J, Wilkinson GS. 2006 Diet influences
life span in parrots (Psittaciformes). Auk 123,
108–118. (doi:10.1642/0004-8038(2006)1230108:
dilsip]2.0.co;2)
37. Mason GJ, Burn CC. 2018 Frustration and boredom
in impoverished environments. In Animal welfare
(eds MC Appleby, IAS Olsson, F Galindo),
pp. 114–140. Wallingford, UK: CABI.
38. Pomerantz O, Meiri S, Terkel J. 2013 Socioecological factors correlate with levels of
stereotypic behavior in zoo-housed primates.
Behav. Process. 98, 85–91. (doi:10.1016/j.beproc.
2013.05.005)
39. Aydinonat D, Penn DJ, Smith S, Moodley Y, Hoelzl F,
Knauer F, Schwarzenberger F. 2014 Social isolation
shortens telomeres in African grey parrots (Psittacus
erithacus erithacus). PLoS ONE 9, e93839. (doi:10.
1371/journal.pone.0093839)
40. Kalmar ID, Janssens GP, Moons CP. 2010 Guidelines
and ethical considerations for housing and
management of psittacine birds used in research.
Instit. Lab. Anim. Res. 51, 409–423. (doi:10.1093/
ilar.51.4.409)
41. Westcott DA, Cockburn A. 1988 Flock size and
vigilance in parrots. Aust. J. Zool. 36, 335–349.
(doi:10.1071/zo9880335)
42. Magrath R, Lill A. 1983 The use of time and energy
by the Crimson Rosella in a temperate wet forest in
winter. Aust. J. Zool. 31, 903–912. (doi:10.1071/
ZO9830903)
43. Renton K. 2001 Lilac-crowned parrot diet and food
resource availability: resource tracking by a parrot
seed predator. The Condor 103, 62–69. (doi:10.
1093/condor/103.1.62)
44. Rozek JC, Danner LM, Stucky PA, Millam JR. 2010
Over-sized pellets naturalize foraging time of
captive orange-winged Amazon parrots (Amazona
amazonica). Appl. Anim. Behav. Sci. 125, 80–87.
(doi:10.1016/j.applanim.2010.03.001)
45. Acharya R, Rault JL. 2020 Risk factors for featherdamaging behavior in companion parrots: a social
media study. J. Vet. Behav. 40, 43–49. (doi:10.
1016/j.jveb.2020.07.003)
46. Clark FE. 2011 Great ape cognition and captive care:
can cognitive challenges enhance well-being? Appl.
Anim. Behav. Sci. 135, 1–12. (doi:10.1016/j.
applanim.2011.10.010)
47. Maple T. 1979 Great apes in captivity: the good, the
bad, and the ugly. In Captivity and behavior (ed. J
Erwin), pp. 239–272. New York, NY: Van Nostrand
Reinhold.
48. Grimm D. 2011 Are dolphins too smart for captivity?
Science 332, 526–529. (doi:10.1126/science.332.
6029.526)

78.

79.

80.

Downloaded from https://royalsocietypublishing.org/ on 11 October 2021

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

107. Díez-León M et al. 2013 Environmentally enriched
male mink gain more copulations than stereotypic,
barren-reared competitors. PLoS ONE 8, e80494.
(doi:10.1371/journal.pone.0080494)
108. Mehlhorn J. and Petow S, 2020. Smaller brains in
laying hens: new insights into the influence of pure
breeding and housing conditions on brain size and
brain composition. Poult. Sci. 99, 3319–3327.
(doi:10.1016/j.psj.2020.03.039)
109. AWIC. 2015 Environmental enrichment For
nonhuman primates resource guide. Beltsville, MD:
Animal Welfare Information Center.
110. Miller R, Boeckle M, Jelbert SA, Frohnwieser A, Wascher
CA. F, Clayton NS. 2019 Self-control in crows, parrots
and nonhuman primates. Wiley Interdisc. Rev. 10,
e1504. (doi:10.1002/wcs.1504)
111. Polanco A, Meagher R, Mason G. 2021 Boredom-like
exploratory responses in farmed mink reflect states
that are rapidly reduced by environmental
enrichment, but unrelated to stereotypic behaviour
or ‘lying awake’. Appl. Anim. Behav. Sci. 238,
105323. (doi:10.1016/j.applanim.2021.105323)
112. Meagher RK, Strazhnik E, von Keyserlingk MAG, Weary
DM. 2020 Assessing the motivation to learn in cattle.
Sci. Rep. 10, 6847. (doi:10.1038/s41598-020-63848-1)
113. Dixon LM, Duncan IJ. H, Mason G. 2008 What’s
in a peck? Using fixed action pattern morphology
to identify the motivational basis of abnormal
feather-pecking behaviour. Anim. Behav. 76,
1035–1042. (doi:10.1016/j.anbehav.2008.06.001)
114. Meyer B, Bessei W, Vahjen W, Zentek J, HarlanderMatauschek A. 2012 Dietary inclusion of feathers
affects intestinal microbiota and microbial
metabolites in growing Leghorn-type chickens.
Poult. Sci. 91, 1506–1513. (doi:10.3382/ps.201101786)
115. Harlander-Matauschek A, Piepho H, Bessei W. 2006
The effect of feather eating on feed passage in
laying hens. Poult. Sci. 85, 21–25. (doi:10.1093/ps/
85.1.21)
116. van Zeeland YRA, Schoemaker NJ, Ravesteijn MM,
Mol M, Lumeij JT. 2013 Efficacy of foraging
enrichments to increase foraging time in Grey
parrots (Psittacus erithacus erithacus). Appl. Anim.
Behav. Sci. 149, 87–102. (doi:10.1016/j.applanim.
2013.09.005)
117. Assersohn K, Marshall AF, Morland F, Brekke P,
Hemmings N. 2021 Why do eggs fail? Causes of
hatching failure in threatened populations and
consequences for conservation. Anim. Conserv.
(doi:10.1111/acv.12674)
118. Mellor EL, McDonald Kinkaid HK, Mendl MT,
Cuthill IC, van Zeeland YRA, Mason GJ. 2021
Data from: Nature calls: intelligence and natural
foraging style predict poor welfare in captive
parrots. Dryad Digital Repository. (doi:10.5061/
dryad.ns1rn8psb)
119. Mellor EL, McDonald Kinkaid HK, Mendl MT, Cuthill IC,
van Zeeland YRA, Mason GJ. 2021 Nature calls:
intelligence and natural foraging style predict poor
welfare in captive parrots. Figshare.

10

Proc. R. Soc. B 288: 20211952

81.

94. Jetz W, Thomas GH, Joy JB, Hartmann K, Mooers AO.
2012 The global diversity of birds in space and time.
Nature 491, 444–448. (doi:10.1038/nature11631)
95. Jetz W, Thomas GH, Joy JB, Redding DW, Hartmann
K, Mooers AO. 2014 Global distribution and
conservation of evolutionary distinctness in birds.
Curr. Biol. 24, 919–930. (doi:10.1016/j.cub.2014.
03.011)
96. Revell LJ. 2012 phytools: an R package for
phylogenetic comparative biology (and other
things). Methods Ecol. Evol. 3, 217–223. (doi:10.
1111/j.2041-210X.2011.00169.x)
97. Kroshko J, Clubb R, Harper L, Mellor E,
Moehrenschlager A, Mason G. 2016 Stereotypic
route-tracing in captive Carnivora is predicted by
species-typical home range sizes and hunting styles.
Anim. Behav. 117, 197–209. (doi:10.1016/j.
anbehav.2016.05.010)
98. Arnold C, Matthews LJ, Nunn CL. 2010 The 10kTrees
website: a new online resource for primate
phylogeny. Evol. Anthropol. 19, 114–118. (doi:10.
1002/evan.20251)
99. Paterno GB, Penone C, Werner GD. A. 2018
sensiPhy: an R package for sensitivity analysis
in phylogenetic comparative methods. Methods
Ecol. Evol. 9, 1461–1467. (doi:10.1111/2041210x.12990)
100. White RL et al. 2019 Assessing the ecological and
societal impacts of alien parrots in Europe using a
transparent and inclusive evidence-mapping
scheme. NeoBiota 48. (doi:10.3897/neobiota.48.
34222)
101. Uehling JJ, Tallant J, Pruett-Jones S. 2019 Status of
naturalized parrots in the United States. J. Ornithol.
160, 907–921. (doi:10.1007/s10336-019-01658-7)
102. Carrete M, Tella J, 2008. Wild-bird trade and exotic
invasions: a new link of conservation concern?.
Front. Ecol. Environ. 6, 207–211. (doi:10.1890/
070075)
103. Latham NR, Mason GJ. 2008 Maternal deprivation
and the development of stereotypic behaviour.
Appl. Anim. Behav. Sci. 110, 84–108. (doi:10.1016/
j.applanim.2007.03.026)
104. Swaisgood R, Shepherson D. 2006 Environmental
enrichment as a strategy for mitigating stereotypies
in zoo animals: a literature review and metaanalysis. In Stereotypic animal behaviour:
fundamentals and applications to welfare (eds G
Mason, J Rushen), pp. 256–285. Wallingford, UK:
CAB International.
105. Fureix C, Walker M, Harper L, Reynolds K, SaldiviaWoo A, Mason G. 2016 Stereotypic behaviour in
standard non-enriched cages is an alternative to
depression-like responses in C57BL/6 mice. Behav.
Brain Res. 305, 186–190. (doi:10.1016/j.bbr.2016.
02.005)
106. Fureix C, Meagher RK. 2015 What can inactivity
(in its various forms) reveal about affective states
in non-human animals? A review. Appl. Anim.
Behav. Sci. 171, 8–24. (doi:10.1016/j.applanim.
2015.08.036)

royalsocietypublishing.org/journal/rspb

77.

brain size in birds. Anim. Behav. 78, 1001–1010.
(doi:10.1016/j.anbehav.2009.06.033)
Overington SE, Griffin AS, Sol D, Lefebvre L. 2011
Are innovative species ecological generalists? A test
in North American birds. Behav. Ecol. 22,
1286–1293. (doi:10.1093/beheco/arr130)
Emery NJ. 2006 Cognitive ornithology: the evolution
of avian intelligence. Phil. Trans. R. Soc. B 361,
23–43. (doi:10.1098/rstb.2005.1736)
Emery NJ, Clayton NS. 2005 Evolution of the avian
brain and intelligence. Curr. Biol. 15, R946–R950.
(doi:10.1016/j.cub.2005.11.029)
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)
Reader SM, Hager Y, Laland KN. 2011 The evolution
of primate general and cultural intelligence. R. Soc.
Phil. Trans. Biol. Sci. 366, 1017–1027. (doi:10.1098/
rstb.2010.0342)
Schuck-Paim C, Alonso WJ, Ottoni EB. 2008
Cognition in an ever-changing world: climatic
variability is associated with brain size in
neotropical parrots. Brain Behav. Evol. 71, 200–215.
(doi:10.1159/000119710)
Iwaniuk AN, Dean KM, Nelson JE. 2005 Interspecific
allometry of the brain and brain regions in parrots
(Psittaciformes): comparisons with other birds and
primates. Brain Behav. Evol. 65, 40–59. (doi:10.
1159/000081110)
Sayol F, Lefebvre L, Sol D. 2016 Relative brain size and
its relation with the associative pallium in birds. Brain
Behav. Evol. 87, 69–77. (doi:10.1159/000444670)
Bennett PM, Harvey PH. 1985 Relative brain size
and ecology in birds. J. Zool. 207, 151–169.
(doi:10.1111/j.1469-7998.1985.tb04920.x)
McDonald KHY. 2015 Species-level determinants of
stereotypic behaviour, reproductive success, and
lifespan in captive parrots (Psittaciformes). Guelph,
Canada: University of Guelph.
International Union for Conservation of Nature. 2013
IUCN red list of threatened species. Version 2013.2.
See https://www.iucnredlist.org.
R Core Team. 2019 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.
Pagel M. 1999 Inferring the historical patterns of
biological evolution. Nature 401, 877–884. (doi:10.
1038/44766)
Revell LJ. 2010 Phylogenetic signal and linear
regression on species data. Methods Ecol. Evol. 1,
319–329. (doi:10.1111/j.2041-210X.2010.00044.x)
Grafen A. 1989 The phylogenetic regression. Phil.
Trans. R. Soc. Lond. B 326, 119–157. (doi:10.1098/
rstb.1989.0106)
Orme D. 2013 The caper package: comparative analysis
of phylogenetics and evolution in R. See https://rdrr.io/
cran/caper/man/caper-package.html.
Ho L, Ané C. 2014 A linear-time algorithm for
Gaussian and non-Gaussian trait evolution models.
Syst. Biol. 63, 397–408. (doi:10.1093/sysbio/syu005)

