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Capturing wild animals is common for conservation, economic or research
purposes. Understanding how capture itself affects lifetime fitness measures
is often difficult because wild and captive populations live in very different
environments and there is a need for long-term life-history data. Here, we
show how wild capture influences reproduction in 2685 female Asian
elephants (Elephas maximus) used in the timber industry in Myanmar. Wild-
caught females demonstrated a consistent reduction in breeding success
relative to captive-born females, with significantly lower lifetime reproduction
probabilities, lower breeding probabilities at peak reproductive ages and a later
age of first reproduction. Furthermore, these negative effects lasted for over a
decade, and there was a significant influence on the next generation: wild-
caught females had calves with reduced survival to age 5. Our results suggest
that wild capture has long-term consequences for reproduction, which is
important not only for elephants, but also for other species in captivity.
1. Introduction
Every year millions of animals, including many species of birds, reptiles and
mammals, are captured from the wild for study and conservational purposes,
or to be involved in the illegal wildlife trade [1]. Wild capture can have a negative
impact on individual life history, at least for some species, by reducing immediate
or subsequent survival (e.g. [2,3]), fertility rates (e.g. [2,4,5]) or offspring survival
(e.g. [2]). Generally, however, studies have focused on relatively short time scales,
covering only a fewmonths or years after capture, and have not assessed the long-
term impacts of capture or how its effects change with an increasing time in
captivity or for individuals of different ages. This is important because it is cur-
rently unclear how long capture effects persist, and which age groups are the
most vulnerable. The long-term effects of capture can be explored by comparing
wild-caught and captive-born individuals living in similar conditions, but such
studies have produced mixed results. For example, a recent meta-analysis from
44 species reported that wild-caught animals have a 74% increased likelihood
of reproductive success comparedwith their captive-born counterparts in captive
environments [6]. However, several studies present contradictory results, with
lower reproductive success among wild-caught individuals in captivity. These
studies are often from animals with slow life histories and longer lifespans:
gorillas [7,8], chimpanzees [8], woolly monkeys [9] and polar bears [10]. Some
of the differences between wild-caught and captive-born animals can be attribu-
ted to the length of timewild-caught individuals have been in captivity [11] (time
since capture has generally been omitted, but see [12]), selective survival [12],
inbreeding depression and adaptation to captivity [1], early maternal effects [1],
or differences between the captive and wild environments. Conversely, benefits
in captivity may arise because animals can receive more resources and veterinary
care, and are not exposed to the mortality risks in the natural environment [13].
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Capture can influence an individual’s life history in the
long term through behavioural, physiological and immuno-
logical mechanisms [12]. Reproduction may be affected by
capture in several ways, both directly or indirectly. For
example, drugs used in the capture process to sedate larger
mammals can have potentially harmful effects on an animal’s
reproduction [4] if they are used at an incorrect dose. The cap-
ture of pregnant females can also lead to injuries and changes
in fetal development or even abortion of the fetus [14]. Stress
can impair all aspects of fertility, from implantation of the
ovum to permanent anoestrus [4]. Furthermore, interactions
with humans (handling/breaking/taming), changes in
social system, living conditions, and intra- and interspecies
competition can also influence any potential effects of capture
on reproductive function [15].

Elephants have been a target of large-scale wild capture for
centuries [16,17]. Today, elephants are caught and held in zoos
or other captive facilities under CITES, for working purposes
[16], or via illegal trade (mostly for tourism) in Asia [17].
Elephants are slow reproducers, with long inter-birth intervals,
gestationperiods and offspringdependency [18]. Zoo elephants
are also known to have several difficulties in breeding: many
reproductive-aged females do not experience normal oestrus
cycles and are infertile [19]. In addition, abnormal deliveries
and stillbirths are major issues in captive elephant populations
[20]. However, these findings probably reflect the vast differ-
ences between zoos and wild environments [19], and it is
largely unknownwhether capture itself has an impact on repro-
ductive success in elephants. Specifically, to determine capture
effects, we need long-term data and a detailed comparison of
individuals of different birth origins that live in a similar
environment, with shared food and disease sources, similar
social interactions and similar breeding opportunities.

Here, we use an exceptionally detailed longitudinal, multi-
generational data set of timber elephants from Myanmar to
study the effects of capture on lifetime reproductive success in
Asian elephants. Myanmar has the largest captive population
of Asian elephants in the world, with approximately 2700
government-owned individuals used in the timber logging
industry. Historically, approximately half of the timber elephant
population has been wild-caught. Wild-caught and captive-
born elephants live, forage and work side by side in the same
environment, and are governed by the same regulations and
practices concerning data recording,workload and rest periods.
The data set includes longitudinal information of reproductive
events for 2685 females over 64 823 elephant-year observations,
with 1362 wild-caught females (captured between 1951 and
2002) and 1323 captive-born females (born between 1942 and
2011). Specifically, we compare lifetime reproduction probabil-
ities, age-specific reproduction rates, age at first reproduction
and calf survival between wild-caught and captive-born indi-
viduals. Importantly, we investigate whether the effect of wild
capture on reproduction depends on an individual’s age at cap-
ture and the time spent in captivity. Given the recent findings
that both birth rates and population growth rates declined
between 1960 and 2014 with declines in wild capture, and
that without wild capture the population may not be sustain-
able [21], detailing any long-term consequences of capture on
female reproduction is timely and important. More generally,
there is currently a great need for animal welfare specialists,
veterinarians and ecologists to identify the potential effects of
capture from the wild, especially in endangered species, for
the success of the individuals and consequently populations.
2. Methods
(a) Study population
The MTE (Myanma Timber Enterprise) elephants are used in the
timber logging industry and work in forest camps as riding, trans-
port and draft animals [22]. Traditionally, the elephants have not
been provisioned (except for occasional seasonal fruit and rice
when travelling), and at night or during other non-working
periods all elephants forage in the forest unsupervised. Breeding
rates are natural and not managed by humans, with many cap-
tive-born calves (at least in the past) thought to be sired by wild
bulls, and calves born in captivity are cared for by their biological
and allo-mothers. Thus, timber elephants (i) do not receive the
foraging benefits that are present in zoos [13,19], (ii) show compar-
able growth between wild-caught and captive-born animals [23],
and (iii) do not display artificial changes to reproduction such as
an unusually early reproductive onset, which is observed in zoo
elephants compared with elephants born in the wild [19]. Our
data set has been collated from elephant log-books (monitoring
life-history information for each individual, e.g. [12]) and annual
extraction reports archived and maintained by the MTE. While
the ages of captive-born elephants are known from precise dates
of birth, wild-caught elephants are aged by comparing their
height, body condition and physical features with captive-born
elephants of known age. The error in these estimates is unknown
but is likely to be within a couple of years for young animals
that continue to grow (under 20), which form the majority of
those captured [12].
(b) The capture and taming of elephants
The capture of wild elephants to supplement the timber elephant
population has been controlled by the government. The estimates
differ, and one stated that nearly 17 000 elephants were captured
from 1911 to 1982 in Myanmar [16]. Capture was formally banned
in Myanmar during the 1990s [16], but smaller-scale capture con-
tinues, primarily focusing on elephants involved in human–
elephant conflict, yet also fromillegal captures.Capturewasusually
practised in the cool season by three alternative methods [16]: by
stockades (kheddah) for whole groups, or immobilization by seda-
tion, and lassoing (milarshikar) for specific individuals (more
details in [12]). Government figures estimate that the mortality
rates for all methods is between 5 and 30%, with most of these
deaths happening during the months following capture [16]. All
captured elephants undergo an initial taming or ‘breaking’ pro-
cedure immediately after capture that lasts 4–12 weeks,
depending on the temperament of each elephant. Older elephants
generally require a longer period of taming than animals caught
from the wild at younger ages or captive-born individuals, which
are tamed using similar methods [24]. The taming undoubtedly
incorporates stress and compromises welfare, especially during
the first few days. Elephants commonly resist training and reject
food/water for the first few days, but are referred to as ‘broken’
when they begin to accept food, water and human contact later in
taming. Captive-born elephants are also tamed around the age of
4–5 [24], but their training is thought to be easier and less stressful
[16,22]. The government enforces strict workloads and rest periods
for all individuals (same regulations for working hours per week,
working days per year and tonnage to extract per elephant accord-
ing to their size and condition). Elephants ‘retire’ by 55. Working
females are given rest from mid-pregnancy until the calves reach
their first birthday. Mothers are then used for light duties (allowed
to nurse their calves on demand until the calves are tamed).
(c) Lifetime reproduction probability
We first investigated whether captive-born and wild-caught
elephants differed in their lifetime reproduction probability
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using a linear mixed-effects model. We only included females
(both wild-caught and captive-born) that lived beyond the mean
age at first reproduction (19.38 ± 5.59) and wild-caught females
that were caught before this age, which resulted in 1678 females
(wild-caught = 766, captive-born = 912). Lifetime reproduction
was scored as a time-invariant binomial trait (0, did not produce
any calves during lifetime; 1, produced at least one calf during life-
time, including stillborns), and analysed using a generalized linear
mixed-effects model (GLMM) with a binomial error structure and
a logit link function in the R package lme4 [25,26]. Themain effects
of interest were the birth origin, included as a two-level factor
(wild-caught versus captive-born) and the age at capture (integer,
range = 0–19 years for wild-caught females), which was included
as an interaction term only with birth origin. We set the age at cap-
ture as 0 for all captive-born elephants, ensuring that this effect did
not exert any influence on the parameter estimation. We also con-
trolled for other covariates as fixed effects, namely, whether the
individual was censored (1, died before the end of the study; 0,
was censored, e.g. [27]), lifespan at death/censoring (mean 39.3
± 11.8, range 19–76) and birth cohort (factor, each decade between
1930 and 1990), and we included an intercept-only random effect
of regional division in Myanmar (see electronic supplementary
material for further details). Here, and in all subsequent reproduc-
tion models (excluding calf survival analysis), we assessed the
significance of the terms using likelihood-ratio tests (LRTs) with
the χ2 distribution.

(d) Age-specific reproduction probability
Using the records of 2685 females, we then examined whether
captive-born andwild-caught females differed in their age-specific
annual reproduction probability between ages 5 and 64 within a
logistic regression model selection framework. The maximum
age limit was selected because there were few births for females
older than 64, and few ages of death or ages at censoring exceeding
64 years (max. captive-born = 68, max. wild-caught = 76). To avoid
the possibility of including birth events and pregnancies from
wild-caught females before they entered the captive population
(which would over-estimate their reproduction in captivity), we
only included reproductive data from wild-caught elephants
from 2 or more years after their year of capture (minimum time
since capture = 2 years; based on an elephant pregnancy length
of 22 months). Both captive-born and wild-caught individuals
exited the analysis at their last known age alive, or at an age of
censoring less than or equal to 64. We constructed a data set
where the annual reproduction of each female was scored as a
binomial trait (0, did not produce a calf in a given year of life; 1,
produced at least one offspring). We assessed age-specific repro-
duction probability using GLMMs with a binomial error
structure and a logit link function in lme4. The data used in this
analysis comprised 64 823 age-event data points from the 2685
females (1362 wild-caught females).

First, we built a ‘base’ model, in which the main effect of
interest was birth origin to study the difference in age-specific
reproduction between wild-caught and captive-born females.
We explicitly tested how the time since capture influenced repro-
duction probability. We included an interaction term between
birth origin and log-transformed years since capture (but no
main effect; range = 2–54 for wild-caught females) following
Lahdenperä et al. [12] to investigate whether the effect of capture
changes with time since capture, but only for wild-caught
females. Because time since capture was a continuous covariate,
setting the time since capture as 0 for all captive-born elephants
ensured that this term did not exert any influence on parameter
estimation for the interaction term. We also controlled for other
covariates, namely, whether or not an individual was censored,
lifespan (mean 35.4 ± 16.5, range 5–76), birth cohort (each
decade between 1920 and 2010) to control for temporal variation
in keeping practices, survival and reproduction [21], and average
age (average of all ages the individual was included in the data)
to control for selective (dis)appearance of individuals due to
different entry and exit ages [28]. The individual identification
number and the regional division in Myanmar were included
as intercept-only random-effects terms in the final models to con-
trol for non-independent data points from the same individuals
and spatial variation in reproduction probability (see electronic
supplementary material for further details).

We then explored the effect of age on age-specific reproduction
using a model selection framework, first including age as a linear
term, a quadratic term or as a factor, and then using threshold or
piecewise regression [29] models. Threshold models enabled us
to capture complex nonlinear relationships with age using the
combination of more simple linear changes between threshold
ages. We explored the fit of one-, two- and three-threshold
models, where annual reproduction probability changed as a
linear function of age in two, three or four age groups, respectively
(following Hayward et al. [27]). We used all combinations of ages
between 6 and 63 for the locations of the thresholds (21 089 combi-
nations in total), which were selected at each 1-year interval. The
change in reproduction either side of (and between) threshold
ages was captured in all models using an interaction between
the linear age term and the age group. Interactions between the
birth origin and both age and age group were also included in
all models to allow the effect of capture to changewith age accord-
ing to the thresholds. We then performed model selection (see
electronic supplementarymaterial, S2 for further details) and com-
pared the predictive performance of all models using the Akaike
information criterion (AIC) [30], where the best model had the
lowest AIC value (see electronic supplementary material for
details). Finally, to test whether differences in lifetime reproduction
probability influenced age-specific patterns, we repeated the age-
specific reproduction model selection process, but only including
females that reproduced at least once in their lifetime. This data
set included 38 492 time-event data points from 1175 reproducing
females (wild-caught = 595, captive-born = 580).
(e) Age at first reproduction
We assessed whether wild-caught females differed in the onset of
reproduction by investigating the age at first reproduction. To
ensure that we captured the true age at first reproduction of
wild-caught females, we only included wild-caught females
caught before the age of 13 (onset of reproduction, mean reproduc-
tion probability = 0.002), and also only those captive-born females
with an age at first reproduction after 13 (97% of all reproductive
captive-born females). We tested the effect of capture on the
log-transformed age at first reproduction for 843 females (wild-
caught = 283, captive-born = 560), using a linear mixed-effects
model in lme4. The main fixed effect of interest was birth origin.
We also included censoring, lifespan and birth cohort, and we
included regional division as an intercept-only random effect.
( f ) Calf survival and mother’s birth origin
To investigate the life-history implications of capture from thewild
on subsequent generations, we investigated the survival of 2423
calves (born between 1960 and 2016) to 5 years (calves from cap-
tive-born mothers = 1290, calves from wild-caught mothers =
1133). Survival to age 5was selected because age-specific mortality
is highest in the first 5 years of life and calves are separated from
their mothers for training at this point [31]. We constructed a
time-event data set, where the annual survival of each calf (with
exact or censored lifespan) from birth to age 5was scored as a bino-
mial trait (0, died during the focal year, and 1, survived the focal
year), resulting in 10 192 data points (calves from captive-born
mothers = 5411, calves from wild-caught mothers = 4781). We
assessed age-specific mortality using GLMMs with binomial
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Figure 1. Wild-caught females had a lower probability to reproduce during
their lifetime than captive-born females. Box plots indicate the median and
interquartile range; violin plots indicate the density of raw (mean) data at differ-
ent trait values. The mean lifetime reproduction probability averaged for each
birth cohort (decade), lifespan (grouped in to 20-year bins) and censoring
group (dead or censored) between captive-born (n = 912) and wild-caught
(n = 766) females are shown. (Online version in colour.)

Table 1. Parameter estimates from the best model of age-specific
reproduction for all females (n = 2685; 64 823 elephant-year observations),
fit using binomial GLMMs. Estimates and s.e. are present on the logit scale.
The colon (:) depicts interaction terms. LRT denotes likelihood-ratio test
statistics.

fixed effects estimate s.e. LRT χ2 p-value

intercept −7.20 1.00

age 0.20 0.10 273.3 <0.001

age group 1061 <0.001

ages 13–19 1.53 1.03

ages 20–44 6.37 0.94

ages 45–64 9.32 1.22

birth origin 179.9 <0.001

wild-caught −2.41 0.53

lifespan −0.04 0.01 11.79 <0.001

average age 0.10 0.02 17.59 <0.001

birth cohort 74.27 <0.001

1930 −0.51 0.29

1940 −0.55 0.29

1950 −0.96 0.30

1960 −1.24 0.31

1970 −1.56 0.32

1980 −1.85 0.34

1990 −1.46 0.35

2000 −2.21 1.00

2010 −7.30 11.89

censored 1.50 0.221

dead (1) 0.08 0.07

age : age group 143.1 <0.001

age : ages 13–19 0.01 0.10

age : ages 20–44 −0.23 0.10

age : ages 45–64 −0.31 0.10
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errors and a logit link function with a GLIMMIX procedure in
SAS (SAS Institute Inc., release 9.4, 2014).

The main variables of interest were included similarly to pre-
vious analysis: the mother’s birth origin (binary, captive-born
versus wild-caught) and the log-transformed time since the cap-
ture of the mother at each calf age (i.e. each focal year; interaction
with mother’s birth origin only). For calves born to wild-caught
mothers, the time since mother’s capture varied from 0 to
52 years at the time of the calf’s birth. Several terms (e.g. calf
age, maternal age and presence, calf sex and inter-birth interval)
were controlled for in the analysis that are known to have an
influence on calf survival probability in the population [18,31]
(for more details, see electronic supplementary material).
age : birth origin 26.70 <0.001

age : wild-caught −0.06 0.01

age group : birth

origin

24.06 <0.001

ages 13–19 : wild-

caught

−1.61 0.47

ages 20–44 : wild-

caught

−1.69 0.47

ages 45–64 : wild-

caught

−1.01 0.54

birth origin: ln years

since capture

95.35 <0.001

wild-caught : ln

years since capture

1.66 0.18

random effects variance s.d.

individual ID 0.42 0.65

regional division

group

0.06 0.23
3. Results
(a) Differences in reproductive intensity and timing

between captive-born and wild-caught females
First, we found that wild-caught females had a significant
reduction in their lifetime reproduction probability, even
when captured before the mean age of first reproduction
(19 years) (figure 1; electronic supplementary material, table
S1a). Wild-caught females had a lifetime reproduction odds
ratio of 0.72 relative to captive-born females, such that they
were 28% less likely to ever reproduce, taking into account
known differences in lifespan [12]. Furthermore, females
that were older at the time of capture were significantly
less likely to reproduce during their lifetime (electronic
supplementary material, table S1a).

Second, we found striking evidence of a reduction in the
annual reproductive probability of wild-caught females at
almost all ages, compared to females born in captivity that
are not subjected to capture stress (table 1). The raw mean
annual birth rate for all females across the study period was
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Figure 2. Wild-caught females had reduced age-specific reproduction prob-
abilities compared with (a) captive-born females and (b) females captured at
different ages had different age-specific reproduction. Age-specific patterns of
reproduction from the best threshold regression model (age groups: 5–12,
13–19, 20–44, 45–64) for all females (1323 captive-born females and
1362 wild-caught females) are shown. (a) Points are the raw mean
annual predicted birth rates at each age for all females, with the size of
the points denoting the square root of the sample size at each age (range =
11–1323 time-event data points). Lines are the mean predicted values for an
extended data set (observed females but extended to span all ages) of the
observed females in the 1960 birth cohort, which were most similar to raw
mean birth rates. (b) Mean predicted values from an extended data set of
observed females in the 1960 birth cohort for captive-born females (grey),
and example predicted values from wild-caught females captured at the
ages of 5, 13, 20 and 30 (coloured lines).
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0.043 ± 0.20 for all ages and birth origins, such that approxi-
mately 4% of females were breeding at a given year. We
found that the age-specific reproduction probability for all
females was best described by a three-threshold model, such
that reproduction probability changed as a linear function of
age across four age groups (electronic supplementary material,
table S2 and figure S1; figure 2). First, therewas an initial period
of negligible reproduction probability (mean = 0.002 ± 0.043)
with a small increase between the ages of 5 and 12. Second, a
rapid exponential increase in female reproduction probability
occurred from the age of 13 to the age of 19. The peak in repro-
duction occurred between the ages of 19 and 20, at which the
raw mean annual birth rate was 0.061 ± 0.24 for all females.
Third, between the ages of 20 and 44, the age-specific reproduc-
tion probability declined slowly, and finally, there was a rapid
decline between ages 45 and 64.
The significant reduction in age-specific reproduction
probability for wild-caught individuals depended on the
age of the female (table 1 and figure 2a). There was little dis-
cernible difference between captive-born and wild-caught
females between the ages of 5 and 12 when reproduction prob-
ability was low for all animals (raw mean annual birth rates of
0.002 ± 0.043 and 0.003 ± 0.053, respectively). At the onset of
reproduction between 13 and 19, captive-born females had a
significantly larger mean reproduction probability of 0.046 ±
0.21 relative to 0.022 ± 0.15 for wild-caught females. At the
age of 13, a wild-caught female had an odds ratio of 0.36
with respect to a captive-born female, such that a wild-
caught female was approximately 65% less likely to reproduce
(electronic supplementary material, figure S2). At peak repro-
ductive age (19 years), captive-born females from the 1960
birth cohort (closest to mean age-specific birth rates, electronic
supplementary material, figure S3) had a mean predicted
reproduction probability of 0.105 ± 0.042 relative to 0.057 ±
0.031 for wild-caught females, who were 42% less likely to
reproduce (odds ratio = 0.58). Then, therewere general declines
in annual reproduction probabilities between the ages of 20
and 44. These were more pronounced in captive-born females
(figure 2a), though their annual reproduction probability (raw
mean rate of 0.078 ± 0.27) remained above that of wild-caught
females (0.050 ± 0.22) (table 1). The mean annual reproduction
probability in the oldest age group (between ages 45 and 64)
was 0.032 ± 0.18. Interestingly, wild-caught females had a
higher annual reproductive probability with respect to cap-
tive-born females at these advanced ages (raw mean annual
reproduction rates of 0.034 ± 0.18 and 0.027 ± 0.16, respectively;
figure 2a). Given that wild-caught females have previously
been found to have increased mortality [12], selective disap-
pearance (i.e. most robust wild-captured animals or those
more adapted to semi-captivity contribute to older ages) prob-
ably plays a role in this finding. The average odds ratio for
wild-caught females aged 45–64 ranged between 1.63 and 1.95,
meaning that, on average, wild-caught females were between
63% and 95%more likely to reproduce than captive-born females
between 45 and 64.

Thedifference in age-specific reproduction between captive-
born and wild-caught females also depended on the length of
time spent in captivity, with a significant positive effect of the
interaction between birth origin and log-transformed years
since capture (table 1 and figure 3). Specifically, there was a
large reduction in annual reproduction probability compared
to captive-born females immediately (2 years) after capture,
which then increased slowly. It took approximately 12 years
beforewild-caught females reached the mean annual reproduc-
tive probability of captive-born females (figure 3). Furthermore,
therewere differences in age-specific reproduction probabilities
between females captured at different ages (figure 2b), and the
decrease in reproduction immediately after capture was the
most pronounced in wild-caught females that were captured
at older ages (electronic supplementary material, figure S2).
Females caught at the ages of 13, 20 and 30 had reproductive
odds ratios of 0.18, 0.07 and 0.08 2 years after capture, relative
to captive-born females (electronic supplementary material,
figure S2).

Third, the lower age-specific reproduction of wild-caught
females was not only due to a lower lifetime reproduction
probability, because wild-caught elephants that reproduced
at least once also had lower age-specific reproduction probabil-
ities. When restricting the data set to include only reproductive
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Figure 4. Wild-caught females had a later age at first reproduction than
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Figure 5. Calves of wild-caught mothers had an increased mortality to age 5
compared with the calves of captive-born mothers, the effect being strongest
during the first years after the mother’s capture from the wild but lasting on
average 16 years (n = 10 192 observations, 2423 calves, 1030 mothers). The
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females, wild-caught females had reduced age-specific
reproduction, particularly at peak reproductive ages (electronic
supplementary material, figure S4 and table S3), consistent
with the previous analysis. There were slight differences in
the thresholds for the best model for reproducers, which
included four threshold age groups at ages 5–12, 13–20,
21–51 and 52–64 (electronic supplementary material, figure S4
and table S3).

Fourth, we found that wild-caught females started to
reproduce later than captive-born females. The age at first
reproduction for wild-caught females captured before the
age of 13 was significantly later than for captive-born females
(figure 4; electronic supplementary material, table S1b):
the mean age at first reproduction for captive-born females
was 2 years earlier (21.2 ± 6.1) than for wild-caught females
(23.3 ± 7.25 years).
red points are raw mean mortalities for calves from wild-caught mothers,
with the size indicating the sample size (range = 1–226). The red line
shows predicted values for calves born to wild-caught mothers as a function
of the years since the mother’s capture. The grey dot indicates the raw mean
mortality of calves from captive-born mothers (n = 5411). The black line
shows the predicted value for calves born to captive-born mothers. The pre-
dicted values are mean values from birth to age 5. One raw mortality value
for calves of wild-caught mothers is not displayed (mortality of 0.28 1 year
after capture).
(b) Cross-generational effects of wild capture
Finally, we found evidence that wild capture was also associ-
ated with the life history of the following generations living
in captivity. Elephants suffer from high infant mortality
[31], with 23.5% of calves born in captivity in our sample
dying before the age of 5. We found that the calves of wild-
caught mothers had an increased mortality before the age
5 when compared with the calves of captive-born mothers.
However, this effect depended on the number of years since
the capture of the mother (electronic supplementary material,
table S4). Calf mortality was highest in the year immediately
after their mother’s capture, with an annual mortality rate of
0.134 ± 0.076 for the calves of wild-caught females compared
to 0.058 ± 0.029 for the calves of captive-born mothers,
decreasing thereafter (figure 5). The odds ratio of calf death
in the first year was 2.50 compared with calves from cap-
tive-born mothers, declining exponentially with increased
time since capture (electronic supplementary material,
figure S5). An equal odds ratio of calf mortality between
wild-caught and captive-born females was only achieved 16
years after the mother’s capture from wild.
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4. Discussion
Large numbers of animals are routinely captured from thewild
for many purposes, including research and conservation, but
surprisingly little is known about the consequences of capture
for the subsequent long-term performance of those individ-
uals. Using unique records of wild-caught and captive-born
Asian elephants in Myanmar, we demonstrate for the first
time that capture from the wild has lasting adverse effects on
lifetime reproduction in a long-lived mammal. An alternative
explanation would be that captive-born elephants benefit
from human care, boosting their body condition and repro-
duction when compared with conditions in the wild, and
wild-caught elephants only gain better body condition and
reproductive ability with time in semi-captivity. However,
wild-caught and captive-born females in this population
experience the same conditions in captivity (e.g. are not provi-
sioned) and have similar weight and growth patterns [23,32],
captive-born elephants have mortality [31,33] and fertility
rates [34,35] that are similar to wild elephants, and wild-
caught elephants have large reductions in survival immedi-
ately after capture and taming, which last for over a decade
in captivity [12]. Therefore, the differences in reproduction
we observe are most likely to be due to a negative effect of
the capture process itself.

These results are timely given that 60–80% of the current
captive elephants in zoos are wild-caught [19,36], and the
capture of wild elephants continues to supplement waning
tourism and working populations worldwide [17,19]. That
wild-caught animals take more than 10 years to recover
from their experiences, show higher lifetime infertility and
transfer the negative effect of capture on to the survival of
the next generation in a long-lived social species such as
the Asian elephant has implications for captive animal wel-
fare and research. Although some species in captivity are
healthier, live longer and have a higher reproductive success
than their wild counterparts, other species perform less well
in captivity (e.g. [13]). Furthermore, depending on the
species, wild-born animals constitute different proportions
of the number of animals in captive populations [1,11]. This
raises the questions of whether the observed negative effects
of captivity are actually due to negative long-term capture
effects, and whether captive populations can be used as refer-
ence groups for species-typical parameter values [13]. In
addition to these long-term effects on captive populations,
an increasing human population has seen more animals
taken from the wild, imposing a strong negative impact on
wild population growth rates [37].

We found a consistent pattern of reduced reproductive
success in wild-caught females compared with captive-born
females. The adverse effects were stronger in elephants that
were caught at older ages and immediately after capture
from the wild, and lasted for more than a decade. These find-
ings are probably due to both the immediate and long-term
effects of the capture process. First, captures during critical
phases of gestation may lead to the abortion of fetuses, prema-
ture births or reduced calf survival [4,14]. Calf mortality was
highest during the first year after capture, suggesting that
mothers whowere pregnant during capture may have suffered
from physical trauma or complications risking the calf’s sub-
sequent survival. Second, reduced calf survival and impaired
reproduction may be the result of high acute and chronic
stress due to capture [38], also depending on an individual’s
age [38]. For example, through the action of glucocorticoids,
chronic psychological stress can impact reproductive hormone
levels, function of the placenta and fetus development [39]. In
support of this, we found that wild-caught females were less
likely to reproduce during their lifetime, had an increased
age at first reproduction andhad a reduced age-specific fertility
at peak ages. Other studies have found negative impacts of
capture on reproduction, for example, in chimpanzees [8],
gorillas [7,8], black rhinos [4], polar bears [5], pampas deer
[40] and mountain goats [2], though many of these studies
were carried out over short time scales or did not account for
the length of time in captivity. Third, capture can lead to
decreases in activity and feeding [41], lower body condition
[42] and social disruption [43], further reducing the long-term
reproductive performance of wild-caught animals.

Interestingly, we found that wild-caught femalesweremore
likely to reproduce at old ages than captive-born females. This
finding can be explained partly by selective (dis)appearance
[44], which is known to bias fitness estimates in demographic
studies. Previously, we have found that wild-caught Asian ele-
phants had high mortality risk immediately after capture from
the wild, which, similar to the results here, lasted for a decade
after capture [12]. Therefore, given the increasedmortality rates
following capture and an initial bias for capturing animals in
good condition [12], it is feasible that only the most robust
wild-caught animals or those more adapted to semi-captivity
contribute to older age reproductive rates by being able to
continue reproducing even at such advanced ages. Given that
we controlled for individual variation, lifespan, censoring
and average age in age-specific analysis, our results present
evidence that there are selective disappearance effects.

The delayed (and lower) reproduction earlier in life and
conversely increased reproduction later in life suggest that
capture from the wild may have caused a shift in reproduc-
tive strategy in this population. More broadly, disturbance
by humans cannot only have immediate consequences for
mortality [12] and reproduction, but long-term evolutionary
consequences. Poor early-life conditions have previously
been associated with a delay in reproduction [45] and a
change in life-history trajectories (e.g. [46]) in a range of
species, and our results suggest that similar cross-genera-
tional effects may arise from (presumably stressful) wild
capture. Human activity such as hunting and poaching has
also been found to have long-lasting demographic conse-
quences for wildlife populations [47,48]. A recent study on
brown bears (Ursa arctos) found that regulated hunting has
resulted in a shift of reproductive strategy, mortality and
life expectancy [49]. Along with other recent findings, our
results highlight the importance of understanding the long-
term evolutionary consequences of human disturbance and
wild capture for wildlife populations.

The long-term effects of capture are currently not con-
sidered in research and conservation programmes, but our
results suggest that the life history of captured individuals
may differ substantially compared with those born in captivity.
Current evidence suggests that some species, often those with
longer lifespan or slow life history, may be more prone to the
negative effects of capture [7,9,10,50,51]. We therefore welcome
more long-term studies in other animals to identify the species
and individuals most at risk from capture. In elephants,
although capture might be inevitable sometimes (e.g. for con-
servation, veterinary and anti-poaching purposes), consistent
large-scale wild capture should be avoided to supplement
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captive populations because it fails to provide a sustaina-
ble long-term strategy [21,37] and may have far-reaching
evolutionary consequences for captive populations.
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