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Maintaining sustainable populations in captivity without supplementation
through wild-capture is a major challenge in conservation that zoos and
aquaria are working towards. However, the capture of wild animals con-
tinues for many purposes where conservation is not the primary focus.
Wild-capture hinders long-term conservation goals by reducing remaining
wild populations, but the direct and long-term indirect consequences of
wild-capture for captive population viability are rarely addressed using
longitudinal data. We explored the implications of changes in wild-capture
on population dynamics in captivity over 54 years using a multi-
generational studbook of working Asian elephants (Elephas maximus) from
Myanmar, the largest remaining captive elephant population. Here we
show that population growth and birth rates declined between 1960 and
2014 with declines in wild-capture. Importantly, wild-caught females had
reduced birth rates and a higher mortality risk. However, despite the disad-
vantages of wild-capture, the population may not be sustainable without it,
with immediate declines owing to an unstable age-structure that may last for
50 years. Our results highlight the need to assess the long-term demographic
consequences of wild-capture to ensure the sustainability of captive and
wild populations as species are increasingly managed and conserved in
altered or novel environments.

1. Introduction

Captive management and conservation are considered to be important stop-
gap measures in efforts to ensure that wild animal populations are sustainable
[1,2]. Although ex situ conservation strategies have been implemented success-
fully (e.g. [3]), captively managed populations are often small, and fail to be
representative of the species as a whole, genetically robust or self-sustaining
[1]. Many studies have found that zoo populations are unsustainable [4,5].
An assessment of 87 mammalian zoo populations revealed that only half
were breeding to replacement rate [5]. Although an increased effort is now
being placed into maintaining sustainable captive populations through captive
breeding and reproductive technology [4,6], captive populations in zoos and
aquaria have long been supplemented through wild-capture [7]. However, cap-
ture from the wild may impose long-term demographic consequences for
captive populations [8], and therefore its implications for population viability
must be explored.

Importantly but often overlooked, animals are also removed from the wild
and kept in partially free-ranging or semi-captive conditions for many reasons
other than conservation [9,10], most notably as research animals or for econ-
omic purposes as working animals [11-13]. Large numbers of individuals
may be captured from the wild and conservation is not the primary goal of
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many semi-captive populations, but conservation manage-
ment must still be considered, particularly where
International Union for Conservation of Nature protection
is in place [14]. However, few systems enable the assessment
of how variation in wild-capture rates influences demogra-
phy and population viability in captivity. One such species
is Asian elephants (Elephas maximus), which are endangered
but have a captive population of over 16 000 individuals,
up to a third of the total population, increasing the impor-
tance of captive management [15]. Asian elephants are slow
reproducers, exceptionally long-lived (mean lifespan =
38.4 + 11.6 years and age at first reproduction =19.8 + 5.7
years [16]) and have a matriarchal social structure that has
a large impact on survival [17], making them sensitive to
anthropogenic disturbance and slow to recover [18]. In the
wild, although there have been global population estimates
and some assessments that indicate large population declines
[15,19,20], we have a poor understanding of population
dynamics [21]. In captivity, many studies have emphasized
that elephant populations managed in zoos are not self-sus-
taining [7,22,23], but this constitutes only a small number of
individuals globally (approx. 1000 individuals; [24]). The
vast majority of captive Asian elephants are partially free-
ranging, semi-captive working animals in range countries,
used primarily for timber logging, tourism and ceremonial
purposes [12,24]. Traditionally, wild elephants were captured
to supplement the working population, which has been mon-
itored in countries such as Myanmar for over a century
[12,25]. Although the majority of captive elephants are
primarily managed for economic purposes, conservation
measures for the working population have also been incor-
porated in to local action plans, e.g. in Myanmar [14]. The
case study of working elephants, therefore, provides a
unique opportunity to understand how wild-capture
influences population-dynamics in captivity.

Here, we aim to assess how long-term variation in wild-
capture has influenced population viability in the largest
captive population of the long-lived Asian elephant. To
address this issue, we use a detailed longitudinal studbook
of government-owned female timber elephants (1 = 3585)
that were captive-born or wild-caught in Myanmar between
1960 and 2014. There has been substantial variation in
wild-capture during this period; Aung [26] estimated that
at least 2000 individuals were caught from the wild between
1970 and 1993. Furthermore, systematic wild-capture was for-
mally banned in 1994 [27]. Thus, this unique dataset enables
us to capture detailed variation in wild-capture and vital
rates across several decades, which provides rare insight
into the demographic challenges faced by vulnerable species
in captivity as a result of capture from the wild. From these
extensive demographic records, we address two key ques-
tions: (i) between 1960 and 2014, how much did wild-
capture contribute to observed annual changes in the
number of individuals in the population? and (ii) now that
systematic wild-capture is no longer practised, and given
observed variation in demographic rates, will the current
population decline in the future? To address the first ques-
tion, we captured historic trends in age-specific life-history
traits in wild-caught and captive-born female elephants,
and related observed changes in population size to wild-cap-
ture rates in each year from 1960 to 2014. For the second
question, using age-specific demographic rates from years
after capture was banned, we constructed individual-based,

stochastic projection models to assess long-term population [ 2 |

viability over 250 years. We explored population viability
under model uncertainty of life-history rates, observed
variation in the environment and demographic stochasticity.
Finally, we performed sensitivity analyses of the projection
models under different scenarios of changes to life-history
rates, to provide targets for sustainable management in
semi-captive elephants.

2. Methods
(a) Study population

The Union of Myanmar has the largest working population of
Asian elephants, with more than 5000 individuals, and approxi-
mately 2700 are state-owned and used for timber extraction
processes [24,25]. The timber elephant population is managed
centrally by the state forestry commission, the Myanma Timber
Enterprise (MTE), and keeping systems (including workload
regulations) are consistent across Myanmar [12]. Although
MTE elephants are held in captivity, we describe them as semi-
captive: (i) they are free-roaming outside of working hours and
in the three-month annual rest period and forage naturally with-
out supplementation, (ii) there is no reproductive management of
the population and individuals mate freely with captive or wild
conspecifics, (iii) there is no human intervention with the wean-
ing of calves, which are cared for by the mother until training at
the age of five [12], and (iv) culling is not practised, and ele-
phants only have access to basic veterinary care. Veterinarians
diagnose disease and record deaths and their causes following
broad post-mortem exams, increasing the reliability of mortality
estimates [28]. Despite workload and work-related stress having
the potential to influence life-history traits, population vital rates
are more comparable to those of wild African elephants [22] and
Asian elephants [19] than to those held in zoos [29]. Timber ele-
phants have been monitored by the state for over a century, and
the current studbook has been collated from individual elephant
log-books and annual MTE reports. To our knowledge, the stud-
book covers most individuals in the working population between
1960 and 2000, but we had access to approximately 13% less
demographic records between 2001 and 2014. The final studbook
was a female-only dataset (n = 3585, wild-caught = 1215) with
individuals from 11 out of the 14 regional divisions (or states)
of Myanmar, including Ayeyarwady, Bago, Chin, Kachin,
Magway, Mandalay, Rakhine, Sagaing, Shan, Tanintharyi,
Yangon and Unknown regions (for data selection details, see
the electronic supplementary material, S1, S2 and figure S1).
This female-only dataset was used in all analyses of life-history
traits and population projections.

Wild individuals were systematically captured in Myanmar
until 1994 to supplement the working population, after which
they were protected [12,27]. However, individuals are still
taken from the wild into captivity in instances of human-
elephant conflict, but this occurs at much lower levels than
historically [12]. For wild-caught individuals, specific birth date
is unknown, and therefore age is estimated at the time of capture
using shoulder height and comparison of body condition with
elephants of known age [12]. In addition, the extent of pigmenta-
tion on the face (including trunk and temporal areas), folding of
the upper ear, tail hair and wrinkliness of the skin are used to
estimate age in wild-caught individuals [8]. The exact error in
age-estimation for wild-caught individuals is unknown, but
thought to be within a couple of years for individuals that
continue to grow (up to approx. 25 years old; [30]), which consti-
tutes the majority (72%) of those captured [8]. Using records of
wild-caught females, we included a measure of wild-capture,
which broadly assessed the number of individuals captured in
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each year. However, this does not necessarily include all individ-
uals captured for two reasons. First, an estimated 5-30% of
individuals die during capture [31], and the studbook only
includes individuals remaining in the working population [8].
Second, we only included wild-caught females caught before
an estimated age of 25, when their age-estimation is likely to
be most accurate. We have no estimate on the level of poaching
in the wild population, and to our knowledge, only very few
individuals in the captive population are removed after they
were born/captured. We restricted the studbook to a female-
only dataset because we could not reliably estimate paternity
and thus reproductive rates for male elephants from demo-
graphic records. There are differences in life-history traits
between male and female elephants [8], and this is a limitation
of the current studbook, but we could not include the dynamics
of males in this study. However, a female-only design was
appropriate for the current study because reproduction was not
limited by the number/frequency of males, with a mean sex
ratio of 1.34 across the study period (females:males, range =
1.23-1.45; electronic supplementary material, figure S6) and
50.54% of births to male calves. Females also mate with both
wild and captive bulls [12]. Thus, population growth and decline
can be assessed reliably using the dynamics of females.

(b) Long-term trends in the age-specific vital rates
of wild-caught and captive-born females

Mortality and birth events within the studbook were used to
quantify population vital rates through time for individuals of
different birth origins, to parameterize population projection
models. Age-specific rates of mortality and birth were estimated
from the raw data using a generalized additive mixed modelling
framework, run using the gam function in the R package mgcv
[32,33]. The raw data were smoothed using an additive model-
ling approach because there was a large variation in the
density of life-history data spatio-temporally and across ages.
Thus, raw age-specific data in a given year may not be represen-
tative of general population-level trends of life history. An
additive modelling approach also enables us to flexibly capture
nonlinear trends in vital rates across an individual’s lifespan
and through time. All analyses were carried out in R [33].

For every year of a female’s life from birth/capture (or any
years of a female’s life after 1960 if entering before 1960) to
death/censoring, we coded the mortality and birth events of
each individual as binary response variables (fitted with bino-
mial error structures and a logit link function), where a 1
indicated an event (death or birth) in a given observation year.
Individuals exited the analysis at death or at their last known
age alive (censor date). The time-series dataset contained 66 528
(wild-caught = 30287) year-age observations from the 3585
females. We then modelled the probability of death and birth
separately as functions of age (numeric integer), observation
year (numeric integer, years from 1960 to 2014), and birth
origin (binary factor, captive-born versus wild-caught). Using
model selection, we explored the predictive performance of 18
models, which incorporated age as a linear predictor or smooth-
ing term, and observation year as a linear term, factor (decade or
half-decade), smoothing term and random effect smoothing
term. We also explored interactions between age, observation
year and birth origin, included as thin plate regression spline
smoothers for each birth origin, or as tensor product interaction
smoothing terms [34,35]. Models were selected based on the
Akaike information criterion (AIC) [36,37] (for full details of
model selection see the electronic supplementary material, S2
and table S1).

We assessed the distributional assumptions of the best
models by testing the under/overdispersion of scaled model
residuals. Scaled model residuals were calculated from the

DHARMa package of R, which uses a simulation-based approach
to create readily interpretable scaled residuals for mixed effects
models [38]. We tested for under/overdispersion and uniformity
in simulated residuals using 1000 simulations (electronic sup-
plementary material, figure S2). Then, we quantified the
uncertainty in birth and mortality rate predictions from the
best models. This enabled us to assess how much parameter
uncertainty influenced variation in population size in future pro-
jections. Parameter uncertainty was quantified using posterior
simulation of the best model, with 1000 replicates of model
coefficients from the posterior mean and covariance matrix of
the model. Posterior simulation was selected ahead of other boot-
strapping techniques as it prevented the need to re-fit models,
which would risk under-smoothing.

(c) How was past population growth influenced
by wild-capture?

To explore how past trends in population growth were influ-
enced by wild-capture, we calculated realized changes in the
number of females from demographic data. For each year
between 1960 and 2014, we calculated the number of females
alive and the realized annual growth rate was calculated as
At realized = Ni+1/Ni, where N is the number of individuals in
year t. Population changes from 2000 to 2001 were ignored
because there was a decrease in the number of demographic
records available to us between 2000 and 2001. We partitioned
out population change effects owing to wild-capture and to
annual vital rates alone by subtracting the observed annual
wild-capture rate from the change in the number of individuals
and re-calculating the realized annual population growth rate.
We tested the difference in population growth rate with and
without wild-capture when capture was still practised systemati-
cally (before 1995) using a linear model, with realized annual
growth rate as the response variable and both year (numeric
integer) and capture presence (binary factor) as predictor terms.

(d) Population projection models for a future without
wild-capture

To assess the future viability of the timber elephant population,
we built female-only, stochastic individual-based projection
models using predicted age-specific birth and mortality rates
for years after systematic wild-capture was banned (1995-2014)
(more details in the electronic supplementary material, S3,
figures S9 and S10; [39]). We opted to use an individual-based
modelling framework to incorporate demographic stochasticity.
All projection models were run on predicted values from the
Kachin regional division; Kachin had a large number of life-his-
tory records, while having average predicted vital rates most
consistent with the overall mean vital rates across all divisions.
We did not incorporate density dependence in projection
models, as we found that population size did not improve model
performance (electronic supplementary material, table S1).
Finally, we removed individuals over the age of 70 in each year
of each simulation (i.e. mortality of 1 at age 70), as there was a
large variation in life-history parameters at these ages and very
few individuals. For each year in all projections, birth and death
events were randomly sampled from a Bernoulli distribution
according to age-specific probabilities from the best models. For
all projections, we assumed that all births were to females.

We first constructed a projection model for the average vital
rates across observation years in this period (1995-2014), with-
out incorporating parameter uncertainty or environmental
stochasticity (electronic supplementary material, S3). Thus, the
first model was intended to explore the average long-term
dynamics of the population with demographic stochasticity
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alone. The projection began with the age-structure present in
2014 (n = 1369; electronic supplementary material, figure S10).
Over 500 iterations, we projected 250 years into the future,
which was selected to capture long-term trends over 10-12.5
generations in the future (generation time 20-25 years from
[40]). This ensured that we captured stable long-term dynamics
based on the average vital rates between 1995 and 2014.

We then performed a hierarchical population viability analy-
sis under three levels of uncertainty; (i) parameter uncertainty
from the best model, (ii) environmental stochasticity (variation
across years 1995-2014) and (iii) demographic stochasticity (elec-
tronic supplementary material, figure S11). (i) Parameter
uncertainty was incorporated using posterior simulation of the
best birth and mortality models, from which we calculated 200
sets of predicted values. Each set of predicted values included
interannual (environmental) variation with observation year
included as both a smoothing term and random effect (electronic
supplementary material, table S1). (ii) Environmental stochasti-
city was incorporated by resampling both the random effect
and smoothing term of observation year from the best models.
We randomly sampled years for both the smoothing term and
random effect term, and adjusted birth and mortality rates
together according to the sampled years. We sampled 10 sets
of years for each of the 200 sets of predicted values generated
through posterior simulation. (iii) Demographic stochasticity
was incorporated by repeating each set of years 10 times. The
total number of simulations when assessing population
dynamics over a 50 year period with different levels of uncer-
tainty was 20000. We then projected 50 years into the future
from the starting population size and age-structure in 2014
(n=1369). Finally, we investigated the relative importance of
the three different levels of uncertainty on population size in
the population projection. We used nested hierarchical mixed
effects models for each year in the projection, implemented in
the Ime4 package [41], to partition the variance in In population
size attributable to demographic stochasticity within environ-
mental stochasticity within parameter uncertainty (electronic
supplementary material, figure S11).

(e) Identifying demographic targets for population
management

To assess how age-specific rates influence population growth to
identify demographic targets for population management, we
performed numeric sensitivity analyses on the average long-
term dynamics of the population excluding environmental sto-
chasticity or parameter uncertainty. We first split age-specific
demographic parameters of captive-born females into four
main stages for life-history: juvenile (0—-4 years of age before
weaning), pre-reproductive (5-12 years old), adolescent (13-20
years old), reproductive adult (21-44 years old), senescent
adult (45-70 years old). Life-history stages were selected based
on previous findings of life-history patterns in timber elephants
and raw age-specific data [42,43] (electronic supplementary
material, figure S7). Then, for each life-history stage, we
increased birth rates by 10% or decreased mortality rates by
10%, perturbing birth and mortality separately. We selected
10% because it represented a realistic potential change in man-
agement for a given life-history stage, laying beneath the
variation in life-history rates that was observed in the raw data
between 1960 and 2014 (s.d. 19% and 14% for total birth and
death rates, respectively). To assess population viability, we per-
formed population projections for each scenario, performing
1000 simulations over 200 years, randomly assigning births and
deaths to each individual in each year, with birth and death
probabilities adjusted for each scenario. Finally, we compared
population dynamics in each scenario to the baseline under
current conditions, to identify targets for management.

3. Results

The average annual birth rate was 3.1% (range = 1.2-5.4%)
and the average annual mortality rate was 2.1% (range =
0.3-4.2%) for female elephants (n = 3585) between 1960
and 2014 (electronic supplementary material, figure S5a).
Our measure of wild-capture for females entering the final
studbook occurred at an average rate of 20.6 individuals
per year, with the maximum number of individuals captured
in a single year being 117 in 1972 (electronic supplementary
material, figure S5b). Capture rates between 1965 and 1975
were higher than other years within the study period, with
56% of all captures taking place within this 10 year period
(electronic supplementary material, figure S5b).

Birth rates varied across lifespan and years for both
captive-born and wild-caught females (figure 1a). For
captive-born females, birth rates increased at the age of 12
up to an average initial peak of approximately 10% between
the ages of 20 and 22, after which generally there was a decline
later in life (figure 1a; electronic supplementary material,
figure S7a). In earlier years before 1970, there were fewer
old-aged individuals and the population was smaller, and so
predicted birth rates increased later into life, but on average
birth rates declined beyond the age of 44 (figure 1a; electronic
supplementary material, figure S7a). Birth rates were consist-
ently lower on average in wild-caught females across ages,
increasing more slowly from age 12 and reaching a maximum
annual predicted birth rate of only 7%. However, at older ages,
wild-caught females exhibited higher birth rates, but also
declined after the age of 50 (electronic supplementary
material, figure S7a). Overall, birth rates declined between
1960 and 2014, particularly for captive-born females
(figure 1a; electronic supplementary material, figure S8a).
The best model for birth rates included a tensor product inter-
action smoothing term between age, year and birth origin,
and an additional term for annual variation with year as a
random factor (electronic supplementary material, table S1).
We did not find evidence for an effect of population size on
birth rate as it did not improve predictive performance; the
AIC difference between the best model and the model with
population size was 0.42, but the more parsimonious
model with fewer parameters was selected (electronic sup-
plementary material, table S1 and figure S4a). There was
no evidence of overdispersion or non-uniformity in the
simulated residuals (electronic supplementary material,
figure S2a). Furthermore, there was no observed covariance
between simulated model residuals and explanatory
variables (electronic supplementary material, figure S3a,c).

Mortality rates were high in young individuals, declining
until the age of 10 and remaining low until 45, after which
mortality rates rapidly increased into old age (figure 1b).
Mortality rates were also higher in wild-caught females
than captive-born females, but at extreme ages (greater than
50 years of age), there was some evidence that wild-caught
females had reduced mortality owing to selective disappear-
ance (figure 1b; electronic supplementary material, figure
S7b; [8]). Predicted mortality risk at all ages also fluctuated
across the study period for both captive-born and wild-
caught females (figure 1b; electronic supplementary material,
figure S8b). For mortality, the best model also included a
tensor product interaction smoother between age, obser-
vation year and birth origin, with an additional random
term of year. Again, we found no clear evidence of an
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Figure 1. Mean age-specific birth (a) and mortality (b) rates in wild-caught (green) and captive-born (blue) female timber elephants for each decade between 1960
and 2010. Points are mean age-specific vital rates for each 5-year age-class across all regional divisions in Myanmar for each decade, with the size depicting the
square root of the sample size (range = 1-1815 individuals). Lines are the mean model predicted values from the best birth (a) and mortality (b) models across
regional divisions, with 95% confidence intervals from posterior simulations. Model predictions between 1995 and 2014 were used to parameterize individual-based
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Figure 2. Historic trends in the female timber elephant population with wild-capture. (a) The number of female timber elephants in each year between 1960 and
2014. The decrease in the year 2001 is owing to a decrease in the number of demographic records. (b) Changes in the realized annual population growth rate, both
including (coloured points) and excluding (open points) capture from the wild. Solid line indicates annual growth rate of 1, i.e. replacement rate. For both (a) and

(b), the colour indicates the annual capture rate in each year.

effect of population size on mortality rate, with an AIC differ-
ence of 0.38 compared with the second-best explanatory
model with more parameters (electronic supplementary
material, table S1 and figure S4b). Furthermore, there was
little evidence of non-uniformity, overdispersion or covari-
ance with explanatory variables in the simulated model
residuals (electronic supplementary material, figures S2b
and S3b,d). For both birth and mortality models, the
random effect of spatial division was accounted for in sub-
sequent projections by using values from Kachin state,
which was closest to the average birth and mortality values
across divisions, with a large population size.

The number of individuals in the final female-only stud-
book dataset between 1960 and 2014 increased from 385 to
1369, with a maximum of 1677 individuals in 1992
(figure 2a). To investigate changes in population growth
rate across the study period and to assess the implications
of wild-capture for population growth, we calculated the
observed annual population growth rate both with and

without wild-capture from raw data. Realized annual
growth rates were highly variable across observation years
(figure 2b). Generally, growth rates declined between 1960
and 2014 (range =0.93-1.14) (figure 2b) but remained
above replacement rate (growth rate > 1) before 1990 when
capture was included. However, population growth rate
was highly dependent on wild-capture, suggesting the
population may not be sustainable, particularly as systematic
wild-capture was banned in 1994. Growth rates excluding
wild-capture before 1995 were 2.1% lower than those includ-
ing wild-capture (Fy6; =22.1, p <0.001). Together, the
historic changes in the female timber elephant population
suggest that large population increases were accompanied
by intensive wild-capture rates, and population growth rate
has fluctuated around 1 beyond 1995, making the population
vulnerable to population decline in the future.

To assess the future outlook for timber elephants in a
world excluding wild-capture, we performed individual-
based, stochastic projection models of the population
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Figure 3. Population projections for female timber elephants in a world without wild-capture. (a) Population projection over 250 years and 500 simulations repre-
senting the average dynamics of the population excluding model uncertainty in parameters and environmental stochasticity. Green lines represent the change in
population size for each simulation, and the solid black line indicates the geometric mean. (b) Short-term changes (50 years) in the timber elephant population
incorporating varying levels of uncertainty (parameter uncertainty and demographic/environmental stochasticity). Coloured lines indicate each simulation (20 000),
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explained by uncertainty in model parameters (yellow), and with both environmental (green) and demographic (purple) stochasticity over 50 years for 20 000

simulations.

beginning with the starting age-structure in 2014. We first
investigated long-term (250 years) dynamics over 500 simu-
lations in a scenario excluding model parameter uncertainty
or environmental stochasticity. Generally, as with historic
population changes, the average change in the population
was close to a population growth rate of 1, indicating little
change over 250 years (figure 3a). However, the model projec-
tion had a long-lasting transient phase of fluctuation in the
population of approximately 70 years, in which the popu-
lation declined down to 1176 individuals in 2056. After this
transient phase up to approximately 2080, the population
reached a steady, but small stable annual growth rate of
approximately 1.005 (figure 3a). Although population
growth was predicted in the long term, the proximity of the
growth rate to 1 indicates that the population is susceptible
to decline given changes in the environment. As expected,
the variation in population viability was far greater when
environmental stochasticity and parameter uncertainty were
included (figure 3b). Including uncertainty in the environ-
ment and parameter uncertainty, we again found an

average population decline of approximately 150 individuals
over 50 years. However, decomposition of the different
sources of uncertainty revealed that although demographic
and environmental stochasity are drivers of variation in
population viability, model parameter uncertainty was the
most important driver of observed population changes
(figure 3c). After 50 years, parameter uncertainty explained
approximately 75% of the variance in population size
(figure 3c). This suggests that understanding long-term
variation in demographic rates is particularly crucial in this
long-lived species.

We investigated which age-specific demographic rates
had the largest impact on population growth by performing
population projections under scenarios with changes to
demographic rates at key life-history stages and comparing
them to the baseline scenario. We investigated the sensitivity
of population viability to 10% changes in each life-history
stage (increase for birth rates, decrease for mortality). The
majority of changes to age-specific rates had relatively little
effect on population viability relative to the baseline scenario
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Figure 4. Increases to juvenile survival represent a realistic and meaningful
target for conservation management. Individual-based, stochastic projections
excluding parameter and environmental stochasticity over 200 years under
three scenarios; baseline (average observed dynamics, purple), a 10% increase
to adult birth rate (age 20—44, blue) and a 10% decrease in juvenile mor-
tality (age 0—4, green). Solid lines are the population size on the natural log
scale, with 95% confidence interval across 1000 simulations, dashed line indi-
cates the starting population size of 1369 females in 2014.

(electronic supplementary material, figure S12). However,
both a 10% increase to the birth rates of adult reproducers
(21-44) and a 10% decrease in the mortality rates of juveniles
(0—4) had a substantial influence on population viability and
resulted in a more rapid population increase (figure 4). Popu-
lation increases of 5% and 2% were observed under adult
birth rate and juvenile mortality rate scenarios, respectively,
compared to a 0.01% increase under the baseline scenario
over the 200 year period. Notably, increases in birth rates at
older ages (45-70) and in early reproducers (13-20)
also had an influence on population growth (electronic
supplementary material, figure 512).

4. Discussion

Our results challenge the prospect of maintaining viable
populations of captive elephants without the capture of indi-
viduals from the wild. Historic trends in population
dynamics using demographic data spanning 54 years
revealed that population growth rate was highly dependent
on wild-capture. Given this dependence on wild-capture
and an accompanied decline in birth rates between 1960
and 2014, the outlook for captive elephants excluding wild-
capture is uncertain. Long-term population projections
predict immediate population declines, but long-term stable
population growth rates that are close to replacement rate,
suggesting that the working population is vulnerable to
environmental disturbance. However, owing to an unstable
age-structure, immediate transient population declines may
last for approximately half a century, suggesting that
management must be tailored to the slow life history of
Asian elephants. Although population viability excluding
wild-capture is uncertain, our results also suggest that there
are long-term demographic consequences for individuals
that are caught from the wild; wild-caught females have
lower lifetime birth rates and higher death rates than cap-
tive-born females. Wild-capture reduces remnant wild
populations, but also has a long-lasting demographic
impact on the demography of the captive population, and

we must focus on managing the demography of captive
populations to prevent future declines.

Between 24% and 29% of the global Asian elephant popu-
lation is held in captivity [15,40], of which Myanmar’s timber
elephant population may constitute as much as a third. Thus,
although this working population is often overlooked as a unit
of conservation, sustainable management is crucial for the
viability of this endangered species. However, our study
shows that for decades, this has not been achievable without
the capture of wild individuals. Wild-capture in Myanmar
has been detrimental for the wild population, which is impor-
tant for both Asian elephants and their surrounding ecosystem
[44]. Leimgruber et al. [20] postulated that capture rates of
100 individuals per year would result in the extinction of the
wild population in under half a century. However, the exact
dynamics of Myanmar’s wild population in relation to
changes in wild-capture rates is unknown. As well as decreas-
ing the size of the wild population, we found evidence that
wild-caught females have lower birth rates and survival,
which is most likely a result of the stress of the capture process
[8]. However, despite the lower performance of wild-caught
females in captivity, there were large declines in captive
population birth rates with declines in wild-capture. Further-
more, historic rates of wild-capture do not necessarily take
into account capture-related mortality itself, and many more
elephants may have actually been removed from the wild
than are used in the timber industry [8]. For example, the esti-
mated instant mortality rate during the elephant capturing
process in Myanmar is high, varying between 5% and 30%
depending on the capture method [26,31]. The ongoing
wild-capture of elephants is not limited to supporting
Myanmar’s timber elephants (which now continues in cases
of human-elephant conflict, but not systematically): capture
continues worldwide for both legal and illegal purposes
(e.g. [45/46]). Asian elephant populations currently held in
Western zoos, safari parks, and circuses are not self-sustaining
[22,23], and 60% were wild-caught and imported from range
countries [47]. The reliance of captive Asian elephant
populations on wild-capture is alarming, and management
must be addressed to ensure the sustainability of this species
without continued capture.

Although population viability in captivity is under threat,
population extinction was not predicted in long-term popu-
lation projections. A handful of studies have also aimed to
assess the viability of semi-captive elephant populations
(e.g. [20,48]). Both studies forecasted that extinction was
highly likely. Importantly, however, both studies impose car-
rying capacities on working elephant populations, which
limits population growth [20,48]. We did not find evidence
for a correlation between realized population size and age-
specific vital rates in this extensive demographic dataset
spanning 54 years. Furthermore, the notion of density depen-
dence in semi-captive populations is not trivial; individuals
are not always subjected to habitat limitation or competition
as with fully wild populations, but because of human man-
agement. Another key difference in the current study was
the incorporation of temporal variation in age-specific vital
rates that were estimated directly from the demographic stud-
book, rather than static age-specific rates. Historic annual
population growth rates displayed a large variation between
1960 and 2014. Understanding temporal differences in demo-
graphy and life history are therefore crucial for population
dynamics. However, temporal differences in vital rates have
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been absent in previous projections in Asian elephants
[20,22,48]. Previous work has suggested that the quality of
demographic and life-history data needs to be addressed in
viability analyses [49], but our results suggest that this may
be accentuated in long-lived species, where many decades
of data are needed to quantify vital rates. Slow intrinsic
growth rates and life history in species such as elephants
may exacerbate external pressures, resulting in further popu-
lation declines [18]. Indeed, we observed transient population
dynamics that last several decades in long-term projections,
and previous work has found long-lasting mortality effects
in working elephants [8]. This result is important for the con-
servation of long-lived species; an unstable age-structure can
lead to long-lasting transient dynamics with more rapid
population declines. However, these changes may occur on
significant timescales, increasing the importance of long-
term monitoring and conservation strategies that reflect the
life history of target species.

Although our results suggest that captive elephants in
Myanmar may not be sustainable without wild-capture, we
are not suggesting that reinstating the capture of wild indi-
viduals is a potential solution, because it is clearly
detrimental for the wild population [20]. Instead, we suggest
that management should be focused on sustaining the cur-
rent individuals in the captive population. Specifically, our
results suggest that increased survival in juveniles may be
an important driver of population growth in long-lived
species, which are characterized by low annual reproductive
rates. Although, as expected, birth rates in adult females had
the biggest influence on population viability, increasing adult
birth rates does not necessarily present a tractable target for
population management, particularly as adult females are
working animals. Targeting juvenile mortality, however, pro-
vides a clear and tractable target for population management
in this captive population. Currently, juvenile elephants are
tamed around the age of five in order to learn commands
and begin light carrying work [12,25,50]. Elephants are
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