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Some species — ring-tailed lemurs and
snow leopards, for example — appar-
ently thrive in captivity, whereas others,

such as Asian elephants and polar bears, are
prone to problems that include poor health,
repetitive stereotypic behaviour and breed-
ing difficulties. Here we investigate this 
previously unexplained variation in captive
animals’ welfare by focusing on caged carni-
vores, and show that it stems from con-
straints imposed on the natural behaviour of
susceptible animals, with wide-ranging life-
styles in the wild predicting stereotypy and
the extent of infant mortality in captivity.
Our findings indicate that the keeping of
naturally wide-ranging carnivores should be
either fundamentally improved or phased out.

Preventing natural behaviour patterns 
in animals can give rise to stress and frustra-
tion1,2, and impair the development of brain
regions that are involved in behavioural
sequencing, thereby reducing the animal’s
ability to behave flexibly andappropriately3,4.
To investigate whether the observed varia-
tion in the welfare of different species could
arise from a differential impact of captivity
on their natural behaviour, we calculated the
mean frequency of stereotypic pacing5 by 
35 species of caged carnivore. We focused 
on pacing because it is the most prevalent
stereotypy among carnivores (97% of
reported stereotypies5) and also to avoid
comparability problems raised by pooling
different forms of stereotypy (such as sway-
ing and head-nodding). We also quantified
infant mortality in captivity, which is often
due to poor maternal care6.

As an animal’s natural ranging and forag-
ing activities are particularly constrained 
by captivity7, we obtained all available field
data on median home-range size,daily travel
distance, time spent in general activity, time
spent foraging, and reliance on hunting.
We also quantified minimum home-range
sizes and daily travel distances, as these can
be orders of magnitude smaller when food 
is abundant8. Relationships between wild
and captive variables were tested by using
one-tailed regressions.

Body-weight effects were investigated in
analyses involving range size9; phylogenetic
effects were controlled where necessary (and
in all analyses involving body mass) by 
comparative analysis of independent con-
trasts10,11. Our inferences about welfare took
into account natural infant-mortality rates,
and the amount of normal activity and total
stereotypy in captivity; we also considered
feeding regimes, and the size and complexity
of enclosures, to check that relationships
between wild and captive variables were 

not by-products of variation in husbandry.
Degrees of freedom varied in subsequent
analyses owing to missing data.

Natural home-range size (HR) predicted
captive-infant mortality (median HR:
F1,21!6.04, P!0.012; minimum HR, see Fig.
1a).Controlling for body weight did not alter
this relationship (median HR: F1,20!4.35,
P!0.025; controlling for phylogeny:
F1,16!20.46, P!0.0001; minimum HR:
F1,18!9.29, P!0.004; controlling for phy-
logeny: F1,18!16.94, P!0.001). Minimum,
but not median, daily distances travelled
(DDT) gave similar results (F1,18!3.99,
P!0.03). These effects seem to be specific to
captive animals: wild and captive infant-
mortality rates did not covary (F1,6!0.08,
not significant) and infant mortality in 
the wild was unrelated to range size (for
example,minimum HR: F1,7!0.43,n.s.).

Home-range size also predicted pacing
(median HR: F1,22!5.78, P!0.013; mini-
mum HR: F1,20!5.66, P!0.014). A positive
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trend was evident with body weight
(F1,33!3.23, P!0.081; controlling for phy-
logeny: F1,31!4.09, P!0.052). With both
terms in a multiple regression, each lost its
individual effect on pacing, but the overall
adjusted r 2 value increased to 26.5%, from
6.2% (for body weight alone) and 18.2% 
(for minimum HR alone; Fig. 1b). Likewise,
median, but not minimum, daily travel dis-
tances were positively correlated with pacing
(F1,18!9.80,P!0.003).

These results all held when total stereo-
typical behaviours (including non-pacing)
were analysed5. Naturally wide-ranging ani-
mals did not, however, show more normal
activity in captivity (for example, minimum
HR: F1,15!0.17, n.s.; DDT: F1,15!0.01, n.s.),
nor did they move around more overall
within their enclosures (for example, mini-
mum HR: F1,18!0.61, n.s.; DDT: F1,18!0.10,
n.s.). Home-range size therefore still pre-
dicted pacing, even when controlling for 
the amount of total activity in captivity 
(for example, minimum HR: F1,14!2.65,
P!0.019). The degree of natural foraging
and general activity, in contrast, did not pre-
dict captive stereotypy or infant mortality5

(for example, the level of natural activity 
versus pacing: F1,18!3.53, n.s.). Variations 
in husbandry did not account for any of
these findings5.

Our results show, to our knowledge for
the first time, that a particular lifestyle in the
wild confers vulnerability to welfare prob-
lems in captivity. Our study also reveals
species that are inherently likely to fare badly
in zoos and similar establishments. Among
the carnivores, naturally wide-ranging
species show the most evidence of stress
and/or psychological dysfunction in capti-
vity3,4,12, a finding that is a cause for concern,
given the difficulties of conserving such
species in situ13. Husbandry of these species
in captivity is therefore in need of improve-
ment, such as provision of extra space (a
polar bear’s typical enclosure size, for exam-
ple, is about one-millionth of its minimum
home-range size). Alternatively, zoos could
stop housing wide-ranging carnivores and
concentrate instead on species that respond
better to being kept in captivity.
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Captivity effects on wide-ranging carnivores
Animals that roam over a large territory in the wild do not take kindly to being confined.
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Figure 1 Natural ranging behaviour and welfare of species 

from the order Carnivora in captivity. a, Carnivores’ minimum

home-range sizes in the wild predict captive infant mortality

(F1,19!12.60, P!0.001). b, Together with body weight (see text),

minimum home-range size also predicts stereotypic pacing in

captivity (F2,19!4.79, P!0.011; controlling for phylogeny:

F2,17!3.11, P!0.036). On these cross-species plots, a few

species from a range of families and with varying relation to the

regression line are highlighted: AF, Arctic fox (Alopex lagopus); PB,

polar bear (Ursus maritimus); AM, American mink (Mustela vison);

L, lion (Panthera leo). Values on the x-axes differ because fitted

values are used in b that incorporate body weight; the y-axis in b
shows data back-transformed from an arc-sine transformation.
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Where does the silica come from?

- grit/dust (external abrasives)?

- phytoliths (internal abrasives)?



Does it matter for zoos?

animals adapted to browse but eating grass products should
experience more wear than they are naturally adapted to





Free-ranging    vs.    captive giraffes

from Clauss et al. (2007)
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Adaptations

careful evaluation of concepts, size of effect, functional logic, 
functional relevance

... but not everything that is exists must therefore be adaptive

but might be a part of the evolutionary history
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Directionality in Evolution:

Allometries as snapshots in 
evolutionary time
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"Scaling is interesting because, aside from natural 
selection, it is one of the few laws we really have in 

biology." John Gittleman
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this a pattern due to fixed 
life history tradeoff laws, 
and not rather a 
snapshot in a process of 
optimization?

You would not consider 
the overall pattern a fixed 
law, but consider it with 
respect to technical 
progress. 
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Probabilistic directionality I: towards non-stasis

Probabilistic directionality II: more diversity & complexity

A priori conditions and their consequences

Life requires input of resources.
Life starts simple (non-complex).
Life means reproduction.

- spontaneously occurring yet heritable variability
- not only replacement but multiplication
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Resources are finite.

now what?

A priori conditions and their consequences



Resources are finite.

will ‘survivors’ have 
something in 

common?

A priori conditions and their consequences



‘Evolutionary progress’ – directional evolution



An organism that starts reproducing directly after birth, producing a 
large number of surviving offspring at extreme speed without ever 
dying. 

Darwinian demon



An organism that starts reproducing directly after birth, producing a 
large number of surviving offspring at extreme speed without ever 
dying. 

Body mass

Tim
e 

p
er

 o
ffs

p
rin

g

Body mass

O
ffs

p
rin

g 
siz

e

Body mass

Lo
ng

ev
ity

Body mass

O
ffs

p
rin

g 
nu

m
b

er

Darwinian demon



An organism that starts reproducing directly after birth, producing a 
large number of surviving offspring at extreme speed without ever 
dying. 

Body mass

Tim
e 

p
er

 o
ffs

p
rin

g

Body mass

O
ffs

p
rin

g 
siz

e

Body mass

Lo
ng

ev
ity

Body mass

O
ffs

p
rin

g 
nu

m
b

er

? ?!!

Darwinian demon



An organism that starts reproducing directly after birth, producing a 
large number of surviving offspring at extreme speed without ever 
dying. 

Body mass

Tim
e 

p
er

 o
ffs

p
rin

g

Time per offspring

O
ffs

p
rin

g 
siz

e

Body mass

O
ffs

p
rin

g 
siz

e

Body mass

Lo
ng

ev
ity

Body mass

O
ffs

p
rin

g 
nu

m
b

er

Time per offspring

O
ffs

p
rin

g 
nu

m
b

er

? ?!!

Darwinian demon



An organism that starts reproducing directly after birth, producing a 
large number of surviving offspring at extreme speed without ever 
dying. 

Body mass

Tim
e 

p
er

 o
ffs

p
rin

g

Time per offspring

O
ffs

p
rin

g 
siz

e

Body mass

O
ffs

p
rin

g 
siz

e

Body mass

Lo
ng

ev
ity

Body mass

O
ffs

p
rin

g 
nu

m
b

er

Time per offspring

O
ffs

p
rin

g 
nu

m
b

er

FASTER

? ?!!

Darwinian demon



Resources are finite.

Probabilistic 
directionality III: 
towards faster 
reproduction

A priori conditions and their consequences
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the overall pattern a fixed 
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progress. 



Assessing
‘direction’/Red Queen/escalation/progress 

in life history

using the PanTheria dataset
(Jones et al. 2009)



Because niche space is less diverse at larger body sizes, large 
herbivores may be a particularly fruitful area of research for 
‘directed evolution’.

Herbivore
basicTM

Herbivore
2.0TM

Herbivore
professionalTM

Herbivore
ultimateTM

Niche-specific assessment

?



Niche-specific assessment
Because niche space is less diverse at larger body sizes, large 
herbivores may be a particularly fruitful area of research for 
‘directed evolution’.
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Days of gestation period (to apparently similar level of 
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only in extreme, 
resource-poor
habitats

(Precocial) Mammal gestation period



For any mammal, achieving the same degree of neonatal 
development in a shorter gestation period – if not associated with 
higher costs – should be advantageous (higher fecundity due to 
shorter generation times).

Days of gestation period (to apparently similar level of 
precociality) 

Cattle: app. 280 days 
Horse: app. 340 days 
Dromedary: app. 390 days
Okapi: app. 440 days 

rule the world !!

(Precocial) Mammal gestation period



Clear effect for yearly offspring



A clear picture for intrauterine growth
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Rather than understanding tradeoffs along the fast-slow 
continuum as fixed physical laws, they can be considered as 
representing the efficiency of the organisms from which the 
data was taken – and that efficiency may evolve.

Within the boundaries of a specific niche, taxa possibly 
compete by demographic means: by evolving a faster 
reproduction.

Life history characteristics appear to be linked to taxonomic 
groups.

We would predict that during earth history, ‘faster’ taxa were 
not replaced by ‘slower’ taxa.

The physiological means by which taxa differ in their life history 
are not well explored.
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Anpassen, Dominieren, Kontrollieren

Überleben durch Ressourcen-
Kontrolle




