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An intense public debate has fuelled governmental bans on
marine mammals held in zoological institutions. The debate
rests on the assumption that survival in zoological insti-
tutions has been and remains lower than in the wild,
albeit the scientific evidence in support of this notion is
equivocal. Here, we used statistical methods previously
applied to assess historical improvements in human lifespan
and data on 8864 individuals of four marine mammal
species (harbour seal, Phoca vitulina; California sea lion,
Zalophus  californianus; polar bear, Ursus maritimus;
common bottlenose dolphin, Tursiops truncatus) held in
zoos from 1829 to 2020. We found that life expectancy
increased up to 3.40 times, and first-year mortality declined
up to 31%, during the last century in zoos. Moreover, the life
expectancy of animals in zoos is currently 1.65-3.55 times
longer than their wild counterparts. Like humans, these
improvements have occurred concurrently with advances
in management practices, crucial for population welfare.
Science-based decisions will help effective legislative
changes and ensure better implementation of animal care.

1. Introduction

In recent years, a sustained debate around animal welfare in
zoological institutions (i.e. zoos, aquariums, rescue centres
and wildlife sanctuaries) has fuelled government bans
despite poor scientific evidence [1,2]. In 2017, SeaWorld
USA announced the end of their orca (Orcinus orca) breeding
programme due to pressure from animal rights groups fol-
lowing the release of the film Blackfish. Countries such as
Canada and Switzerland have banned breeding certain
marine mammal species (mostly whales and Delphinidae
species), while other jurisdictions debate whether to follow
suit. Yet, large-scale scientific evidence on the welfare of
marine mammal populations in zoological institutions and
studies on survival compared with wild counterparts is
only beginning to emerge [3-8].

At the population level, a linear increase in two demo-
graphic measures, namely life expectancy and lifespan
equality, has provided a robust welfare indicator for human

societies [9]. Life expectancy is defined as the average lifespan
in a population, while lifespan equality measures the concen-
tration of deaths at older ages relative to life expectancy.
Research in humans [10] and other animals [11,12] has
shown that improvement in welfare is associated with
longer lifespans through both direct (e.g. medical care) and
indirect mechanisms (e.g. cumulative effects of positive phys-
ical and mental welfare). In association with increased life
expectancy, lifespan equality has risen in industrial human
societies, where deaths are concentrated at older ages com-
pared to pre-industrial and hunter-gatherer populations [9].
Non-human primates living in zoological institutions also
have higher life expectancy and lifespan equality than their
wild counterparts, potentially reflecting the effect of mana-
ged care and environments on their demography [12]. For
now, it remains unknown whether this linear increase in
life expectancy and lifespan equality occurs in non-primate
taxonomic groups, and whether changes in these two metrics
can be related to changes in zoological management and
practices that promote population welfare.

To assess long-term changes (1829-2020) in population
welfare for marine mammals living in zoological institutions,
we estimated age-specific mortality for males and females of
the harbour seal (Phoca vitulina, n = 1907), California sea lion
(Zalophus californianus, n = 3940), polar bear (Ursus maritimus,
n =2025) and common bottlenose dolphin (Tursiops truncatus,
1 =992). These 8864 individuals represent 63.4% of all marine
mammals recorded in the global Species360 Zoological Infor-
mation Management System (ZIMS) [13] since 1829
(electronic supplementary material, figure S1). Based on
species prevalence in zoological institutions across time,
and to ensure adequate sample sizes for modelling (see
Methods), we defined four periods for the California sea
lion and polar bear (pre-1975, 1975-1989, 1990-2004 and
2005-2020) and three periods for the harbour seal
and common bottlenose dolphin (pre-1990, 1990-2004 and
2005-2020). To ensure comparability with wild populations
(where first-year mortality is difficult to estimate accurately),
we derived the remaining life expectancy and lifespan equal-
ity for individuals in zoological institutions reaching at least 1
year of age (hereafter, life expectancy and lifespan equality).
In addition, based on published sex-specific survival data
[14-20], we estimated sex-specific life expectancy and lifespan
equality from age one for at least one wild population of each
species. Finally, to ensure that our results were not only
related to high mortality early in life, we repeated our
analyses from birth and age at sexual maturity.

2. Methods

(a) Species data

Records were obtained from the ZIMS managed by Species360, a
non-profit organization with over 1300 current members all
around the world, including zoos, aquariums, rescue centres
and wildlife sanctuaries [13]. Records included information on
individuals living in zoological institutions from the early
1800s to 1 January 2021. The harbour seal, California sea lion,
polar bear and common bottlenose dolphin were retained for
the study because the database contained at least 100 individuals
per sex for each period and species, to ensure unbiased mortality
estimates and minimize uncertainty (as suggested in [21]). These
four species are currently the most represented marine mammals
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in zoological institutions (representing 63.4% of marine mam-
mals in ZIMS; electronic supplementary material, figure S1).

We developed survival analyses from birth, age one and age
at sexual maturity. To avoid possible data entry errors for each
species, we excluded records with unknown sex from the dataset,
as well as the 1% longest-lived individuals (electronic sup-
plementary material, figure S2). Individuals whose sex was not
recorded accounted for 14.4% of the records, most of which
died in their first year of life (electronic supplementary material,
figure S2). We obtained a final dataset of 1907 harbour seals, 3941
California sea lions, 2025 polar bears and 992 common bottle-
nose dolphins. We analysed the data into three time periods of
at least 15 years, for the harbour seal and common bottlenose
dolphin (pre-1990, 1990-2004 and 2005-2020). For California
sea lion and polar bear, we defined four periods (pre-1975,
1975-1989, 1990-2004 and 2005-2020). Final sample sizes
for each species, sex and period are available in electronic
supplementary material (table S1).

For comparison, we obtained sex-specific and age- or stage-
specific survival data for at least one wild population per
species. For the harbour seal, we extracted the published esti-
mated age structure of 2145 individuals from the Skagerrak,
the Kattegat and the Baltic Seas (before the 2002 epidemic of
Phocine Distemper Virus) [14], and stage-specific survival for
347 individuals from the Tugidak Island (Alaska) monitored
between 2000 and 2007 [18]. For the California sea lion, we
obtained stage-specific survival probabilities for 196 individ-
uals monitored in the Gulf of California from 1980 to 2006
[17], and life tables from 11298 individuals from the San
Miguel Island (California) from 1987 to 2015 [19]. For the
polar bear, we obtained stage-specific survival probabilities
from 1963 individuals (across 3306 captures) in western
Hudson Bay, Canada, from 1984 to 2004 [15]. Finally, for the
common bottlenose dolphin, we obtained sex-specific life
tables from 220 individuals monitored in the Indian river
lagoon system (Florida) from 1978 to 1997 [16] and from 111
individuals from a population living in the north-central Gulf
of Mexico monitored between 1986 and 2003 [20].

(b) Data analysis

(i) Survival analysis

To draw inferences on age-specific mortality and survival when
individual ages are missing, we used the Bayesian survival tra-
jectory analysis (BaSTA) [21,22] in R [23]. We modified the R
package BaSTA [22], originally designed for capture-mark-recap-
ture data, to analyse ZIMS census data. As with most survival
analysis methods, BaSTA makes inferences on age-specific survi-
val from records that may include left-truncation (i.e. individuals
that enter the study after birth) and right-censoring (i.e. individ-
uals that drop out of the study before death) (see below for a
description of the likelihood function). Moreover, BaSTA allows
the inclusion of individuals for which the time of birth is uncer-
tain, expanding the pool of available data for analysis.

To define mortality patterns, we fitted a Siler mortality
model [24], the most parsimonious model for the shape of age-
mortality changes in most mammal species with three stages of
maturity (i.e. juvenile, maturity and senescence) [25]. The Siler
model describes the hazard rate or mortality function as a
convex function of age x given by

w(x) = exp (ag — a1x) + ¢ + exp (by + b1x), (2.1)

where ag, by € (-0, +o0) and a4, ¢, by > 0 are mortality parameters
to be estimated. This function includes an initial decline in juven-
ile mortality, given by the first exponential term in equation (2.1).
The second part of the equation is a Gompertz model assuming
mortality increases exponentially with age after sexual maturity.
Parameters ay and a; control the initial level and the rate of

decline in juvenile mortality, respectively. Parameter ¢ accounts n

for age-independent mortality, and parameters by and b; control
the increase in adult and senescent mortalities [26-28]. The
cumulative hazard is given by

() — J (), (2.2)
0

and the survival function is calculated as
5(x) = exp[-U(X)], (2.3)

which is the complement of the cumulative distribution function
of ages at death, F(x) =1-S(x), and the probability density func-
tion of ages at death is given by

() = pS@). (2.4)

The likelihood function is therefore

Sf((j:)) if uncensored
L(x,x:0) = S(xt) (2.5)
S0 if censored

where x,<x is the age at left-truncation (x,=0 for individuals
born during the study period), and where 0" =lay, a1, ¢, bo, byl
is the vector of mortality parameters to be estimated. BaSTA
uses Markov chain Monte Carlo with Metropolis-Hasting
sampling for the unknown mortality parameters and times of
birth [29,30]. We ran eight parallel chains of 50000 iterations
each, with a burn-in of 10000 and thinning each 20 iterations.
From the resulting parallel chains, we calculated measures of
convergence based on the potential scale reduction proposed
by Gelman et al. [31]. We then reconstructed the posterior den-
sities of the estimated parameters and other additional
measures (i.e. life expectancy and lifespan equality), from
which 95% credible intervals can be obtained.

We then extracted the life tables from the BaSTA outputs for
each period, sex and species (electronic supplementary material,
appendix S1). These are constructed from the raw data for indi-
viduals with known time of birth and based on the estimated
average time of birth for those with uncertain birth date.
BaSTA uses a product limit estimator to construct non-para-
metric survival curves [32], and then reconstructs the life tables
over discrete age intervals.

Given that captive-born individuals can have survival advan-
tages over wild-born ones (e.g. [5]), we performed additional
Bayesian survival trajectory analyses, including the provenance
as a proportional hazard (i.e. wild-born, captive-born, not
reported) per sex and species.

(ii) Life expectancy, lifespan equality and first-year mortality for

populations living in zoological institutions
Patterns of age-specific mortality and longevity can be described
by means of summary statistics such as the life expectancy
(theoretical average age at death), and by measures that relate
to the relative variation in the length of life (i.e. lifespan equality).
Remaining life expectancy (life expectancy hereafter) from age x
is given by

@St
ey = S(x) .

(2.7)

To obtain the lifespan equality values, we first calculated life-
span inequality [33,34] from age x as

15 S /SQIUE) — U(x)ldt

ex

H, =

(2.8)

Thus, lifespan inequality provides a weighted average of the
accumulation of deaths, weighted by cumulative survival.

S6815707 (06T § 20 'Y 2044 qdsi/jeuinol/biobuiysigndAiaposiefo



Therefore, H, increases as the ages at death become more wide-
spread, and diminishes as they become more concentrated,
particularly at older ages. We then calculated lifespan equality
from age x as

ey = —InH, . (29)

Lifespan equality is, therefore, a dimensionless measure of
the shape of the distribution of ages at death in a population
after age x. Given that it is the log of the inverse of H,, lifespan
equality measures the concentration of deaths at older ages;
the higher the concentration at older ages, the higher the
lifespan equality.

To account for potential issues of undetectability of early
mortalities, particularly from the wild populations, and to
ensure changes in life expectancy and lifespan equality were
not solely related to changes in first-year mortality in zoological
institutions, we calculated both metrics from birth, from age one
and from age at sexual maturity [35].

In addition, to evaluate the changes in first-year mortality,
we calculated the posterior densities of the mortality proba-
bilities in the first year of age from the estimated Siler
parameters as gq;=1 - S(1), for females and males and
all periods.

We then used Kullback-Leibler (K-L) discrepancies [36] to
quantify the differences in life expectancy, lifespan equality and
first-year mortality between the latest period (2005-2020)
and those from the previous periods. The K-L discrepancies
measure the amount of information lost if we predict, for
instance, the life expectancy in the last period from the posterior
density of any of the previous periods. Since K-L discrepancies
are bound in the interval [0,00), we used a calibration based
on McCulloch [37] that limits them to the interval [0,1], improv-
ing interpretability. Here, a value of 0 implies no loss of
information (i.e. that both densities are equal), and a value of 1
implies a complete loss of information (i.e. that both densities
have no overlap).

(iiii) Life expectancy and lifespan equality for wild populations
We used published survival data for wild populations from life
tables or stage-specific survival probabilities or by digitizing
cumulative survival plots. To make the estimates of life expect-
ancy and lifespan equality comparable between the wild and
ZIMS populations, we used least squares to fit Siler models to
the age-dependent cumulative survival when available. For
populations with stage-specific survival, we modified the
least-squares algorithm by calculating the stage-specific survival
probabilities from the Siler model as the weighted average of the
age-specific survival probabilities, weighted by the cumulative
survival given by

i pil
X x+n — ¢ ’ 2.10
Pax+ z;\;;? l[ ( )

where p, v, is the stage-specific survival probability in the age
interval [x, x+n), p, is the age-specific survival probability
where p, =1,/l;_1, and [, is the lifetable (discrete ages) cumulat-
ive survival probability calculated simply as [,=S(x) from the
Siler model. In addition, we included the age at which the Siler
mortality function reached a minimum value as a proxy for the
age at maturity. The least-squares algorithm calculated the
square differences between the stage-specific survival probabil-
ities from the Siler model and those of the wild populations, as
well as the square differences of the age at maturity from the
wild population and the age at minimum mortality from the
Siler model. By reconstructing the Siler mortalities for the wild
populations, we obtained more accurate estimates, particularly
of lifespan equality for those that only had stage data. We then
verified that the Siler mortality estimates produced sensible

values by comparing the resulting life expectancies to those n

approximated from the raw life table survival, calculated as

w

ey A M, (2.11)
L

where o is the maximum age in the population.

Note that, since the data available from the wild populations
were aggregated as survival estimates without measures of
uncertainty, we reported their life expectancy and lifespan equal-
ity as point estimates. Nonetheless, we measured the quantiles of
the wild estimates on the posterior densities of life expectancy
and lifespan to measure the difference between wild and ZIMS
estimates.

3. Results

Overall, the first-year mortality probability of individuals in
zoological institutions decreased with time, from 22-51%
in pre-1990 to 8-26% in 2005-2020 (figure 1; electronic
supplementary material, figure S3), suggesting improve-
ments in reproductive and juvenile care. Note that improved
record keeping practices in recent years by which reporting
of early deaths has increased means that the improve-
ments we report here might be even more pronounced.
Furthermore, in the more recent period, the distribution of
ages at death showed a marked concentration at older
ages for all species (figure 1). Pronounced old-age morta-
lity modes were particularly evident for female California
sea lions and polar bears. By contrast, the lower concentra-
tion of deaths at older ages for common bottlenose
dolphins suggested that further improvements in longevity
are possible.

Our results showed that the provenance did not affect the
survival estimates in zoological institutions of three of the
four species (electronic supplementary material, table S2).
Only for common bottlenose dolphins, did we find that
wild-born individuals had overall a lower survival than indi-
viduals born under human care. However, due to the
negligible effect of provenance on the other three species
and because most common bottlenose dolphins were wild
born before 1990 (electronic supplementary material, figure
S4), and therefore provenance being an important driver of
the observed mortality only for the first period, we did not
include it as a predictor in any subsequent analysis.

Lifespan equality and life expectancy increased gradually
between the earliest and latest periods for both sexes of the
four species (figures 2; electronic supplementary material,
figures S5-S7). Between the first available baseline period
and the most recent period (2005-2020), they all showed an
increase in life expectancy ranging from 1.04 to 3.40 times
(electronic supplementary material, table S1). Both sexes of
all species experienced a steep increase in life expectancy
and lifespan equality between 1990-2004 and 2005-2020, as
shown by the KL discrepancies which, for the most part,
were close to 1, indicating no overlap between the posterior
densities (electronic supplementary material, table S3). The
exception was males of common bottlenose dolphins for
which the lifespan equality increased between the two first
periods studied (1947-1989 and 1990-2004) and remained
similar in the most recent period (K-L=0.1, electronic sup-
plementary material, table S3). Moreover, females of the
four species generally had similar life expectancy and
lifespan equality to males during the first periods (K-L
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Margot Michaud, 4 April 2021; U. maritimus: Margot Michaud, 4 April 2021; T. truncatus: Steven Traver, 22 Feb 2012).
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Figure 3. Summary of long-term changes in female life expectancy and potential contributing factors for zoo-held harbour seal, California sea lion, polar bear and
common hottlenose dolphin. Female life expectancy was derived from 1 year of age, and first-year mortality is shown in inset pie charts. See electronic supplemen-
tary material, table S6 for references and more details. AMMPA, Alliance Marine Mammal Parks and Aquariums; AZA, (American) Association of Zoos and Aquariums;
CITES, Convention on International Trade in Endangered Species of Wild Fauna and Flora; EAAM, European Association for Aquatic Mammals; EAZA, European Associ-
ation of Zoos and Aquaria; EEP, EAZA Ex-situ Programme; IAAAM, International Association for Aquatic Animal Medicine; IMATA, International Marine Animal Trainer’s
Association; SSP, Species Survival Plan; WAZA, World Association of Zoos and Aquariums; Z&A, zoos and aquariums. Silhouette images extracted from Phylopic.org
(License CCO 1.0 Universal Public Domain Dedication; credits: P. vitulina: Tracy Heath, 29 June 2013; Z californianus: Margot Michaud, 4 April 2021; U. maritimus:

Margot Michaud, 4 April 2021; T. truncatus: Steven Traver, 22 Feb 2012).

values between 0.04 and 0.22), while, for the last period,
females had longer life expectancy and higher lifespan equal-
ity than males, particularly for the California sea lion and
polar bear (electronic supplementary material, figure S8 and
table S4).

Overall, for both sexes of all four species, life expectancy
and lifespan equality populations in zoological institutions
were higher than for their wild counterparts, particularly
during the two latest periods (figure 2; electronic supple-
mentary material, table S1). In most cases, the wild values
fell on the lower end of the posterior distributions of life
expectancy and lifespan equality of the populations in
zoological institutions, and for the most part with quantiles
less than 0.001, indicating they were much lower than the
z0o-held estimates (electronic supplementary material, table
S5). Indeed, the life expectancies of females living in zoologi-
cal institutions of the four species currently are 1.65-3.55
times longer than their wild counterparts, and for males,
life expectancies in zoological institutions are 1.77-3.24
times longer than in the wild. Life expectancies for both
sexes for the wild are broadly comparable to those obtained
for pre-1990 zoos, except for the polar bear, where survival
in zoological institutions has been consistently higher.
Finally, lifespan equality values for populations in zoological
institutions in the latest period were higher than the values
obtained for the wild populations, while the wild values,
in general, were much lower (less than 0.001 percentile)
than the mean in the latest period. Notable exceptions
were one population of harbour seal and both populations
of bottlenose dolphin, for which the wild values fell
below the lower 33 percentile, suggesting no difference in
lifespan equality.

4. Discussion

We analysed changes in survival and longevity across time
for four species of marine mammals living in zoological insti-
tutions, and found a general decrease in first-year mortality
and an increase in life expectancy and lifespan equality.
These results show that improvements in population welfare
are ongoing. However, the timing and extent of changes
varied among species, potentially reflecting differences in
the implementation and effectiveness of welfare-promoting
measures per species (figure 3). This increase in life expect-
ancy and lifespan equality results from a delay of early
deaths and the subsequent concentration of deaths at older
ages, while a reduction in first-year mortality did not solely
cause it. Indeed, similar results were obtained when these
demographic metrics were estimated from birth and from
age of sexual maturity. Such associated increases in life
expectancy and lifespan equality have also been observed
in comparisons of pre-industrial and industrial human
societies [9] and in comparisons of wild and zoological
institutions populations of non-human primate species [12].

Our results support reported improvements in life expect-
ancy and first-year survival for the common bottlenose
dolphin and California sea lion in US facilities [4,5,38]. This
improvement was also observed for orcas [8], a species clo-
sely related to the common bottlenose dolphin, although
the results are debated [7,39,40]. However, to our knowledge,
this is the first report of longevity improvements for harbour
seal and polar bear in zoological institutions. Among
humans, increases in life expectancy and lifespan equality
have been attributed to the effect of social, economic and
public health advances on mortality rates [9]. Similarly,
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animals living in modern zoological Iinstitutions are
shielded from many pressures affecting mortality (e.g. star-
vation, disease, parasites, environmental impacts) [41].
Interestingly, at the population level, the demographic
patterns of marine mammals in zoological institutions
across time (and between wild and zoo populations) are
qualitatively similar to those observed during the industrial
revolution in humans [9]. Specific changes in zoological
management practices over the last decades (figure 3;
electronic supplementary material, table S6) likely have
contributed to the demographic improvements we found.
In the nineteenth century, many zoological institutions
started as menageries, where conditions for animals were
poor, and survival was low [41]. In the 1960s and 1970s,
practical experience increased, and laws were passed to
improve species conservation in the wild and animal care
in zoological institutions (e.g. the Animal Welfare Act and
the Marine Mammal Protection Act in the USA). In the
1970s and 1980s, the establishment of regional zoo associ-
ations, accreditation standards [42], coordinated breeding
programmes, shared databases [13], and professional net-
works further enabled zoological institutions to acquire and
share knowledge about their animals and collectively
improve welfare standards.

The most significant improvements in demographic
metrics for the four marine mammal species occurred in the
1990s onwards, potentially linked to the implementation of
advanced veterinary [43,44], environmental [45], nutritional
[46,47] and enrichment [48] measures (figure 3). Importantly,
the voluntary cooperation of animals in routine examinations,
achieved through training and positive reinforcement [49],
has reduced the need for anaesthesia and facilitated regular
health monitoring. Increased knowledge of species-specific
underpinned environmental enhancements,
including advances in water treatment, habitat design and
enrichment [45]. Animal diets in modern zoological insti-
tutions typically account for the nutritional requirements of
different species, sexes and life stages [46,47], and often use
human-grade food, vitamin supplementation, and improved
provision through training and enrichment. Advances in
animal welfare science have also shown that cognitive enrich-
ment, training and species-specific social management are
more essential components of cetacean welfare than habitat
size [49]. As a result, enrichment is mandatory in zoos accre-
dited by most regional associations of zoos and aquariums
(e.g. AZA [42], EAAM [50)).

Our findings also highlight that populations of the four
species living in zoological institutions show, in the most
recent period, a longer life expectancy than their wild counter-
parts. Our results confirm previous findings on these species
[4,5]. However, comparisons with wild populations must be
made cautiously (e.g. see [4]). For example, it is important to
consider that anthropogenic threats in natural environments
affect longevity measures [51]. For instance, the bottlenose dol-
phin population of the Indian River Lagoon system [16] is
known for its health problems caused by anthropogenic activi-
ties [52,53]. Nevertheless, we obtained comparable results
using another population living in the Mississippi sound
region in the Gulf of Mexico [20]. Importantly, research on pri-
mates has shown that life expectancy and lifespan equality of
different populations of the same species fall within a linear
continuum, whereby populations under poor conditions (e.g.
high anthropogenic pressure) fall at the lower end of the

needs has

continuum, and those under protected conditions (e.g. popu-
lations in zoological institutions) at the upper end [12].
Notably, this continuum is not an artefact of how these two
metrics are calculated, but it is driven by biological constraints
inherent to each species. Our results support that different
populations of these four species of marine mammals recapitu-
late their own linear continuum, with the populations in
zoological institutions in the recent period falling at the
upper end. With the increase of anthropogenic pressure on
natural habitats coupled with climate change, we can expect
deteriorating conditions for wild populations resulting in
changes along this gradient in the future.

It is important to note that for humans and other animals,
long life may not necessarily equate to quality of life [54,55].
However, the significant increase in both measures (i.e. life
expectancy and lifespan equality) likely reflects certain fac-
tors that may improve quality of life (figure 3), as seen in
humans [9]. For example, higher life expectancy positively
correlates with the number of years a human lived free of
ill-health and disability [54]. Yet, our study does not assess
individual-level welfare or quality of life, which is essential
to advance animal care and develop a holistic understanding
of animal welfare. Unfortunately, the development of large-
scale studies evaluating individual-level welfare has been
hampered due to the lack of standardized assessment proto-
cols across individuals, species and space (see [3,6]). Future
research should focus on designing scientifically sound qual-
ity-of-life indicators based on globally standardized data (e.g.
from ZIMS).

As for ageing human societies [54], increases in life
expectancy and the number of individuals reaching old age
have important implications for animal care and population
management in zoological institutions. Our survival analysis,
together with reproduction models, could support collection
planning by zoos, for example to balance the allocation of
habitable space between geriatric and young individuals
while considering population management goals [56].
In both wild mammals [57] and humans [9,58], females
tend to exhibit higher life expectancy and lifespan equality
than males. We found not only a female life expectancy
and lifespan equality advantage in zoological institutions,
but also an increasing difference over time, suggesting
that this bias may be amplified with improved management
practices. Our results may also reflect differences in husban-
dry needs or practices between males and females, which
should be further investigated to inform sex-specific
animal management.

Before 1975, only 3-48% of individuals of the four species
were born in zoological institutions, compared to 82-92% in
the current period (electronic supplementary material,
figure S4). This change likely reflects the effect of the
implementation of the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES) as
well as national conservation strategies such as the US
Marine Mammal Protection Act. We did not detect an effect
of the provenance on the mortality of marine mammals
living in zoological institutions, except for the common bot-
tlenose dolphin. Our findings do not agree with Small &
DeMaster [5] that found significantly higher annual survival
for captive-born California sea lions compared to wild-
born in US facilities, and with no differences in survival
for the provenance of common bottlenose dolphins. Due
to a negligible effect on the overall mortality pattern of the
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three other species, we did not include the provenance
in the main analysis for the four species. Therefore, we
acknowledge that, for the common bottlenose dolphin, the
positive influence of the improvement of environment of
life in zoological institutions (figure 3) can be, at least par-
tially, due to the decrease of the number of wild-caught
individuals living in zoological institutions between the
first period (before 1990) and the two more recent periods.
Indeed, the lifespan equality of males significantly improved
between the two first periods but not in the recent one.
The improvement on both metrics across the three periods
observed for the females but not for males insinuates
between-sexes differences in the needs in captivity for
this species.

Banning species from modern zoological institutions
without strong welfare evidence may represent missed
opportunities to (i) acquire species-specific knowledge to sup-
port conservation efforts [59-62], (ii) care for confiscated
animals [63] or serve as a temporary home for rescued
ones, (iii) maintain assurance populations that help preserve
species and their genetic diversity [64] until threats in the
wild are abated [65], to allow potential reintroduction into
the wild [60], and (iv) promoting public engagement and be-
haviour change through education. Therefore, if countries
wish to legislate on housing marine mammals in zoological
institutions, it is essential that they consider the potential of
these animals for research, education and conservation, in
addition to any evidence of compromised welfare. For
instance, the governments of France (2021) and Spain (2023)
passed bans on cetaceans for shows (figure 3) but, based on
our preliminary results, the bans did not extend to individ-
uals involved in research projects with conservation and
welfare goals. Importantly, ex situ conservation programmes
can play a major role in preventing species extinction for
species severely threatened in the wild [60]. Although to
date no marine mammals have been saved from extinction
through ex situ programmes (e.g. unsuccessful attempts to
recover the population of vaquita, Phocoena sinus [66] but
see the recent survey [67]; see [68] for promising development
for the Yangtze finless porpoise (Neophocaena asiaeorientalis
asiaeorientalis) in China), the potential of ex sifu conservation
is still recognized by leading international conservation insti-
tutions. For instance, the ‘Ex Situ Options for Cetacean
Conservation” report of the International Union for Conserva-
tion of Nature (IUCN), stresses the importance of ex situ
research and management for the sustainable conservation
of highly threatened dolphins [62].

While the international non-governmental organization
Species360 hosts ZIMS (the world’s largest zoological data-
base, with more than 10 million records for 22 000 species), it
does not include information from all zoological institutions.
As such, ZIMS data and our analysis may not capture all the
variation expected in diverse care practices and demographic
parameters for the four species. For instance, ZIMS does not
include data from some institutions with extensive marine
mammal expertise and with a proven track record of following
high standards in care (e.g. the Dolphin Company, SeaWorld),
nor from some non-accredited zoos which may house animals
under lower standards of care. Further analyses incorporating
additional datasets could improve our understanding of the
observed trends, especially for the bottlenose dolphin, the
only obligate aquatic species in our study which also had
the smallest sample size.

5. Conclusion

Our findings highlight the effects of improvements in species-
specific knowledge, management and care practices in
modern zoological institutions, as the four species analysed
today live on average 1.65-3.55 times longer than their wild
counterparts. In addition, we found a significant increase in
first-year and adult survival across time in marine mammal
facilities. Thus, our results contradict arguments of poor
or lower survival in zoological institutions than in natural
habitats. We acknowledge that there are other perspectives
regarding keeping marine mammals in zoos, such as different
ethical viewpoints and differences in husbandry and welfare
conditions across institutions. Further studies on individual
welfare on a global scale will be important to assess which
practices have driven these improvements in survival.
Therefore, science-driven species management, welfare and
conservation programmes will ensure a better understanding
of species biology and needs, that will maximize our chances
of preventing a species’” functional extinction.
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