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Abstract

Amidst the global biodiversity crisis, understanding the processes that underpin populationmeacline
changing environmens crucial to develop effective conservation management stratégiesnal
drivers of populationdecline such as human disturbance and climate change have an immediate
influence on population vital rates such as survival and reproduatibich has imptations for
population dynamics. However, anthropogenic activity may also haveldstigg demographic
consequences for wildlife populations, influencing vital rates for several years and affecting
demographicstructure. Longasting demographic effectaay be particularly important in lodiyed
specieghatexperience years or decades of environmental varidtidigng-term demographic data is
needed to pick apart the drivers of population dynantiese, | explore the drivers of population
dynamics in semtaptive Asian elephants using a leiegm, individualbased demographic dataset
collectedbetween 1952014 from timber camps in Myanmar. First, in chapter 2 | demonstrate that
capture from the vd reducedifetime reproductive success in female elephaamsl that the negative
effects of wildcapture lastd for over a decade and affedtsurvival in subsequent generations. In
chapter 3, | further explore the role of witdpture for population dyamics and find that the
sustainability of this sengaptive population was dependent on capture from the wild for decades.
Furthermore, longerm projections suggest that without wddpture, there may be transient population
declines lastindor over hdf a century Wild-capture influenced the agéructure of the population, and

in chapter 4 | investigate the contribution of populationstgecture to shotterm population growth
rates. Agestructure varied substantially across the study period andhwedsical driver of transient
population dynamics in this disturbed population. Finally, to assess other potential drivers of population
dynamics, in chapter Stéstedwhether the past climate influenced vital rates in seaptive elephants
under confasting mechanisms of delayed climate effects andlifithel evidence for delayed climate
effects at this temporal scalé highlight that the negative effects of human activip wildlife
populationscan last for decades, and ihgortantrole oftransent population dynamics in lofiyed
species.These results provide novel insight into the impact of human disturbance on population

dynamics in a londived species.
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Chapter 1

General introduction




1.1 The population dynamics of longived species in a changing world

Human population increase is directly responsible for widespread declines in global biodiversity, and
current rates of extinction suggest that we have entered a sixth, anthropogenically induced mass
extinction(Butchart et al. 2010, Barnosky et al. 2011, Tittensor et al. 2014, Ceballos et al.Q@di5)

1 million species of plants and animals aleeatened with extinction based on the recent
Intergovernmental Sciendeolicy Platform on Biodiversity and Ecosystem Services (IPBES) report
(Diaz et al. 2019)The living planet index, documenting declines in vertebrate populations globally,
indicates that 60% of populations were lost between -P92@ (Grooten and Almond (Eds) 2018)
Alarmingly, global biodiversity is declining despite the continued expansion of the global protected area
network and increased investment into environmental prote@iotchart et al. 2010, Tittensor et al.
2014) Aside from the societal changes needed to reduce the drivers of population deline,
effectiveness and efficiency of conservation strategies must be improved to prevent future declines
(Rands et al. 2010)Therefore, it is vital that we understand the processes underpinning population
decline and population dynamics amid environmental change, to mitigate against future declines

(Caughley 1994)

Demograplt studies that investigate population dynamics in a changing environment provide
valuable insight into the causes of population declines and can illuminate key strategies for conservation
management. For example, in killer whal@sdinus orca survival and fecundity data from populations
across the species range was combined with plastic pollution data, which reduces calf survival and
immune function and is predicted to cause widespread population d¢EClasderges et al. 2018Jhe
foundation of populatio dynamics is demographic dé@aswell 2001)First, demographic data enable
us to onstruct lifetables and begin to understand the factors that influence vital rates such as survival,
reproduction(e.g. Catchpole et al. 2000, Moss 2001, Mumby et al. 2013, Genovart et al. 204.6)
migration(e.g. Dolman and Sutherland 1995, Visseal. 2009) Then, vital rates such as survival and
reproduction across the lifgycle of a species can be used to parameterise population models and
describe population dynami¢Srouse et al. 1987, Caswell 200Hpwever, the accuracy and utility of

population models is dependent on the quality of deapigc data(Harcourt 1995, Coulson et al.
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2001b) Using of detailed demographic data to understand population dynamics is therefore crucial to

understand population declines.

One key consideration in the study of population dynamics is the variability of populations both
spatially and through tim@saillard et al. 2000, Hastings et al. 201Bgcause vital rates are ultimately
influenced by changing external abiotic and biotic factors, temporal changes in the environment results
in variation in demographic rates through tif@aillard et al. 2000, 2003, Coulson et al. 2001a)
Furthermore, populations are often structured demographically, with differehiditey stages that
exhibit differences in vital rate®ifferent life-history stages respond differently to the environment,
which causes changes to the demographic structure of populations through time, contributing to
population growth(Coulson et al. 2001a, Weimerskirch 2018gntral to addressing this variation is
the useof detailed, longerm demographic datasets, which monitor populations through a changing
environment and across the lifecycle. Laagn studies that are individuahsed not only significantly
improve our understanding of population dynamics, but cang&imore to policyClutton-Brock and
Sheldon 2010, Hughes et al. 201Wjcorporating variability in vital rates through time and within
populations rables us to investigate the drivers of population dynamics, and there is a need for more

long-term, individualbased studies to improve our understanding of population decline.

Temporal changes in vital rates and differences between ages {aisidey stages) may be
particularly important in londived species. Londjved species can generally be defined as organisms
with | ifespans of several y e ar s -lostory dharaceenistics,, wh
but patterns of mortality andpeoduction across lifespan vary for both lermad shoHived species
(Jones et al. 2014dmportantly, longlived species experience several years of environmental variation,
which has the potential to influence population dynamics. Indeed, idil@tyspecies such as African
elephants, wandering albatross and Soay sheep, there is aniakalitygin mortality, reproduction and
population structure over several decades in relation to the envirof@mnson et al. 2001a, Moss
2001, Weimerskirch 2018However, relating longerm changes in vital rates to population dynamics
in longlived spedes is more of a challenge because of the requirement of extensiveaelong

demographic data. LoAged species may actually be buffered against annual variability in vital rates;
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a comparative analysis of 36 animal and plant species found that compdoedylived species,
population growth ratein shorterlived organisms wremore negatively affected by variability in vital
rates(Morris et al. 2008) Further study is needed to pick apart the factors underpinning temporal
variation in vtal rates for longived species and how this relates to population dynamics. Nevertheless,
long-lived species have been identified as vulnerable to population declines, not least because they are
disproportionately targeted by poaching and hunfi@grdillo et al. 2005, Kuussaari et al. 2009)
Furthermore, while longjved species may be less responsive on average to environmental
perturbations, when populations are disad through drivers such as poaching, recovery can take

decadegTurkalo et al. 2016)

Differences in vital rates at different ages/stages or between xke san also have a big
influence on population dynamics in lofiged speciege.g. Coulson et al. 2001a, Weimerskirch 2018,
Paniw et al. 2019)Both agespecific(Pardo et al. 2013 nd sexspecific (Clutton-Brock et al. 2002)
differences in vital rates are common in ldigd species. Furthermore, accounting for-agecific
vital rates improves the reliability of population growth rate estimates in structured population models
(Colchero et al. 2019For longlived mammals, generally pafation growth rates are most sensitive to
changes in adult female survival and reprodudtitiverhardt 2002, Faust et al. 2006, Paniw et al. 2019)

In meerkats$uricata suricatty a climateinduced reduction in adult fecundity in the breeding season,
mediated by reductions in bodyass, increased the risk of extinctidaniw et al. 2019)Thus,
understanding how vital rates at different ages/stages respond to external drivers such as human
disturbance or climate changes in ldivgd species is critical to understanding populatioolide

(Gaillard et al. 2000, Colchero et al. 201B)rthermore, the responses of differentlifstory stages to

the environment not only influences vital rates, but also demographic structure, or the number of
individuals at each age/stage and of eacl{Gexlson et al. 2001apexratio in particular has received
attention as a driver of population dynam{€uttonBrock et al. 2002, Le Galliard et al. 2005)
However, the role of agstructure in populatiodynamics has not been explored extensively indong

lived species.
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The demographic structure of populations influences dbort or transient population
dynamics(Ezard et al. 2010)Traditionally, in structured population models, a key indicator for use in
population management has been the {twgh population growth rate,, which captures
equilibrium/asymptotic dynamics under a stable sstgacture(Caswell 2001) However, in reality
stage structure fluctuates over the short term in natural populations, leading tteishpmon
equilibrium transient dynamid&oons et al. 2005, Ezard et al. 2010, Stott et al. 208dr)populations
with identical stagespecific vital rates and excluding density dependence, differences irsgtactere
result in different longerm trajectories, a process formalised as population ir{&dians et al. 2007)
Importantly, comparative evidence suggests that-liwmagl species are expected to have stronger, higher
amplitude transient dynami¢Stott et al. 2010, Gamelon et al. 201#)d so changes in ager stage
structure are likely to have a large impact on sterh population growth. A study bgoons et al.
(2016) developed a framework to assess the contribution of -stageture to variance in shegrm
population growth rates, but found that in simulations of a simplestage lifecycle, the contribution
of demographic structure was actually greatesen survival was low i.e. in shdived species.
However, how observed changes in demographic structure contribute ttesimpbpulation dynamics

in long-lived species is largely unknown and needs to be addressed usifigriongdata.

Several othefactors call for careful consideration when assessing population dynamics-in long
lived species. The first is the timescale of demographic processes, which may be several decades. For
example, in forest elephants population recovery from poaching wastpreth take several decades
due to slow lifehistory traits and population replacement times, and so conservation management must
be adapted to timescales that are relevant to théilfery of target specie@urkalo et al. 2016)

Second, the environment early in life can have an influence on individual performance and fithess across
lifespan. Natal habitat qualitfvan de Pol et al. 2006yesource competitiofNussey et al. 2007)
climatic conditiongLee et al. 2013, Herfindal et al. 2018d stresMumby et al. 2015have all been
demonstrated to have lotgrm effects on survival, reproduction, overall fitness and ageing rates in

long-lived species. As a result, there mag/strong cohort effects in loAgved speciesvhere current
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vital rates depend on past conditions, with potential effects on future population dy(@siilzsd et

al. 2003, Hastings et al. 2011)

1.2 Longlasting drivers of population dynamics

Anthropogenic activity is directly responsible for innumerable populationrdscthrough the
key drivers of land use (or sea use) change, direct exploitation, climate change, pollution and invasive
speciegButchart et al. 2010, Steffen et al. 2011, Diaz et al. 2008)se drivers pose an immediate
threat to mortality, forexample in hunting, and cause population declines. However, direct human
exploitation/activity and humamduced climate change, which | focus on here, may also have long
term (potentially unintended) effects on demography and population dynamics, lpdytioculong
lived species. Direct human actions such as poaching and hunting have long been known to pose
significant threats to biodiversity, and in particular to labgeied megafauna, which are selectively
targeted for meat or ornamental purpd&reok and Bowman 2004, Rosand Smith 2010)Alongside
these negative effects, there are alsodastjing demographic effects caused by the selective harvest of
individuals in a population, which may influence gato, agestructure and social structui@insberg
and MilnerGulland 1994, Milner et al. 2007, Schindler et al. 20tybrown bears, even with rdgted
hunting, which targets large bodied adults, increased hunting pressure was associated with broad
changes to lifenistory, including declines in lifexpectancy and reproductive value across ages

(Bischof et al. 2018)

Long-lasting demographic effects not only apply when animals are poached or hunted, but also in
conservation management strategies. Translocations for example can directly influence the demographic
structure of relocated populations and influence subseédquesspecific competitioBrett 1998) bu
may also have an influence on population growth and demographic structure when habitat preferences
are ignoredLea et al. 2016)For African elephantd_oxodonta africangin Addo national parkSouth
Africa, to reduce collisions with trains and farmers shooting elephants, a fence was erected around the

protected area in 1954, but this hadramediate effect on the survival of males and a{emgn negative
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impact on socidbehaviour(Whitehouse and Kerley 2002Jhe management of populations in altered

or captiveenvironmentgRedford et al. 20113lso largely has a negative impact on demography and
population dynamics. Of mammalian zoo populations, only half bereding to replacement rate, and

many are founded from a small number of individuals, and thus there is the potential for inbreeding and
strong demographic stochasticity effefiees and Wilcken 2009, Redford et al. 201d)kimately,
understanding the loAgrm impacts of human disturbances on demographly vitoén conservation is

the primary goal and when animals are targeted by threats such as poaching, will enable us to mitigate

against population declines.

Humarninduced climate change also poses both immediate anddamgoressures on demography
and poplation dynamics. Climate change is predicted to cause widespread extinctions, and many
species have already been negatively impacted by a changing dfithateas et al. 2004, Pacifici et
al. 2017) Variation in lifehistory traits within and between taxa may also be a key predictor of how
specier populations respond to climate chargay et al. 2015, Cayuela et al. 201A) longlived
species, it is predicted that populations are actually buffered against temporal variation in vital rates
observed \ith variability in the climateg(Morris et al. 2008) However, several studies have found
immediate climate effects on demography, where climate influences body condition and thus individual
performance and survival/reproducti¢ffoley et al. 2008, Cook et al. 2013, Peeters et al. 2647)
changing climate may also have delayed or g effects on demography in letiged species;
harsh climate conditions early in life have been linked with reduced fitnessridife (Nussey et al.
2007, Herfindal et al. 20157 here has been relatively little exploration of the impact of climate on vital
rates across lifespan in lofiged species, and the mechanisynwhich climate conditions have delayed

impacts on vital rates and fitness is largely unknown, despite recent increases in global temperatures.

The relatively recent increase in the availability of lbegn, individualbased datasets monitoring
wildlife populations has led to important insights into demography and population dynamics amidst
environmental change and human population increase. However, the number of study systems using
long-term datasets is still relatively smé@lutton-Brock and Sheldon 2010)Vithout such datasets, our

understanding of the loAgrm impacts of a changing environment on population dynamics remain
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limited, especially in londived species, which show such marked variation actbe lifecycle and
lasting responses to human disturbance. Here, | present a novel study system for the investigation of
demography and population dynamics in a lingd species; sentaptive Asian elephant&lephas

maximu$ used in the timber industiyg Myanmar.

1.3 Semicaptive Asian elephants as a model system

The Asian elephanElephas maximyss one of three extant species of Proboscidea alongside the two

Af ri can s peciLexeddntafRoca et &dl.€2008)e Ms$ an el ephants are am
longest living mammals, with a maximum lifespan of approximately 80 years and a generation time of

20-25 years, and display lfle i st ory traits -sgpechcbCadudhyreectdle si onal
2008, Lahdenpera et al. 201Zhe onset of reproduction for females typically begins at the age of 12

13, with an average agefast reproduction of 19.8, which coincides with the peak age of reproduction

at the age of 19Fig. 1.1a; Hayward et al. 2014, Lahdenpera et al. 2044peak reproductive ages

between 125, approximately 15% of females are reproductive each year, and across lifespan the mean
interbirth interval is 5.99 yea(fig. 1.1a; Hayward et al. 2014)he social structure and mating system

of Asian elephants is matriarchal, and maternal and female kinship bonds are cruciabfiuatsgm,

with calves receiving extensive maternal care until the weaning ag® @fahdenpera et al.046,
Lynch et al. 2019) Mortality patterns in Asian el ephants
reproduction overall annual mortality rates are low (Fig. 1.1b). Initially, juveniles (agjebdve high

annual mortality rates, which decline rdgidntil the age of ~10, at which point annual mortality rates

are low (<1%), but increase exponentially at the age qFRD 1.1b; Lahdenpera et al. 2018)ales

typically display higher agspecific mortality rates across lifespan.

The most recent estimate of the total population of wild Asiarhalgs fromSukumar (2003)
found between 41,410 and 52,345 individuals, and other studies have found between 30,000 and 50,000
individuals since 19780 livier 1978, Sukumar 1989, 2003, Santiapillai and Jackson 1990, Sukumar and
Santiapillai 1996, Kemf and Santiapillai 200@®efore widespread humamduced declineAsian

elephantavere present throughoutsia, from the TigrisEuphrates valley in what is now the Middle
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Figure 1.117 Age-specific reproduction (a) and motality (b) in Asian elephaatdlean annual breeding succes:
female Asian elephants between agé&®ppoints are raw aggpecific meas with standard error bars, lines are m
predicted values. Adapted from Hayward et al. 2014. b) Baselingpegific mortality rate for male (black) and fen
(grey) Asian elephants from age$®. Circles are raw mean agpecific mortality valuesyhere the diameter indica
the sample size, lines are model averaged predicted values. Adapted from Lahdenpera et al. 2018.

East to most of South East Asia, India and southern C8utamar 1989) The wild population is likely

to have been as large as 200,000 at the turn of the twentieth culkgmar and Santiapillai 1996)

There are large uncertainties in these estin{@e&e and Hedges 20Q4)ut even at the upper limit of
current estimates approximately 75 % aof giopulation has been lost in the last century. Furthermore,
while it is likely that there has been a decline in this species for centuries, up to a 50 % loss has occurred
in the past three generations {20 year generation timgsukumar 1989, Choudhury et al. 2008)
Generally, Asian elephants occuwwithin the forestgrassland ecotone, with a highly fragmented
distribution across India and South East Agigure 1.2; Sukumar 1989, Blake and Hedges 2004,
Choudhury et al. 2008Yhe combination of large, recent population dediand a highly fragmented
population has resulted ithe Asian elephanbeing listed as endangered on the IUCN red list of

threatened speci¢€houdhury et al. 2008)
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Figure 1.27 The fragmented distribution oElephas maximuscross Asia, adapted fror
Choudhary et al. 2008.

There are many difficulties associated with monitoring the populations of cryptic forest
mammalgCarbone eal. 2001) For Asian elephants, it is recognised that wild population estimates are
no more than an educated guess based mainly on expert opinion, and may not fully represented the
actual numbe(Blake and Hedges 2004, Jathannale®015) More recently and at a smaller spatial
scale, rigorous elephant occupancy studies have been carried out using systematic survey designs, and
these reduce elements of bias in measures of dddaifpnna et al. 2015)This thorough approach
must now be applied across the entire rangesi@n elephantgut this will require a significant increase
in external investmen{Blake and Hedges 20Q4As a result, we currently have a very poor
understanding fopopulation dynamics in the wild and almost no examples of individaséd

demographic datépbutsee De Silva et al. 2013)

Along with many other endangered species, habitat loss and fragmentation are key drivers of
population decline in wildsian elephant€Sukumar 1989, Leimgruber et al. 200BYy the 1990s, only
51% of the elephant distribon coincided with unfragmented wild areas, but the largest populations
were found in unfragmented landscapksimgruber et al. 2003)Furthermore, very little of both

unfragmented habitat and the elephants range as a whole occurred within protect@amngasber
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et al. 2@3). Elephants require a large range with varied habitats in order to forage, and the development
of interconnected, protected habitat networks that target large, unfragmented regions will be vital for

sustaining this species in the fut8ikumar 1989, Santiapillai 1997, begruber et al. 2003)

Several other threats to Asian elephant populations have been identified. Poaching poses a
serious threat té\sian elephantsprimarily for the trade of IvorySukumar et al. 1998, WWF 2002,
Hedges eal. 2005, Choudhury et al. 200&s well as reducing the population directly, because of the
sexual dimorphism of tusks #sian elephantsemoving only male individuals also influences the sex
ratios of remnant populatiofiSukumar et al. 1998, Hedges et al. 20@8%ithermore, live elephants are
poached for illegal trade the tourism industry, particularly in Thailagdijman 2014) Hunting was
also a key threat to populations in the past, but little evidence has been found for elephant hunting in
Asia more recentlyfCorlett 2007) Humanelephant conflict is common, particulaily communities
that have suffered larggcale crop and property damage, and this threatens the persistence of
populations locallyZhang and Wang 2003The role of climate change on Asian elephants has not
been explored extensively, but a studyMiymby et al. (2013jound that monthly survival was affected
by variation in temperature and precipitation, vehsurvival was highest at intermediate temperatures
and with high rainfall. In African elephants, drought conditions are also associated with high infant
mortality (Foley et al. 2008)Amidst rapid climate change predicted in the coming decades, a better

understanding of how Asian elephants will respond is crucial for conservation efforts.

In order to highlight the keyrpssures facing\sian elephants and develop more effective
conservation strategiea more detailed understanding of population dynamics, based upetetong
demographic data is needed. Although loagn, individualbased data is not present fAsian
elephantss a whole, sertaptive elephants provide a unique opportunity to shed light on some of these
issues. Humans have been inextricably linkeeléphantsn Asia for several millennia; huntgathers
are assumed to have used elephants for meatvarydas early as the late PleistocéBekumar 1989,

Shell 2019) Following agricultural development, elephants were captured, partially domesticated
(40005000 BC), and eventually used for military purposes beginning around 1000 BC, and these

practises continue todafbukumar 1989, LahuChoudhury 1991, Shell 2019As a result, Asian
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elephants are relatively uniqgue amongst endangered species, with substantial captive population of
around 16,000 individuals globally, which is up to a third of the total populé@akumar 2003)Only

~1000 captive elephants are heldawos, and the vast majority are used as working animals for tourism,
timber logging and ceremonial purposes in range countries such as Myanmar, India and Thailand
(Sukumar 2006) Although the majority of captive elephants are primarily managed for economic
purposes, conservation management must still be considered, and has now been incorporated in to local

management plans in countries such as Myaifwiar 2018)

The Union of Myanmar is home to the second largdist population ofAsian elephantafter
India with between 2,000 and 5,000 individug@sikumar 2003, Leimgruber et al. 201&Eyrthermore,
Myanmar has the largest area of unfragmented suitable habitat remainEighotimugLeimgruber
et al. 2003) In addition to the wild population, Myanmar has a captive working population of
approximately 5,000 individuals, which is around a third of the total global captive population and a
significant unit of conservation for Asian elephants glob@lykumar 2003, 2006The majority of the
working elephants in Myanmar are seraptive and used in the timber trg@eke Gale 1971)Timber
is the second largest export of Myanmar behind petroleum gas; in 2013 the timber trade in Myanmar
was worth over $1.6 bill o n , and the export of rough wood const
(CIA 2013, Forest Trends 2014As a resultof the economic importance of timber for Myanmar,
approximately 2,700 timber elephants are owned and managed by the state forestry commission, the
Myanma Timber Enterprise (MTE), who have kept individo@ased records for elephants in the
populationforoer a century. Therefore, the study system
opportunity to explore lonterm trends in demography and population dynamics for alleed

species.

Generally, the role of the MTE working elephants is to aid in theaetion of hard wood
(primarily teak) from the foregf oke Gale 1971, Zaw 199 & lephants drag logs that have been felled,
move timber with their foreheads or trunks and aid in clearing log jams that affect rivers and streams
along extraction track§éToke Gale 1971)There is less human interference in the managewnfent

Myanmar 6s ti mber el ephant popul at-dapmive,andwptovidesh can f
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a good example of a system that does not fit the biimasjtu vs. exsitu definitions (Redford et al.

2011) First, log extraction is only carried out by healthy individuals between the ages of 18 and 53, and
there are strict guidelines regarding the number of tonnes that can be extracted by aeghgld el
based on their age and condition. Pregnant females are also rested from halfway through pregnancy until
the calf is one year old (after which they have a reduced workload until taming), and calves are cared
for by their mother until the age of3} at which point they are tamed and trained for working activities.
Workload regulations are also consistent across the country. Second, timber elephants work for eight
months of each year, usually from June to February, and have a rest season duringshenmetof

the year. Third, MTE elephants are permitted to roam the surrounding forest outside of working hours
i.e. in the hottest part of the day or at night, to forage and interact with other elephants. MTE elephants
interact with wild elephants dugrrest periods, and many captive calves are thought to be sired by wild
bulls. Fourth, MTE elephants receive only basieniointhly veterinary care, there is no reproductive
management in the population and individuals are not culled. Finally, survivednadiuction rates in

the MTE population are significantly larger than those in zoo populai@inbb et al. 2008, 2009and

more comparable to vital rates in wild pégtions(De Silva et al. 2013)

To extract timber and manage the captive population effectively, the MTE has kept detailed
records of the liféhistory and demography of individuals in the working population for over a century.
More accurate and detailed lféstory information has been documented for all individuals registered
in the population after the 1950s. This information includes: Regastratimber, name of the elephant,
birth origin (wild-caught or captivéorn), date of birth (estimate if wilcaught), place of birth (estimate
ifwild-caught ), motheroés registration number (i f kr
(if wild -caught), year of capture (if wldaught), place of capture (if wichught), date of death or last
known date alive, and cause of de@har, 2007) Elephants are assigned an individual logbook to
record their demographic information, and a rider (or mahout) wiesonsible for the care and daily
work/training of the elephariCrawley et al. 2019)The presence of such detailed longitudinal data has
greatly improved our undstanding of the causes for variation indifistory and demography iisian

elephantge.g. Mar et al. 2012, Mar 2013, Mumby et al. 2013, 2Ck&awley et al. 2017, Lynsdale et
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al. 2017) Recent findings have highlighted that the environment early in life can haveelomg
consequences for fitnegMumby et al. 2015) and the longerm costs of captureof mortality
(Lahdenpera et al. 2018)hese results suggest that human disturbance hatdiongonsequences for

demography in elephants, but how these changes relate to population dysamicown.

Importantly, the working populatioim Myanmar has been supplemented through the capture
of wild individuals for centuriegToke Gale 1971)This process is carefully controlled by the Forestry
department to minimise the negative impact on the wild populdt@ivier 1978, Zaw 1997)
Historically, Myanmar used three methods of wikbture: 1) using large wooden stockades, which trap
herds of wild elephants, 2) lassoing wtkphants whilst riding on the back of specially trained working
elephants and 3) immobilising individuals nggitranquilizerdLahdenpera et al. 2018}owever, the
stockade and lasso techniques were banned inl98te authorities in Myanmar due to the harm they
cause to elephants, after which capture was only carried out through immobilisaticoapfilde itself
was formally banned in 1994 when elephants were given formal conservation status in Mydgenar
2000) but capture stilcontinues at lower levels in cases of hurmstephant conflict. The historical
practise of wildcapture is an interesting case study for the study of population dynamics and
demography with human disturbance. First, vaégpture directly reduced the numleéwild elephants;
from estimates of vital rates and capture rates of 100 elephants per year, the wild population was
predicted to be extinct in 31 years and the captive population may also not be susfia@iaigeriber
et al. 2008) Therefore, an assessment of the contribution of-galaght individuals to the working
population and its future viability of the captive population is needed. Secone¢apidre reduces
individual suwival for over 10 years after captu(eahdenpera et al. 201,8and so the longerm
consequences of wildapture for demography and population dynamics must explored further. Finally,
the supplementation of the captive population with individuals from the wild may have had a large
impact on the demographic structure of the population, and provide an ojifgddunvestigate short

term population dynamics in a humdisturbed system.
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1.4 Thesis outline and aims

In this thesis, | present the case study of seaptive Asian elephants from timber camps in Myanmar

as a model system for understanding loergn trends in demography and population dynamics in a
long-lived mammal. To achieve this, | use an exceptional-teng, individualbased demographic
dataset spanning over half a century, collected from timber camps in Myanmar by the Myanma Timber
EnterpriseMy findings provide insight into the population dynamics of a {twegd species in a human
dominated system, and provide evidence to improve the conservation managementaapigmi

Asian elephants, which are a significant unit of conservation.

First, in chapter 2 | explore the lotgrm consequences of capture from the wild on lifetime
reproduction traits in sertiaptive females. Extensive capture from the wild between the 1940s and the
1990s was used to suppl e me nibn faviyrder exaactivrs Hotwvevenb e r
capture from the wild has lortgrm consequences for mortality that last for over a detadwlenpera
et al. 2018)and the stress of capture is also predicted to influence reproduction. | tested the differences
between captivdorn and wildcaught females in a suite of lifetime reproductive traits, namely, lifetime
reprodiction probability, agepecific reproduction, age at first reproduction and the intergenerational
effect on subsequent calf survival. Importantly, | explicitly investigated how the length of time in
captivity and the age at capture influenced the potemtigative effects of capture from the wild on

reproduction.

Given that capture from the wild has letegm consequences for survibhdenpera et al.
2018) and the direct negative influence on the wild populaflagimgruber et al. 2008)assessing
population viability in the sermaptive population excluding capture from the wild is crucial for
conservation management. In chapter 3, | address two key questions: i) how did variatiocaptwitd
between 1960 and 2014 contribute to observed annual population growth rates, reowl ihat
systematic capture from the wild is banned, will the current population decline? To address this issue, |
constructed an individuddased, stochastic population projection model to assess population viability
using demographic data from years witapture was banned (192914). Furthermore, | performed

sensitivity analysis to highlight demographic targets for conservation management.
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The semicaptive elephant population in Myanmar represents a halisturbed population that
has been supplementddr decades through wildapture, which has the potential to influence
demographic structure and shtetm population dynamics. In chapter 4, | investigated how age
structure influenced shetérm population dynamics in Asian elephants. First, | quadtifie variation
in population agestructure between 1970 and 2014. Then, by capturing-torf transient population
dynamics from annual matrix projection models, | decomposed variance intesimorpopulation

growth rates into contributions from ageucture and vital rates.

In chapter 5, | explore the impact of climate variation on vital rates in Asian elephants, which
is another potentially crucial driver of population dynamics in a changing environment. While a
changing climate has been shownnfiuence demography in lofliyed species, the mechanisms of
how climate impacts vital rates remains understudied. | tested delayed climate effects on juvenile
mortality and pealage reproduction under two contrasting biological modelstinuousnodels vhere
variation in vital rates depend on a direct cumulative effect of the past climatiskawihdowmodels

where climate in a critical seasonal window influenced subsequent annual vital rates.

Finally, in chapter 6 | present key conservation recontagons for semcaptive Asian

elephants in Myanmar based on my findings for the Myanma Timber Enterprise.
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2.1 Abstract

Capturing wild animals is common for conservation, economic, or research purposes. Understanding
how capture itself affects lifetime fithess measures is often difficult because wild and captive
populations live in very different environments and thererisaad for longterm life-history data. Here

we show how wildcapture influences reproduction in 2685 female Asian elephaleishas maximgs

used in the timber industry in Myanmar. Witdught females demonstrated a consistent reduction in
breeding succesrelative to captivéorn 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 decatihese was a significant influence on the

next generation: wildtaught females had calves with reduced survival to age 5. Our results suggest that
wild-capture has lonterm consequences for reproduction, which is important not only for elephants,
but ako for other species in captivity.

2.2 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
(Mason et al. 2013)ild-capture can have a negative impact on individuahistory, at least for some
species, by reducing immediate or sedpuent survival (e.dCoté et al. 1998, Arnemo et al. 2006)
fertility rates (e.gRamsay and Stirling 1986, Coté et al. 1998, Alibhai et al. 2@0Dffspring survival
(e.q.Coté et al. 1998)Generally, however, studies have focused on relatively short timescales, covering
only a few months or years after capture, and have not assessed fterioigpats 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 currently unclear how long capture effects persist, and whighwgggeare the

most vulnerable. The lorAgrm effects of capture can be explored by comparing-ealdyht and
captiveborn individuals living in similar conditions, but such studies have produced mixed results. For
example, a recent meganalysis from 44 species reported that veiddight animalsdwve a 74% increased
odds of reproductive success compared to their captwe counterparts in captive environments
(Farquharson et al. 2018However, several studies present contradictory results, with lower
reproductive success among wildught indviduals in captivity. These studies are often from animals
with slow life-histories and longer lifespans: gorill@yan et al. 2002, Bolton et al. 2012himpanzees
(Bolton et al. 2012)woolly monkeys(Mooney and Lee 1999and polar bear6Curry et al. 2015)
Some of the differences between wildught and captivborn animag can be attributed to the length

of time wild-caught individuals have been in captivitgohler et al. 2006)time since capture has
generally been omitted but seehdenpera et al. 2018)selective survivajLahdenpera et al. 2018)
inbreeding depression and adaptation to capt{kgson et al. 2013garly maternal effectdason et

al. 2013) or differences between the captive and wild environn&tdson 2010)



Capture can i nf | ue-histoey inatime lohgerchi traughubaHavdosal, | i f
physiological and immunological mechanisthahdenperé et al. 2018Reproduction may baffected
by capture in several ways, both direchdindirectly. For example, drugs used in the capture process
to sedate |l arger mammals can have pot (Alibhaiea!l | vy
al. 2001)if they are used at an incorrectséo The capture of pregnhant females can also lead to injuries
and changes in foetal development or even abortion of the {@etams et al. 20175tress can impair
all aspects ofdrtility, from implantation of the ovum to permanent anoestAlbhai et al. 2001)
Furthermore, interactions with humans (handling/breaking/taming), changes in social system,
unfamiliar living conditions, and intraand interspecies competition can also exacerbate the adverse
effects of capure on reproductive functiaiMorgan and Tromborg 2007)

Elephants have been a target of lasgale wildcapture for centurigd.air 1997, Nijman 2014)

Today, elephants are caught and held in zoos or othevedgtilities under CITES, for working
purposeglair 1997) or for illegal trade (mostly for tourism) in Agjlijman 2014) Elephants are slow
reproducers, with long intdsirth intervals, gestation periods, and offspring depend@ratydenpera et

al. 2016) Zoo elephantare also known to have several difficulties in breeding: many reproductive age
females do not experience normal oestrus cycles and are inféhtitd and Mason 2002)n addition
abnormal deliveries and stillbirths are major issues in captive elephant populldgéomes et al. 2008)
However, these findings reflect the vast differences between zoosilaneinvironmentqClubb and
Mason 2002)and it is largely unknown whether capture itself has an impact on reproductive success in
elephants. Specifically, to determine captufeats we need lonterm data and a detailed comparison

of individuals of different birtkorigins that live in a similar environment with shared food and disease
sources, similar social interactions, and similar breeding opportunities.

Here we use an excignally detailed longitudinal, muljenerational dataset 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 wdrld, wit
approximately 2700 governmeotvned individuals used in the timber logging industry. Historically,
approximately half of the timber elephant population has beencaiidght. Wildcaught and captive
born elephants live, forage, and work sieside in tle same environment and are governed by the
same regulations and practices concerning data recording, workload, and rest periods. The dataset
includes longitudinal information of reproductive events for 2,685 females over 64,823 elgppdrant
observationswith 1,362 wildcaught females (captured between 12802) and 1,323 captiveorn
females (born between 192P11). Consequently, the dataset offers a unique opportunity to test the
effects of capture on female lifetime reproductive success in dil@tand slow reproducing mammal.
Specifically, we compare lifetime reproduction probabilities;sgecific reproduction rates, age at first
reproduction, and calf survival between widught and captivborn individuals. Importantly, we
investigate whethahe effectofwildc apt ur e on reproduction depends

and the time spent in captivity. Currently, there is a great need for animal welfare specialists,
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veterinarians, and ecologists to identify the potential effects of rafrtom the wild, especially in

endangered species, for the success of the individuals and consequently populations.

2.3 Methods
Study population
The MTE (Myanma Timber Enterprise) elephants are used in the timber logging industry, and work in
forest camp as riding, transport, and draft anim@aw 1997) At night and during rest periods, all
elephants forage in the forest unsupervised. Breeding rates are natural, with manybcaptoaves
thought to be sired by wild bulls, and calves born in captivity are cared for by their biologiedlcand
mothers.

Our dataset has been collated from elephanbtmzks (monitoring lifehistory information for
each individual, see e.gahdenpera et al. 2018nd annual extraction reports archived and maintained
by the MTE. Individual logoooks are maintained by local veterinarians and regional extraction
managers in order to check each el enprithawhileGhe heal t h
ages of captivborn elephants are known from precise dates of birth;egildyht elephants are aged by
comparing their height, body condition, and physical features with cadmiveelephants 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 captuatdienpera et al. 2018)

The capture of elephants
The capture of wild elephants supplement the timber elephant population has been controlled by the
governmentThe estimates differ, and one stated that nearly 17,000 elephants were captured from 1911
1982 in MyanmafLair 1997) Capture was formally banned in Myanmar during the 1994is 1997)
but smaller scale capture continues, primarily focusingel@phants involved in humasiephant
conflict, yet also from illegal captures. Capture was usually practiced in the cool season by three
alternative methodgLair 1997) by stockades (fikheddaho) for whol
sedati on, and | assoi ng dualsnfol naore sétailed aesariptions af the s peci f
capture methods, séahdenperé et al. 2018povernment figures estimate that the mortatkites for
all methods is between 5% and 30%, with most of these deaths happening during the months following
capture(Lair 1997)

Al captured elephants undergo an initial tam
capture that lasts #2 weeks, depending on the temperament of eaphaaié. Older elephants generally
require a longer period of taming than animals caught from the wild at younger ages orluaptive
individuals, which are tamed using similar methddsin-Oo 2010) The taming undoubtedly
incorporates stress and compromises welfare, especiallygdbsriirst few days. Elephants commonly
resi st training and reject food/water for the fi.1

begin to accept food, water, and human contact later in taming. Ghptiveelephants are also tamed
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around theage of 45 (Min-Oo 2010) Because captivborn elephants grow up in regular contact with
both their maternal herd and mahouts (elephant handlers), and are rarely subjected to harsh taming, their
training is thought to be considerably less stressful.

After taming, elephants are classified as trained elephants and assigned permanent individual
registration numbers, mahouts, and logbooks to record biodata (sex, temperament, musth, mating,
calving, veterinary intervention etc.). The government enforcies workloads and rest periods for all
individuals: all stateowned elephants are subject to the same regulations for hours of work per week,
working days per year, and tonnage to extract per elephant according to their size and condition.
El ephaned8 atebb, but their records are maintai
from mid-pregnancy (11 months into gestation) until the calves reach their first birthday. Mothers are
then used for light duties but are allowed to nurse the calvderand.

Lifetime reproduction probability

We first investigated whether captibern and wildcaught elephants differed in their lifetime
reproduction probability using a linear mixed effects model. We only included females (both wild
caught and captivborn) 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 1,678 femalea(giit= 766,
captiveborn = 912). Lifetime reproduction was scored as a-tmaariart binomial trait (0 = did not
produce any calves during lifetime; 1 = produced at least one calf during lifetime), and analysed using
a generalized linear mixeaffects model (GLMM) with a binomial error structure and a logit link
function in the R packadme4(Bates et al. 2015, Rore Team 2017)'he main effects of interest were

the birth origin, included as a twevel factor (wildcaught vs. captivborn), and the age at capture
(integer, range =19 years for wildcaught females), which was included as an interaction eefyn

with birth-origin. We set the age at capture as 0 for all cafititv@ elephants, ensuring that this effect

did not exert any influence on the parameter estimation. We also controlled for other covariates as fixed
effects, namely, whether the indiviluvas censored (1 = died before the end of the study, 0 = was
censored, e.gdayward et al. 2014Jifespan at death/censoring (mean 39.3 + 11.8, rang&)1and

birth cohort (factor, each decade between 1930 and 1990), and we included an iotdycegtdom

effect of regional division in Myanmar (see S1.1 for further details). Here, and in all sebsequ
reproduction models (excluding calf survival analysis), we assessed the significance of the terms using
likelihood ratio tests (LRTs) withtheCeiquar ed (62) distribution.

Agespecific reproduction probability

Using the records of 2,685 females, then examined whether captisern and wildcaught females
differed in their agespecific annual reproduction probability between agésl Swithin 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.
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captiveborn = 68, max. wilecaught = 76). To avoid the possibility of including birth events and
pregnancies from wildaught females before they enterkd taptive population (which would over
estimate their reproduction in captivity), we only included reproductive data fronrtatight elephants

from two or more years after their year of capture (minimum time since capture = 2 years). Both captive
born aml wild-caught individuals exited the analysis at their last known age alive, or at an age of
censoring <= 64. We constructed a dataset where the annual reproduction of each female was scored as
a binomial trait, where 0 = did not produce a calf in a giwesr of life and 1 = produced at least one
offspring. We assessed agpecific reproduction probability using generalized linear miskects
models (GLMMs) with a binomial error structure and a logit link function in Ime4. The data used in this
analysiswas comprised of 64,823 ageent datapoints from the 2,685 females (1,362 -ealdght
females).

First, we built a O6based6 model, in which the n
effect of capture on aggpecific reproduction. We expligit tested how the time since capture
influenced reproduction probability using an interaction variable between birth origin and log
transformed years since capture (but no main effect, rangedy llowing Lahdenpera et §12018)

As with age at capture, time since capture was 0 for all captike elephants. We also controlled for
other covariates, namely, whether or not an individual was censifeegah (mean 35.4 + 16.5, range
5-76), birth cohort (each decade between 1920 and 2010) to control for temporal variation in keeping
practices and vital ratddackson et al. 2019and averagage (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 ageqVerhulst et al. 2014)ndividual identification number and the regional division in Myanmar
were included as intercephly random effects terms in the final models to control forimolependent
datapoints from the same individuals and spatial variation in vital rates (see S1 for further details).

We then explored the effect of age on reproductive success using a model selection framework,
first including age as a linear term, a quaidriagrm, or as a factor, and then using threshold or piecewise
regressiorfToms and Lesperance 2008ddels. Threshold models enabled us to capture complex non
linear relationships with age using the combination of more simple linear changes between threshold
ages. We explored the fit of ondwo-, and threghreshold models, where annual breeding ssece
changed as a linear function of age in two, three, or four age groups, respectively (foHawingrd
et al. 2014) We used all combinations of ages between 6 and 63 for the locations of the thresholds
(21,089 combinations in total), which were selected at eaclyeareinterval. The change in breeding
success either side of (and between) threshold ags captured in all models using an interaction
between the linear age term and the age group. Interactions between the birth origin and age, birth origin
and agegroup were also included in all models to allow the effect of capture to change with age
according to the thresholds. We then performed model selection (see S1.2 for further details) and
compared the predictive performance of all models using the Akaike Information Criterion
(AIC)(Burnham and Anderson 200Q3khere the best model had the lowest AIC value (see S1 for

36



details). Finally, to test wheth differences in lifetime reproduction probability influenced-sgecific
patterns, we repeated the ageecific reproduction model selection process, but only including females
that reproduced at least once in their lifetime. This dataset included3BSevent datapoints from

1175 reproducing females (wilthught = 595, captivborn = 580).

Age at first reproduction

We assessed whether witdught females had a delayed onset of reproduction by investigating the age
at first reproduction. To ensutieat we captured the true age at first reproduction ofealaght females,

we only included wildcaught females caught before the age of 13 (onset of reproduction, mean
reproduction probability = 0.002), and also only those cajitve females with an &gat first
reproduction after 13 (97% of all reproductive captioen females). We tested the effect of capture on
the logtransformed age at first reproduction for 843 females (edldght = 283, captivborn = 560),

using a linear mixed effects modellme4. The main fixed effect of interest was birth origin. We also
included censoring, lifespan and birth cohort, and we included regional division as an iraatgept
random effect.

Calf swurvival and motherdés birth origin
To investigate the lifdnistoly implications of capture from the wild on subsequent generations, we
investigated the survival of 2,423 calves (born between-2086) to 5 years (calves from captivern
mothers = 1,290, calves from witchught mothers = 1,133; see S1.1 for more d@telurvival to age
5 was selected because apecific mortality is highest in the first 5 years of life and calves are separated
from their mothers for training at this poi(ilar et al.2012) We constructed a timevent dataset,
where the annual survival of each calf from birth to age 5 was scored as a binomial trait (0 = died during
the focal year and 1 = survived the focal year), resulting in 10,192 datapoints (calves frombzaptive
mothers = 5,411, calves from witchught mothers = 4,781). We assessedspgeific mortality using
GLMMs with binomial errors and a logit link function with a GLIMMIX procedure in SAS (SAS
Institute Inc., release 9.4, 2014).

The main variables of iastr e st wer e i ncluded similarly to

origin (binary, captivéborn vs. wildcaught) and the legansformed time since the capture of the

mot her at each calf age (i .e. eacdnly)fForcavesbgre ar ;
towild-caught mothers, the time since motherds cap
cal fés birth. Sever al terms (e.g. c -hitthfinteava)) e ma

were controlled for in th analysis that are known to have an influence on calf survival probability in

the populatio(Mar et al. 2012, Lahdenpera et al. 2016} more details see S1.
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2.4Results

Differences in reproductive intensity and timing between captive and wildcaught females

First, we found that wilstaught females had a significant reduction in their lifetime reproduction
probability, even when captured before the mean adjesbfeproduction (19 years) (figure 2.1; table
S1.1a). Wildcaught females had a lifetime reproduction odds ratio of 0.72 relative to ehptive
females, such that they were 28% less likely to ever reproduce, taking into account known differences
in lifespan(Lahdenpera et al. 2018furthermore, females that were older at the time of capture were
significantly less likely to reproduce during their lifetime (table S1.1a).
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Figure 2.1Wild-caughtfemales had a lower probabilit
to reproduce during their lifetime than captivern
females. Box plots indicate the median and interquar
range, violin plots indicate the density of raw (mean) d
averaged for each birth cohort (decade), lifesy
(grouped in to 20year bins) and censoring group (dei
or censored) between captigern (n = 912) and wild
caught (n = 766) females.

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 2.1). The raw mean annual birthaatdl ffemales across the study period was
0.043 + 0.20 for all ages and birth origins, such that approximately 4% of females were breeding in a
given year. We found that agpecific reproduction probability for all females was best described by a
threethreshold model, such that breeding success changed as a linear function of age across four age
groups (table S1.2; figure S1.1; figure 2.2). First there was an initial period of negligible reproductive
success (mean = 0.002 + 0.043) with a small increaseelen the ages of-B. Second, a rapid

exponential increase in female reproductive success occurred from the age of 13 to the age of 19. The
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peak in reproduction occurred between the age of 19 and 20, at which the raw mean annual birth rate
was 0.061 + (24 for all females. Third, between the ages 6#20the agespecific reproductive success

declined slowly, and finally, there was a rapid decline between ag@$.45
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Figure 2.2 Wild-caught femalefad reduced aggpecific reproduction
probabilitiescompared to captivborn females (a) and the effect was mc
pronounced for females caught at older agesTe. figures show age
specific patterns of reproduction from the bfiisthreshold regression
model (age groups:-52, 1319, 2044, 4564) for al females (1,323
captiveborn females and 1,362 wilthught females). a) Points are the re
mean annual predicted birth rates at each age for all females, with th
of the points denoting the square root of the sample size at each age
= 11-1,323time-event data points). Lines are the mean predicted va
for an extended dataset (observed females but extended to span all
of the observed females in the 1960 birth cohort, which were most sit
to raw mean birth rates. b) Differences in mpeedicted values from ar
extended dataset of observed females in the 1960 birth cohort bet
captiveborn females (grey) and wilcaught females of different ages .
capture (coloured lines).
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However, the significant reduction in agpecific reproduction probability for witdaught
individuals depended on the age of the female (table 2.1, figure 2.2a). There was little discernable
difference between captimorn and wildcaught females betwedhe ages of A2 when fertility
probability 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, céytimelemales had a significantly
larger mean annuatproductive rate of 0.046 + 0.21 relative to 0.022 + 0.15 for-valadght females.

At the age of 13, a wildaught female had an odds ratio of 0.36 with respect to a cdqaimefemale,

such that a wilecaught female was approximately 65% less likelyefaroduce (figure S1.2). At peak
reproductive age (19 years), captivern females from the 1960 birth cohort (closest to mean age
specific birth rates, figure S1.3) had a mean predicted reproductive rate of 0.105 + 0.042 relative to
0.057 + 0.031 for wid-caught females, who were 42% less likely to reproduce (odds ratio = 0.58). Then,
there were general declines in annual reproductive rates between the ages of 20 and 44. These were
more pronounced in captiaorn females (figure 2.2a), though their anmagloductive rate (raw mean

annual birth rate of 0.078 = 0.27) remained above that ofegildyht females (0.050 + 0.22) (table 2.1).

The mean annual reproductive rate in the oldesgagep (between ages 45 and 64) was 0.032 + 0.18.
Interestingly, wildcaught females had a higher annual reproductive probability with respect to -captive
born females at these advanced ages (raw mean annual reproduction rates of 0.034 + 0.18 and 0.027 +
0.16, respectively; figure 2.2a). Given that wildught females have griously been found to have
increased mortalitfl ahdenpera et al. 201,&elective disappearance likely plays a role in this finding.

The average odds ratio for witchught females aged 48l ranged between 14395, meaning that, on
average, wilecaught females were between 63%6 more likely to reproduce than captivern

females between 45 and 64.

The effect of capture on aggecific reproduction also depended on the length of time spent in
captivity, with a significant positive effect of the interaction between birth origin anttdogformed
years since capture (ta&bl2.1; figure 2.3). Specifically, there was a large reduction in annual
reproductive rate compared to captb@ern females immediately (2 years) after capture, which then
increased slowly. It took approximately 12 years before-saldght females reacheaetmean annual
reproductive rate of captiveorn females (figure 2.3). Furthermore, the decrease in reproductive rates
immediately after capture was the most pronounced inegldyht females that were captured at older
ages (figure 2.2b; figure S1.2). Falas caught at the ages of 13, 20, and 30 had reproductive odds ratios
of 0.18, 0.07 and 0.08 two years after capture, relative to capgivefemales (figure S1.2).
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Table 2.1Parameter estimates from the bfitsinodel of agespecific reproductio for all females (n =

2685; 64,823 elephaiyear observations), fit using binomial generalised linear mixed effects models
(GLMMSs). Estimates and standard errors are present on the logit scale. The colon (:) depicts interaction
terms. LRT denotes likelitoml ratio test statistics.

LRT? ¢ pvalue

Fixed effects Estimate Standard error
Intercept -7.20 1.00
Age 0.20 0.10 273.3 <0.001
Age group 1061 <0.001
ages 1319 1.53 1.03
ages 2044 6.37 0.94
ages 454 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 139 0.01 0.10
age:ages 2484 -0.23 0.10
age:ages 454 -0.31 0.10
Age:Birth Origin 26.70 <0.001
age:wildcaught -0.06 0.01
Age group:Birth Origin 24.06 <0.001
ages 1319:wild-caught -1.61 0.47
ages 2&44:wild-caught -1.69 0.47
ages 45%4:wild-caught -1.01 0.54
Birth Origin:In Years since capture 95.35 <0.001
wild-caught:In years since
capture 1.66 0.18
Random effects Variance Standard deviation
Individual ID 0.42 0.65
Regional division group 0.06 0.23
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Third, the lower agspecific reproduction of wikdaught females was not only due to a lower
lifetime reproduction probability, because widdught elephants that reproduced at least also had
lower agespecific reproduction rates. When restricting the dataset to include only reproductive females,
wild-caught females had reduced @pecific reproduction rates, particularly at peak reproductive ages
(figure S1.4; table S1.3), costnt with the previous analysis. There were slight differences in the
thresholds for the best model for reproducers, which included four threshetpicages at ages-52,
13-20, 2151, and 5564 (figure S1.4; table S1.3). Fourth, we found that wddgl females started to
reproduce later than captib®rn females. The age at first reproduction for vegdight females captured
before the age of 13 was significantly later than for cagitve females (figure 2.4; table S1.1b): the
mean agat first repraluction for captiveborn females was 2 years earlier (21.2 + 6.1) thanedalaght

females (23.3 = 7.25 years).

0.08

0.06 -

Mean annual birth rate
2

0 5 10 15 20
Years since capture

Figure 2.3 Age-specific reproduction for wildtaught females was
lowest immediately after capture, and it took approximately
years beforewild-caught females reached the mean ann
reproductive rate of captiieorn females (1,362 wildaught
females and 1,323 captimrn females dashed line).figure
shows mean annual birth rates for wildught females with the
number of years since captuacross all ages. Points are raw me
annual birth rates, with the size indicating the sample size (ran
856-1,338). Lines are the mean fitted values from the-fies
model including all females. Dashed line indicates the raw m
annual birth ratedr captiveborn females across all ages.
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Figure 2.4 Wild-caught females had a later age at fir
reproduction than captivieorn females. Box plots indicate th
median and interquartile range, violin plots indicatedixesity of
raw age at first reproduction data for capth@n (n = 560) and
wild-caught females (n = 283).

Crossgenerational effects of wild capture

Finally, we found evidence that wilchpture also affected the liféstory of the folbwing generations

living in captivity. Elephants suffer from high infant mortal{far et al. 2012)with 23.5% of calves

born in captivity in our sample dying before the age of 5. Wmd that the calves of widaught

mothers had an increased mortality before the age 5 when compared to the calves ebaaptive
mothers. However, this effect depended on the number of years since the capture of the mother (table
S1.4). Calf mortaltywws hi ghest i n the year i mmediately af
mortality rate of 0.134 £ 0.076 for the calves of wilught females compared to 0.058 + 0.029 for the
calves of captivdborn mothers, decreasing thereafter (figure 2.5). ddds ratio of calf death in the

first year was 2.50 compared to calves from cagbieen mothers, declining exponentially with
increased time since capture (figure S1.5). An equal odds ratio of calf mortality betweeawghd

and captiveborn femaleswa only achieved 16 years after the
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Figure 2.5The wild-capture had effects on the next generation as calves of \
caught mothers had an increased mortality to age 5 compared to the cal
captiveborn mothers, the effect being strongest during the first years
mot her 6 s ¢ apt ubutdastifigroo everagh &6 yearsl(rd= 10,2
observations, 2,471 calves, 1,033 mothers). The red points are raw
mortalities for calves from wildaught mothers, with the size indicating tt
sample size (range =226). The red line shows predicted e8ufor calves born
to wild-caught mothers as a function of the years since the mothers capture
grey dot indicates the raw mean mortality of calves from cabiiva mothers (n
=5,411). The black line shows the predicted value for calves born teesbptn
mothers. Predicted values are mean values from birth to age 5 and calc
across other reference categories and mean values of terms in the model. C
mortality value for calves of wildaught mothers is not displayed (mortality
0.28 1 yar after capture).

2.5 Discussion
Large numbers of animals are routinely captured from the wild 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 individuals. Usingqua records of wilstaught and captivborn
Asian elephants in Myanmar, we demonstrate for the first time that capture from the wild has lasting
adverse effects on lifetime reproductive success in alleed mammal. Furthermore, these effects are
most lkely due to the capture process itself, as wddght and captivborn females experience the
same conditions in captivity, and the effects wane with the number of years spent in captivity.

These results are timely given that&W6 of the current captvelephants in zoos are wild
caught(Clubb and Mason 2002and that the capture of wild elephants continues to supplement waning
tourism and working populations worldwi@€lubb and Mason 2002, Nijman 201Zhat wild-caught

animals take more than 10 years to recover from their experiences, show higher lifetime infertility, and
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transfer the negative effect of capwn to the survival of the next generation in a wgd social
species such as the Asian elephant, has implications for captive animal welfare and research. Whilst
some captive animals are healthier, live longer and have a higher reproductive swtdssit wild
counterparts, other species perform less well in captivity Magon 2010)Furthermore, depending on
the species, wildborn animals constitute different proportions of the number of animals in captive
populationgKohler et al. 2006, Mason et al. 2013is raises the questions of whether the observed
negative effects of captivity are actually due to negative-teng capture effects, and whether captive
populations can be used asereince groups for speciggical parameter valugdason 2010) In
addition to these lonterm effects on captive populations, an increasing nupagpulation has seen
more animals taken from the wild, imposing a strong negative impact on wild population growth rates
(Leimgruber et al. 2008)
We found a consistent pattern of reduced reproductive success-cawigtt females compared
to captiveborn females. The adrse 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 findings are likely
due to both the immediate and letegym effects of the capture process. Ficaptures during critical
phases of gestation may lead to the abortion of fetuses, premature births, or reduced calf survival
(Alibhai et al. 2001, Adams et al. 201 Dalf mortality was highest during the first year aftertaeg
suggesting that mothers who were pregnant during capture may have suffered from physical trauma or
complications risking the <calfds subseqguent S
reproduction may be the result of high acute and étsiress due to captu(Baker et al. 2013)also
dependi ng on dBuakerenall 20¢3Fa exanpi@,throagh the action of glucocorticoids,
chronic psychological stress can impact reproductive hormone levels, furfatieptacenta, and fetus
developmentJoseph and Whirledge 201T) support of this, we found that withught females were
less likely to reproduce during their lifetime, had an increased age at first reproduction, and a reduced
agespecific fertility at peak ages. Other studies have found negative impacts of capepeodnction,
for example in chimpanzeéBolton et al. 2012)gorillas(Ryan et al. 2002, Bolton et al. 2012)lack
rhinos (Alibhai et al. 2001) polar beargRamsay and Stirling 1986pampas deefUngerfeld et al.
2008) and mountain goa{€oéte et al. 1998¥hough many of these siied 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 feedingMorellet et al. 2009)lower body conditioiCattet et al. 2008nd social disruption
(Shannon et al. 2013urther reducing the lonterm reproductive performance of witchught animals.
Interestingly we found that witdaught females were more likely to reproduce at old ages than
captiveborn females. This finding can be explained partly by selective (dis)appeéranae Pol and
Verhulst 2006) which is known to bias fitness estimates in demographic studies. Previously, we have
found that wildcaught Asian elephants had high mortality immediately after capture from the wild,
which, similar to the results here, lasted for a decade after cajhtaimdenperé et al. 2018Jherefore,

given the increased mortality rates following capture and an initial bias for capturing animals in good
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condition(Lahdenpera et al. 201,8) is feasible that only thmost robust wildcaught animals or those

more adapted to seroaptivity 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, ad average age in agpecific analysis, our results present good evidence that there are
strong selective disappearance effects. Furthermore,-cailght females have a delayed first
reproduction, lower reproductive output at peak reproductive ageswaaddalf survival but continue

to reproduce for longer, and thus exhibit a shift in reproductive strategy until older ages. Poor early life
conditions have previously been associated with a delay in reprod(ldtidstrém 1999and a change

in life-history trajectories (e.gMumby et al. 2015)n a range of specse and our results suggest that
similar crossgenerational effects may arise from (presumably stressful}osjdure. This highlights

the importance of understanding the ldegm evolutionary consequences of human disturbance and
wild-capture for wildlie populations.

The longterm effects of capture are currently not considered in research and conservation
programs, but our results suggest that theHhigtory of captured individuals may differ substantially
compared to those born in captivity. Currewidence suggests that some species, often those with
longer lifespan or slow liféistory, may be more prone to the negative effects of cafiloeney and
Lee 1999, Ryan et al. 2002, Curry et al. 2018t and Ventre 2015, Tidiére et al. 200M&e therefore
welcome more longerm 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 tiomserva
veterinary and ampoaching purposes), consistent lasgale wildcapture should be avoided to
supplement captive populations because it fails to provide a sustainabterdorgfrategyl eimgruber
et al. 2008, Jackson et al. 2018)d may have far reaching evolutionary consequences for captive

populations.
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Chapter 3

_ong-term trends Iin wilecapture and

population dynamics point to an

uncertain future for captive elephants.
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3.1 Abstract

Maintaining sustainable populations in captivity without supplementation througkcapldre is a
major challenge in conservation that zoos and aquaria are working towasgisver, the capture of

wild animals continues for many purposes where conservation is not the primary focusapiice
hinders longterm conservation goals by reducing remaining wild populations, but the direct and long
term indirect consequences oildvcapture for captive population viability are rarely addressed using
longitudinal data. We explored the implications of changes in-edfature on population dynamics in
captivity over 54 years using a multigenerational studbook of working Asian etspfdephas
maximu$ from Myanmar, the largest remaining captive elephant population. Here we show that
population growth and birth rates declined between 1960 and 2014 with declines -taptilde.
Importantly, wildcaught females had reduced birth rated a higher mortality risk. However, despite
the disadvantages of wilchpture, the population may not be sustainable without it, with immediate
declines owing to an unstable agfeucture that may last for 50 years. Our results highlight the need to
as®ss the longerm demographic consequences of wvaidghture to ensure the sustainability of captive
and wild populations as species are increasingly managed and conserved in altered or novel

environments.
3.2Introduction

Captive management and conservatos considered to be important stggp measures in efforts to
ensure that wild animal populations are sustaingddglford et al. 2011, IUCN 2016)lthoughex situ
conservation strategies have been implemented successfullyderge and Wallace 19949aptively
managed populations are often small, and fail to be representative of the species as a whole, genetically
robust or seksustaining(Redford et al. 2011)Many studies have found that zoo populations are
unsustainabl¢Lees and Witken 2009, Lacy 2013An assessment of 87 mammalian zoo populations
revealed that only half were breeding to replacement (tates and Wilcken 2009)Although an
increased effort is now being placed into maintaining sustainable captive populations through captive
breeding and reproductive technolagyacy 2013, Saragusty et al. 2016aptive populations in zoos

and agaria have long been supplemented through-ealpture(Faust et al. 2006 However, cafpre

from the wild may impose lonterm demographic consequences for captive populati@aisenpera

et al.2018) 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
freeranging or semcaptive conditions for many reasons other than consenvéDierenfeld and
McCann 1999, Golosova et al. 201#)ost notably as research animals or for economic purposes as
working animals(Mar 2007, Vors and Boyce 2009, Mason et al. 20lL8jge numbers of individuals
may be captured from the wild and consdion is not the primary goal of many setaiptive

populations, but conservation management must still be considered, particularly where IUCN protection
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is in place(Win 2018) However, few systems enable the assessment of how variation ioaptigre

rates influences demography and population vighiitcaptivity. One such species is Asian elephants
(Elephas maximgswhich are endangered but have a captive population of over 16,000 individuals, up
to a third of the total population, increasing the importance of captive manag@uknmar 2003)

Asian elghants are slow reproducers, exceptionally dtwed (mean lifespan = 38.4 + 11.6 years and
age at first reproduction = 19.8 + 5.7 yefrahdenpera et al. 2004and hae a matriarchal social
structure that has a large impact on survitaihdenpera et al. 2016jnaking them sensitive to
anthropogenic disturbance and slow to recqVerkalo et al. 2016)In the wild, although there have
been gloll population estimates and some assessments that indicate large population(Se&limsa

2003, Leimgruber et al. 2008, De Silva et al. 20183 have a poor understanding of population
dynamics (Blake and Hedges 20Q4)n captivity, many studies have emphasized that elephant
populations managed in zoos are not-saltaining(Myroniuk 2004, Faust et al. 2006, Clubb et al.
2009) but this constitutes only a small number of individuals globally (~1000 individigi&umar
2006). The vast majority of captive Asian elephants are partiallyriiaging, semcaptive working
animals in range countries, used primarily for timber logging, tourism and ceremonial purposes
(Sukumar 2006, Mar 2007Yraditionally, wild elephants were captured to supplement the working
population, which has been monitored in countries such as Myanmar for over a ¢€nkayGale

1971, Mar 2007)Although the majority of captive elephants are primarily managed for economic
purposes, conservation measures for tloekimg population have also been incorporated in to local
action plans e.g. in Myanm#&Win 2018) The casestudy of working elephants therefore provides a

unique opportunity to understand how wildpture influences populatia@ynamics in captivity.

Here, we aim to assess how letegm variation in wildcapture has influenced population
viability in the largest captive population of the leinged Asian elephant. To address this issue, we use
a detailed longitudinal studbook of governmenined femaldimber elephants (N = 3585) that were
captiveborn or wildcaught in Myanmar between 1960 and 2014. There has been substantial variation
in wild-capture during this period; Aun(@997)estimated that at least 2000 individuals wenagba
from the wild between 1970 and 1993. Furthermore, systematieceyitire was formally banned in
1994 (Uga 2000) Thus, this unigue dataset enables us to capture detailed variation-oapitilge and
vital rates across several decades, which provides rare insight idkentlographic challenges faced by
vulnerable species in captivity as a result of capture from the wild. From these extensive demographic
records, we address two key questions: 1) Between 1960 and 2014, how much didptuitd
contribute to observed annudianges in the number of individuals in the population? and 2) Now that
systematic wilécapture is no longer practised, and given observed variation in demographic rates, will
the current population decline in the future? To address the first questioaptueed historic trends in
agespecific life-history traits in wildcaught and captivborn female elephants, and related observed

changes in population size to witépture rates in each year from 1980 4. For the second question,
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using agespecific denographic rates from years after capture was banned, we constructed individual
based, stochastic projection models to assesséngpopulation viability over 250 years. We explored
population viability under model uncertainty of liféstory rates, obseed variation in the environment

and demographic stochasticity. Finally, we performed sensitivity analyses of the projection models
under different scenarios of changes to-fifstory rates, to provide targets for sustainable management

in semicaptive éephants.

3.3 Methods
Study population

The Union of Myanmar has the largest working population of Asian elephants, with more than 5000
individuals, and approximately 2700 are state owned and used for timber extraction pricasses
Gale 1971, Sukumar 20Q06)he 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 Myan(ivir 2007) Although MTE elephants are held in captivity,

we describe them as sendptive:1) they are freeoaming outside of working hours and in thendnth

annual rest period and forage naturally without supplementation, 2) there is no reproductive management
of the population and individuals mate freely with captive or wild conspecifidbeB? is no human
intervention with the weaning of calves, which are cared for by the mother until training at the age of
five (Mar 2007) and 4) culling is not practised and elephants only have access to basic veterinary care.
Veterinarians diagnose disease and record deaths and their cavsdaddiroad posimortem exams,
increasing the reliability of mortality estimatésynsdale et al. 2017)Despite workload and work
related stress having the potential to influetiée-history traits, population vital rates are more
comparable to those of wild African elephaf@ubb et al. 2009and Asian elephan{®e Silva et al.
2013)than to those held in zo@8lubb et al. 2008)Timber elephants have been monitored by the state
for over a catury, and the current studbook has been collated from individual elephéyidég and
annual MTE reports. To our knowledge, the studbook covers most individuals in the working population
between 1960 and 2000, but we had access to approximately 138enesgraphic records between
2001 and 2014. The final studbook was a feraally dataset (N = 3585, widaught = 1215) with
individuals from 11 out of the 14 regional divisions (or states) of Myanmar, inclédirgarwady,

Bago, Chin, Kachin, Magway, Maathy, Rakhine, Sagaing, Shan, Tanintharyi, Yangon and Unknown
regions for data selection details, see S2.1, S2.2 and figure S2.1). This fenhalgataset was used in

all analyses of lifehistory traits and population projections.

Wild individuals were gstematically captured in Myanmar until 1994 to supplement the
working population, after which they were protec(eda 2000, Mar 2007 However, individuals are

still taken from the wild into captivity in instances of hureephant conflict, but this occurs at much
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lower levels than historicallfMar 2007) For wild-caught individuals, specific birth date is unkngwn

and therefore age is estimated at the time of capture using shoulder height and a comparison of body
condition with elephants of known afdar 2007) In addition, the extent of pigmentation on the face
(including trunk and temporal areas), folding of the upper ear, tail hair, and wrinklingessiiin are

used to estimate age in witdhught individualgLahdenpera et al. 2018The exact error irage
estimation for wildcaught individuals is unknown, but thought to be within couple of years for
individuals that continue to grow (up to approximately 25 years Mlamby et al. 2015)which
constitutes the majority (72%) of those captuteathdenpera et al. 2018)sing records of wilgcaught
females, we included a measure of wilgpture, which broadly assessed the number of individuals
captured in each yeakHowever, this does not necessarily include all individuals captured for two
reasons. First, an estimate®8% of individuals die during captueair 1997) and the studbook only
includes individuals remaining in the working populati©@hdenperé et al. 2018pecond, we only
included wildcaught females caught before an estimated ag8,afthen their agestimation 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 resitted the studbook to a femabmly dataset because we could not reliably
estimate paternity and thus reproductive rates for male elephants from demographic records. There are
differences in lifehistory traits between male and female eleph@ratedenpera et al. 201,8)nd this is

a limitation of the current studbook, but we could not include the dynamicgles in this study.
However, A femaleonly 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 = 1:235; figureS2.6) and 50.54% of births to male calves. Females also mate
with both wild and captive bulléMar 2007) Thus, population growth and decline can be assessed

reliably using the dynamics of females.

Longterm trends in the agspecific vital rates of wildaught and captiveorn females

Mortality and birth events within the studbook were used to quantify population vital rates through time
for individuals of different birth origins, to parameterise population projection modelsspegfic

rates of mortality and birth were estimated fréime raw data using a generalised additive mixed
modelling (GAMM) framework, run using thgamfunction in the R packagagcv(Wood 2011, R

Core Team 2017 he raw data was smoothed using an additive modelling approach because there was
a large variation in the density of liféstory data spatitemporally and across ages. Thus, raw age
specific data in a giveyear may not be representative of general populdgioel trends of lifehistory.

An additive modelling approach also enables us to flexibly capturéimear trends in vital rates across

an individual és | i fespan aipdoutinlRiRCarggTeamt20le . Al |
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For every year of a femalebds | ife from birth/c

entering before 1960) to death/censoring, we coded the mortality and birth eventsiotieédihal as

binary response variables (fitted with binomial 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 alifeensor date). The time series dataset contained 66,528c@uittht =

30,287) yeamge observations from the 3585 females. We then modelled the probability of death and
birth separately as functions of age (numeric integer), observation year (numeyge,igears from

1960 to 2014), and birth origin (binary factor, captibggn vs wildcaught). Using model selection, we
explored the predictive performance of 18 models, which incorporated age as a linear predictor or
smoothing term, and observation yearadinear term, factor (decade or khddicade), 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 origitels@sproduct
interaction smoothing ternfg/ood 2003, 2006Models were selected based on the Akaike information
criterion (AIC) (Akaike 1987, Burnham and Anderson 20QBdr full details of model selection see

S2.2 and table S2.1).

We assessed the distributional assumptions of the best sndoel testing the
under/overdispersion of scaled model residuals. Scaled model residuals were calculated from the
DHARMapackage of R, which uses a simulatimased approach to create readily interpretable scaled
residuals for mixed effects modétsartig 2018) We tested for wher/overdispersion and uniformity in
simulated residuals using 1000 simulations (figure S2.2). Then, we quantified the uncertainty in birth
and mortality rate predictions from the best models. This enabled us to assess how much parameter
uncertainty influaced variation in population size in future projections. Parameter uncertainty was
guantified using posterior simulation of the best model, with 1000 replicates of model coefficients from
the posterior mean and covariance matrix of the model. Posteridation was selected ahead of other

bootstrapping techniques as it prevented the needfitornedels, which would risk undesmoothing.

How was past population growth influenced by veiggbture?

To explore how past trends in population growth were émfbed by wildcapture, we calculated realised
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 realised annual growth rate was calculated as

0 jU ,wherel is the number of individuals in yearPopulation changes from 2000

2001 were ignored because there was a decrease in the number of demographic records available to us
between 2000 and 200&/e partitioned out population change etedue to wildcapture and to annual
vital rates alone by subtracting the observed annuataagiidure rate from the change in the number of

individuals and recalculating the realised annual population growth rate. We tested the difference in
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populationgrowth rate with and without witdapture when capture was still practised systematically
(before 1995) using a linear model, with realised annual growth rate as the response variable and both

year (numeric integer) and capture presence (binary factprgditor terms.

Population projection models for a future without wildpture

To assess the future viability of the timber elephant population, we built femigle stochastic
individualbased projection models using predicted-gigecific birth and miality rates for years after
systematic wilecapture was banned (192914) (more details in S2.3, figure S2.9 and figure S2.10;
Grimm & al. 2006) We opted to use an individubdsed 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 Hfisstory records, whitshaving average predicted vitates

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
(table S2.1)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 large variation irhigeory parameters at these ages and very
few individuals. For each year in all projections, birth dedth events were randomly sampled from a
Bernoulli distribution according to agapecific 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 vitas racross observation years in
this period (1998014), without incorporating parameter uncertainty or environmental stochasticity
(52.3). Thus, the first model was intended to explore the averagéelonglynamics of the population
with demographic std@sticity alone. The projection began with the-afyacture present in 2014 (N =
1369; figure S2.10). Over 500 iterations, we projected 250 years into the future, which was selected to
capture longerm trends over t02.5 generations in the future (gemigon time 2025 years from
Choudhury et al. 2008Y his ensured that we captured stable {targh dynamics based on the average
vital rates between 1995 and 2014.

We then performed a hierarchical population viability analysis under three levels of uncertainty;
1) parameter uncertainty from the best mp@& environmental stochasticity (variation across years
19952014) and 3) demographic stochasticity (figure S2.11). 1) Parameter uncertainty was incorporated
using posterior simulation of the best birth and mortality models, from which we calculateet2@d
predicted values. Each set of predicted values included interannual (environmental) variation with
observation year included as both a smoothing term and random effect (table S2.1). 2) Environmental
stochasticity was incorporated by resampling bloghrandom 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
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setsof years for each of the 200 sets of predicted values generated through posterior simulation. 3)
Demographic stochasticity was incorporated by repeating each set of years 10 times. The total number
of simulations when assessing population dynamics ov&d-year period with different levels of
uncertainty was 20,000. We then projected 50 years into the future from the starting population size and
agestructure 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 iimigpackaggBates et al. 2015)o

partition the variance inl ) € N 6 & & Q@k&ibutable to demographic stochasticity within

environmental stochasticity within parametacertainty (figure S2.11)

Identifying demographic targets for population management

To assess how agpecific rates influence population growth to identify demographic targets for
population management, we performed numeric sensitivity analysesavetiage longerm dynamics

of the population excluding environmental stochasticity or parameter uncertainty. We first split age
specific demographic parameters of captieen females into four main stages forifistory: juvenile

(0-4 years of age beferweaning), preeproductive (512 years old), adolescent (28 years old),
reproductive adult (224 years old), senescent adult-{(#byears old). Lifehistory stages were selected
based on previous findings of lféstory patterns in timber elepharasd raw agepecific data
(Hayward et al. 2014, Crawley et al. 20{ffgure S2.7). Then, for each IHgistory stage, we increased

birth rates by 10% or decreased mortality rates by 10%, perturbing bifttmamality separately. We
selected 10% because it represented a realistic potential change in management for a-gistamyife
stage, laying beneath the variation in-lfistory rates that was observed in the raw data between 1960
and 2014 (SD 19% arid% for total birth and death rates, respectively). To assess population viability,
we performed population projections for each scenario, performing 1000 simulations over 200 years,
randomly assigning births and deaths to each individual in each y#ahikth 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.

3.4 Results

The average annual birth rate was 3.1% (ran@e25.4%) and the average annual mortality rate was
2.1% (range = 0-3.2%) for female elephants (N = 3585) between 1960 and 2014 (figure S2.5a). Our
measure of wilecapture 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
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1972 (figure S2.5b). Capture rates between 1965 and 1975 were higher than other years within the study
period, with 56% of all captures taking place withirsth®year period (figure S2.5b).

Birth rates varied across lifespan and years for both captive and wildcaught females
(figure 3.1a). For captivborn 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 vtiich generally there was a decline
later in life (figure 3.1la; figure S2.7a). In earlier years before 1970, there were fewageold
individuals and the population was smaller, and so predicted birth rates increased later into life, but on
average bih rates declined beyond the age of 44 (figure 3.1a; figure S2.7a). Birth rates were
consistently lower on average in witdught females across ages, increasing more slowly from age 12
and reaching a maximum annual predicted birth rate of only 7%. Howatvelder ages wildaught
females exhibited higher birth rates, but also declined after the age of 50 (figure S2.7a). Overall, birth
rates declined between 1960 and 2014, particularly for captinefemales (figure 3.1a; figure S2.8a).
The best modeld birth rates included a tensor product interaction smoothing term between age, year
and birth origin, and an additional term for annual variation with year as a random factor (table S2.1).
We did not find evidence for an effect of population size otlsate 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 (table S2.1; figure S2.4a). The
best model fit te data well because there was no evidence of overdispersion-anifemity in the
simulated residuals (figure S2.2a). Furthermore, there was no observed covariance between simulated
model residuals and explanatory variables (figure S2.3a; figure S2.3c).

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 3.1b). Mortality rates were
also higher in wildcaught females than captibernfemales, but at extreme ages (> 50 years of age),
there was some evidence that wilaught females had reduced mortality due to selective disappearance
(figure 3.1b; figure S2.7d;ahdenpera et al. 2018pPredicted mortality risk at all ages also fluctuated
across the study period for both captbhan andwild-caught females (figure 3.1b; figure S2.8b). For
mortality, the best model also included a tensor product interaction smoother between age, observation
year and birth origin, with an additional random term of year. Again, we found no clear evidence of
effect of population size on mortality rate, with an AIC difference of 0.38 compared with the second
best explanatory model with more parameters (table S2.1; figure S2.4b). Furthermore, there was little
evidence of nowniformity, overdispersion, or caviance with explanatory variables in the simulated
model residuals (figure S2.2b; figure S2.3b; figure S2.3d). For both birth and mortality models, the
random effect of spatial division was accounted for in subsequent projections by using values from
Kachin state, which was closest to the average birth and mortality values across divisions, with a large

population size.
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The number of individuals in the final femabdaly studbook dataset between 1960 and 2014
increased from 385 to 1369, with a maximum 671 individuals in 1992 (figure 3.2a). To investigate
changes in population growth rate across the study period and to assess the implicatiorsaptuvitd
for population growth, we calculated the observed annual population growth rate both withheoud wit
wild-capture from raw data. Realised annual growth rates were highly variable across observation years
(figure 3.2b). Generally, growth rates declined between 1960 and 2014 (rangei=10193 (figure
3.2b) but remained above replacement rate (droate 1) before 1990 when capture was included.
However, population growth rate was highly dependent oneeifiture, suggesting the population may
not be sustainable, particularly as systematic-aéigture was banned in 1994. Growth ratesluding
wild-capture before 1995 were 2.1% lower than those includingoaipdure (Es7 = 22.1, p< 0.001).
Together, the historic changes in the female tirdbephant population suggest that large population
increases were accompanied by intensive-adlgture rées, 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 excludingcapldre, we
performed individuabasedstochastic projection models of the population beginning with the starting
agestructure in 2014. We first investigated letggm (250 years) dynamics over 500 simulations in a
scenario excluding model parameter uncertainty or environmental stochagieitgrally, 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 3.3a). However, the model projection had a long
lasting transient phase of flwation in the population of ~70 years, in which the population declined
down to 1176 individuals in 2056. After this transient phase up to ~2080, the population reached a
steady, but small stable annual growth rate of ~1.005 (figure 3.3a). Although tmmpgl@owth was
predicted in the longerm, 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 environmensaochasticity and parameter uncertainty were included
(figure 3.3b). Including uncertainty in the environment and parameter uncertainty, we again found an
average population decline of ~150 individuals over 50 years. However, decomposition of thet differe
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 3.3c). After 50 igegparameter uncertainty explained ~75% of the variance
in population size (figure 3.3c). This suggests that understandingeangvariation in demographic

rates is particularly crucial in this lodiyed species.
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We investigated which agspecific demographic rates had the largest impact on population growth
by performing population projections under scenarios with changes to demographic rates ahistgiife
stages and comparing them to the baseline scenario. \&&igated the sensitivity of population viability
to 10% changes in each hFgstory stage (increase for birth rates, decrease for mortality). The majority of
changes to agspecific rates had relatively little effect on population viability relativehi baseline
scenaridfigure S2.12). However, both a 10% increase to the birth rates of adult reprodueé4s 62t a
10% decrease in mortality of juveniles4Phad a substantial influence on population viability and resulted
in a more rapid populatiomcrease (figure 3.4). Population 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 298ar period. Notably, increases inthirates at older ages @®) and in
early reproducers (120) also had an influence on population growth (figure S2.12).
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Figure 3.4Increases to juvenile survival represent a realistic and meaniagjet for conservation
management. Individuddased, stochastic projections excluding parameter and environm
stochasticity over 200 years under three scenarios; baseline (average observed dymaplies

a 10% increase to adult birth rate (a@e42 i blue), and a 10% decrease in juvenile mortality (¢
0-471 green). Solid lines are the population size on the natural log scale, with 95% CI acros

simulations, dashed line indicates the starting population size of 1369 females in 2014.
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3.5 Discussion

Our results challenge the prospect of maintaining viable populations of captive elegtrenisthe capture

of individuals from the wild. Historic trends in population dynamics using demographic data spanning 54
years revealed that population growth rate was highly dependent eoapiidre. Given this dependence

on wild-capture and an accompied decline in birth rates between 1960 and 2014, the outlook for captive
elephants excluding wildapture is uncertain. Lorgrm population projections predict immediate
population declines, but lorgrm stable population growths rates that are ctoseeplacement rate,
suggesting that the working population is vulnerable to environmental disturbance. However, due to an
unstable agstructure, immediate transient population declines may last for approximately half a century,
suggesting that managememiust be tailored to the slow lifgistory of Asian elephants. Although
population viability excluding wiletapture is uncertain, our results also suggest that there aréetang
demographic consequences for individuals that are caught from the wile;amidght females have lower
life-time birth rates and higher death rates than capiive females. Wiletapture reduces remnant wild
populations, but also has a letagting demographic impact on the demography of the captive population,

and we must focusn managing the demography of captive populations to prevent future declines.

Between 24% and 29% of the global Asian elephant population is held in ca@@ivkiymar 2003,
Choudhury et al. 2008pf whichMy anmar 6 s ti mber el ephant popul ati c
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, ourskawds that for
decades, this has not been achievable without the capture of wild individualsapfloe in Myanmar has
been detrimental for the wild population, which is important for both Asian elephants and their surrounding
ecosystenfLeimgruber et al. 2003).eimgruber et a[2008)postulated that capture rates of 100 individuals
per year would result in the extinction of the wild population in under hedindury. However, the exact
dynamics of Myanmar 6s wil d p ogptdreadtes is anknowAswet | at i o
as decreasing the size of the wild population, we found evidence thatawmidht females have lower birth
rates and survivawhich is most likely a result of the stress of the capture pr¢cabkslenpera et al. 2018)
However,despite the lower performance of witdught females in captivity, there were large declines in
captive population birth rates with declines in welabture. In other words, the captive population depended
on wild-capture.Furthermore, historic rates of iicapture do not necessarily take into account capture
related mortality itself, and many more elephants may have actually been removed from the wild than are
utilised in the timber industrgLahdenpera et al. 2018yor example,he estimated instant mortality rate
during the elephant capturing process in Myanmar is high, varying between 5% and 30% depetin
capture methodLair 1997, Myint Aung 1997)The ongoing wilecapture of elephants is not limited to
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supporting Myanmardéds ti mber el ep heephargcoffliethbutedt n o w
systematically): capture continuesrldwide for both legal and illegal purposes (&grnando et al. 2012,

Nijman 2014) Asian elephant populatisrcurrently held in Western zoos, safari parks, and circuses are not
self-sustaining(Myroniuk 2004, Clubb et al. 2009and 60% were wildcaught andmported from range
countries(Clubb and Mason 2002The reliance of captive Asian elephant populations on-edfuture 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 population projections. Aandful of studies have also aimed to assess the viability of semi
captive elephant populations (elgimgruber et al. 2008, Suter et al. 2Q1Bdth studies forecasted that
extinction was highly likely. Importantly however, both studies impose carrying capacities on working
elephant populations, which limits population gro\itkimgruber et al. 2008, Suter et al. 2Q1Mje did
not find evidence for a correlation between realised population size arspegjéic vital ratesn this
extensive demographic dataset spanning 54 years. Furthermore, the notion of density dependence in semi
captive populations is not trivial; individuals are not always subjected to habitat limitation or competition
as with fully wild populations, bewise of human management. Another key difference in the current study
was the incorporation of temporal variation in &pecific vital rates that were estimated directly from the
demographic studbook, rather than static-sjgecific rates. Historic annuglopulation growth rates
displayed a large variation between 1960 and 2014. Understanding temporal differences in demography and
life-history are therefore crucial for population dynamics. However, temporal differences in vital rates have
been absent in prious projections in Asian elephafitgimgruber et al. 200&Ilubb et al. 2009, Suter et
al. 2014) Previous work has suggested that the quality of demographic aiinistibey data needs to be
addressed in viability analyséSoulson et al. 2001put our results suggest that thiay be accentuated in
long-lived species, where many decades of data are needed to quantify vital rates. Slow intrinsic growth
rates and lifenistory in species such as elephants may exacerbate external pressures, resulting in further
population declinegTurkalo et al. 2016)Indeed, we observed transient population dynamics that last
several decades in losigrm projections, and previous work has found Hasging mortality effects in
working elephantg¢Lahdenpera et al. 2018This result is important for the conservation of ldingd
species; an unstable ageuctue can lead to lortasting 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 thailtery of taget 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 individuals is a potential solution,
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because it is clearly detrimental fthie wild populationLeimgruber et al. 2008)nstead, we suggest that
management should be focused on sustaining the current 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 characterised by low annual reproductive rates. Although, as expected, birth
rates in adult females had the biggest iffice 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 provides a clear and tractaijet tar 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 wddke Gale 1971, Mar 2007, Crawley et al. 2019)
Elephants are removed from the mothethéd stage to undergo training, and this stress is may have a
negative impact on survivgMar 2007) Furthermore, mortality is highest in neonatal,-yweaning
elephantgMar et al. 2012, Mumby et al. 2013)his phenomenon is common in other populations and in
African elephants,auticularly in captivity(Weise 2000, Clubb et al. 200&)urther to previous findings our
results suggest that targeting the factors influencing juvenile mortality may have a disproportionately
beneficial effect on population growth. This coblel achieved by adjusting management to reduce stress

during the taming process and for peak reproductive aged females, and to target neonatal mortality.

Ex situconservation is now common to prevent extinction in wildlife populations, but removalvitiinalis
from the wild may be detrimental to both populatiomsitu, and those in captivity. With humamanaged
populations becoming increasingly common, there is a need for an increased understanding of how human

intervention influences demography arfd-history.

3.6 Keywords
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4.1 Abstract

1. A changing environment directly influences birth amottality rates, and thus population growth rates.
However, population growth rates in the skerin are also influenced by population @geicture. Despite
its importance, the contribution of ag&ucture to variation in population growth rates haslyabeen

explored empirically in wildlife populations with lortgrm demographic data.

2. Here, we assessed how variation in-sigecture influenced shetérm population dynamics in a semi
captive population of Asian elephanEdphas maximys

3. We aldressed this question using a demographic dataset of female Asian elephants from timber camps in
Myanmar spanning 45 years (192014). First, we explored temporal variation in -atreicture. Then,

using annual matrix population models, we used a retotispevariance decomposition to partition
population growth rates into the independent contributions ofstigeture and agspecific vital rates,

relative to average conditions.

4. Agestructure was highly variable over the study period, with large ptiope of juveniles in 1970 and
1985, and was responsible for a significant proportion of variation in population growth rates. High adult
birth rates between 1971B80 would have resulted in large positive population growth rates, but these were

preventedby a low proportion of reproductiveged females.

5. An understanding of both ageecific vital rates and agdructure is needed to assess st@m
population dynamics. Furthermore, the importance ofsaigesture may be accentuated in populations
experiencing human disturbance where-aggacture is unstable, such as those in captivity or for endangered
species. Ultimately, changes to the environment undoubtedly drive population dynamics by influencing
birth and mortality rates, but understanding dgraphic structure is crucial for assessing population
growth.

4.2 Introduction

Popul ation growth rates are valwuable indicators
organisms may respond to changes in their environment.ohgtagespedfic birth and mortality rates are

the fundamental components used to calculate population growth rates, and accountingsj@cifige
variation in birth and mortality is vital when quantifying population dynarf@aswell 2001, Colchero et

al. 2019) However, population growth rates in the skiertm are not only determined by birth and mortality,

but by demographic structurer, the number of individuals at different ages and of each sex. A change in

demographic structure may, for example, lead to a population that lacks a sufficient number of reproductive
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aged individuals, limiting population growth in the short term. Chamggemographic structure may even
result in rapid population declirffee Galliard et al. 2005Asages peci fi ¢ birt h and mor
ratesd, are direct | yStearmsplaor, Pardbd etlaly2013, Weimerskinch 2QiN me n t
environmental perturbations to these rates may result in changes-gtrageire, which eventually lead to
persistent differences in population size relative to a population at stabstractere. This concept has

been formalised as population inertia, in wieviations away from a stable asgfeucture can lead to short

term population growth or decline before stable dynamics are reéikbeds et al. 2007)Indeed in a
constantly changing environment we observe large fluctuations in the demographic structure of populations
through time alongside changes in population g&aillard et al. 2000, Moss 200Trimble et al. 2009,

Ezard et al. 2010)Thus, with variation in demographic structure we expect variation in population
dynamics, even with identical environmental conditi@@sulson et al. 2001and there is a need to explore

how agestructure influences population growth independently of variation in birth and mortality rates.

Studies assessing population growth rates have typically focused etefomgstable population
dynamics, which are not reliant upon population-sigecture. However, transient dynamics, or shenn
population dynamics arising from natable agestructure, have been shown to be a significant driver of
population dynamicsni many populationgEzard et al. 2010, Stott et al. 2011, Ellis and Crone 2013,
Mcdonald et al. 2016)or both animals and plants, transient dynamics are particularly pronounced in long
| i ved or gani s +istoriesj vthibh typisally aispfay shetefmepopulation dynamics with a
larger amplitudgStott et al. 2010, Gamelon et al. 201B)rthermore, the role of aggructure in shost
term population dynamics is likely to be inflated in populations that have been disturbed, where age
structure is expected to be unstable. Therefore, it is important to considetesmoptopulation dynamics
in species that are endangered, captively managed, experience poaching/harvest, and are vulnerable to rapic
environmental changéGaoue 2016, Jackson et al. 2Q1Becomposing the effects of environmental
processes on population growth is a key goal in population ecology, and retrospeahjges such as life
table response experiments provide a framework for unpicking the independent drivers of population growth
rates(Caswell 1989, Williams and Crone 2006, Kalisz et al. 2014, MaldoGhaparro et al. 2018Yhe
life-table response experiment framework has also recently been applied to decompose population growth
rates into contributions from vital rates and population stru¢Kwens et al. 2016)However, few studies
have applied our understanding of transient dynamics empirically to test how variationrsinuagee

influences population growth independently of-ggecific vital rates.

Onre key issue when assessing the impact of demographic fluctuations on population dynamics is
that individuals may live for several years or even decades, makinggiongtudies crucigClutton-Brock

and Sheldon@10). Ideally, demographic data on individuals spanning several generations are available to
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guantify vital rates and agsructure within a populatiofCoulson et al2001, Moss 2001, Robinson et al.
2012) For example, lifehistory data in the wandering albatross gathered over 50 years revealed that
demographic variation in foraging efficiency was a strong predictor of population déMaimerskirch

2018) Longterm studies are of particular importance for Kingd species where changes in the
environment and subsequent effeon agestructure may last for several decades or generations- Long
lived species with growth rates near replacement may be slow to recover from anthropogenic disturbance,
and exhibit delayed responses to changes in the enviroliivhess 2001, Kuussaari et al. 2009, Turkalo et

al. 2016, Jackson et al. 2019, Lahdenpera et al. 2013)lephants, elevated stress and investment to
fecundity early in life can influence reproduction and survival several decadeqllateret al. 2013,
Hayward et al. 2014, Mumby et al. 201%ge-structure may be particularly important for population
growth rates in londived species, as delayed responses to the environment influence savival
reproduction and impact upon ageucture.

Here, we aim to assess how aricture influences population dynamics in a kimgd mammal.
Deviation away from a stable ag&ucture has been shown to drive stierin population dynamidg&llis
and Crone 2013, ¢#ons et al. 2016)but rarely has this concept been applied empirically to animal
populations using lonterm demographic data. To address this, we used an extensive multigenerational
demographic studbook (N= 2223) of female working Asian elephkigshas maximysfrom Myanmar,
from 1970 to 2014. This loaterm, individuatbased dataset enables us to accurately capture variation in
agestructure and individual liféaistories over several decad€&hapman et al. 2019)vith which we can
esimate vital rates and population growth rat@ackson et al. 2019First, we explore fluctuations in
population agsestructure through time. Then, by capturing stierin, transient population dynarsiin each
year with matrix population models, we used a retrospective variance decomposition to assess the
independent contributions of starting egjeucture and vital rates on population growth rate, relative to the
average environment. We show that-agrecture was highly variable across the study period and explained
a significant proportion of variation in population growth rates over 45 years, highlighting the importance
of demographic structure for population dynamics.

4.3 Materials and Methods
Sudy population

Asian elephants have a substantial ex situ population of approximately 16,000 individuals globally
(Sukumar and Santiapillai 1996, Sukumar 208&)st captive elephants are held in range states (e.g. India,

Myanmar and Thailand) and used as working animals, either for use in the timber industry, tourism, or for
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ceremonial purposes. The Union of Myanmar has the largest working population of 09én&i@iduals

(Toke Gale 1971, Sukumar 200®)ur study population is comprised of over 2700 statged working

timber elephants across Myanmar, which are used in the logging industry. Importantly, although timber
elephants in Myanmar are captively managed and may be influenced byeladd stress, we define them

as semicaptive. They have mortality and fecundity patterns comparable to natural popyl@tidiset al.

2009) with an onset of reproduction at the age of 13 and a peak age of reproductidiajdgrd et al.

2014) Furthermore, they have extended rest periods during the dsxirséFebruarjune) and at night,

forage naturally in the forest without extensive supplementation, wean calves and reproduce naturally
without human management, and are not culled. Timber elephants have been managed in Myanmar for
centuries, and both wadicaught and captivborn individuals breed in captivity, but the current population

was initially established mostly through the capture of wild individuals before (L2000, Jackson et

al. 2019) In 2014, approximately P5 of the population was born in captivity. The stawened timber
elephants included in our study are all registered and managed centrally by the Myanma Timber Enterprise
(MTE), and thus keeping systems and workload regulations are consistent acrosstiyg\dar 2007)

We used a demographic daet compiled from individual elephant logbooks and annual MTE reports.

All registered elephants have data on the following: identification number and name, birth origin
(captiveborn or wildcaught), date and place of birth (estimated for wddght indviduals, see
Lahdenpera et al. 201,8) mot h er & $1 nimbee antd haine, yeaart andoplace of capture (if-wild
captured), year or age of taming, identities of all calves sired (if female), date of death or last known date
alive, and cause of deafliynsdale et al. 2017)Ve restricted the initial demographic studbook for several
reasons. First, we used femalely data for assessing fluctuations in -ag@icture and population growth
because we could not reliably quantify ageecific repoduction in males. Using fematmly data was also
appropriate for the current study as reproduction was not limited by the number of males, and females also
mated with wild individuals in rest periods. Second, we only used data from ehptivéemalesto reduce
the potentially confounding effects of capture from the wild on-sigecture and population growth
(Lahdenpera et al. 2018, Jackson et al. 2018iyd, only sparse demographic records were available before
the 1950s. Thus, we only included females that were born after 1940 (all but two indivickething peak
reproductive age (280 years old) in the 1960s. Finally, we removed any females with contradictory
death/departure/birth information (5% of data). The final studbook contained 2568 taptiviemales,

ranging in birth year from 1941 014, and this data was used in all subsequent analyses.
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Temporal variation in population aggructure

We first explored longerm changes in population aggucture across the study period, which may
influence population dynamics. We calculateddhserved agstructure of the population as the proportion

of females in each fivgear ageclass between the ages of 0 and 50 (e4. 9,1014) in each year
between 1970 and 2014. We used {fjgar ageclasses to maintain a sufficient sample sizectich age
class in each year to visualise general patterns of changesdagare. Agestructure was only calculated
from 1970 onwards because before this point only very few capticre individuals were present in the
population (<459, and none almthe age of 29). In addition, we included only population growth measures
from 19702014, again to account for smaller sample sizes and a lack-afjettlindividuals. All analyses

were carried out using R version 3.dRCore Team 201y

Parameterising an agstructured model

We parameterised annual agfeuctured matrix population models using predictedsggpeific per capita

vital rates. We refer to the component of population growth that can be attributed to variation in the age
specific vital r atretsr iabsu ttihoen 66. e nWei reomcnoednetda | r acw d e mo ¢
ti me series, spanning each year of a femaleds I|ife
date) between 1940 and 2014, where mortality and birth rates were recorded as binasg resgables,

with 1 indicating a birth or death in a given observation year. Thedaries dataset contained 44,842 year

age observations from the 2568 females. We smoothed birth and mortality rates from raw demographic data

using a generalised addigivmixed effects modelling (GAMM) approach, implemented using the gam

function in the mgcv packag®/ood 2011) The variance in raw demographic datesveaoothed using

GAMMs because the sample size in many-pg@ combinations was too small to directly estimate the
corresponding vital rates. We modelled the probability of birth/mortality as a function of age and year using
GAMMs fitted with binomial eror structures and a logit link function. The interacting effects of age and

year were captured with a tensor product interaction smoothing(¥oud 2006) Birth and mortality

models also accounted for spatial variatiowital rates by incorporating a random effect smoothing term

of regional division in Myanmar (grouped to make sample sizes more comparable, see S3.1), penalised with

a ridge penaltfWood 2008) We assessed the distributional assumptions of the models using simulated

residual diagnostic tools from the DHARMa package of R, testing for under/overdispersion and uniformity

in simulated residuals from 1000 simulatighartig 2018)
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We then used the predictenitb and mortality rates for captivsorn females and the ageucture
in each year to construct annual matrix projection models for the population betwee20147Qsing 71

annual agelasses (&0 years old):

. == h egnl

wheres= is a population vector giving the starting agjructure of the population (number of individuals
in each agelass) in yea, and= is a Leslie matrix containing predicted agecific survival and fertility
values for captivdorn females, and capes the environmental component (i.e. the component that is
directly influenced by the environment in each year) of population growth, irby€he Leslie matrix=

is given by
= | qhem2

wherel} is the matrix of survival angl is the matrix of fertility in yeab. Here, we parameterisdld using

the mean probabilities of survival for each age class in each vyaar, given by

== p H hwhereH is a vector of the mean predicted probabilities of mortality for eacltlags in
yearo. We parameterisefl using the mean predicted fertilities for each age in each-H/eagi,ven by-H—

_l, where reproduction is conditional on survival .1ds a vector of the mean predicted probabilities
of birth for each agelass in yean. From annual population projection models, we calculated the-short

term population growth rate, in yearo, given by

= A A=

_="h

—h eqn3

m A A

where £4& denotes the sum of (absolute value) entries in a vector. Thetshmrpopulation dynamics
described by =h  capture realised annual population growth rates instead of stable population
dynamics(Ezard et al. 2010)rom past demographic datdere,_ = h  in each year of the study is a
function of the two processes, and= presented in equation 1. Shéetm population growth rates and

annual matrix population models were used in subsequent analysessiruatyee.

Partitioning the effect of agstructure variation on population growth rate

To investigate how much variation in population growth rate could be attributed to variatiorsinLegere
across the study period, we used a retrospective approach to decompose the variation in realised population
growth rate_=Fh  into contribuions arising independently from variation in the environmental

component (projection matrix} , and the agstructure componemnt, . The goal of this approach was to
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assess how the agéructure and environmental components in each year indepenrafésthed population
growth rates relative to the average conditions across the study period. Thus, in addition to the realised
population growth rate captured in equation 3, we also constructed population models to capture the average

environment, and tmcorporate the observed ageucture and environmental components independently.

First, we constructed an averagmavironment projection model using the estimated mean projection
matrix over the study period. The corresponding aveemy&onment poputson growth rate_ = | is

defined as

=t %ﬁﬁ eqn 4

where= is the mean projection matrix across the study period, parameterised using mepeciie
predicted birth and survival rates between 12004, and is the right eigenvectorstable agestructure

vector corresponding te= We refer to= as the averagenvironment agstructure. The use of a mean
projection matrix across the study period as a reference may be confounded by the length of the study. To
investigate the validityf our approach, we repeated subsequent analyses with -adigieg average
environment model, for which the mean projection matrix was calculated in each year using a sliding
window approach with 10 years of demographic data before and after the tbagrear (maximum of 20

years/1 generation length of demographic data per year).

Then, we constructed annual eggeuctured projection models that included the observed age
structure , but held the mean projection matri, from the average envinment. These projections
capture the independent effect of annual variation instgeture on population growth rates. The
corresponding shoterm population growth rate for these modelssfr , in yearo with the mean

projection matrix=is defired as

=t = %3 eqn5s
/A A
To capture the independent effect of the environmental component on population growth, we
constructed annual aggructured projection models that included the observed projection rsatrixut
held the averagenvironment agstructure . The corregonding shorterm population growth rate for

these models, = b , in yearowith the averagenvironment agstructures is defined as

=Pk =8 eqé

With the average environment model terms as a referenaad ), in each year weartitioned

the independent effects of aggucture and environment on observed population growth rates. To partition
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agestructure effects in each year we used an ANOVA decomposition. Comparing population growth rates
incorporating (equation 5) tahe average environment population growth rate (equation 4), we estimated
the effect of agestructure on population growth in each ye@omparing population growth rates
incorporating= (equation 6) to the average environment population growth ratestiveated the effect

of the environmental component on population growth in each yearactions betwees and= were

then estimated by comparing the observed population growth rate (equation 3) to the average environment
population growth rateWe write the annual natural ldgansformed observed population growth rate

I L=Fh inyeardas a linear function of the corresponding population growth rate in the average
environment] 1 =f |, an environment effec¥=, an agestructure effec¥= , and an interaction effect

Y= a¥= , such that

_,
g

= f» 1L=h VY= Y« Y=a¥V=-h eqn7?

wherel 1 =h is the intercept. Therefore, to estimate these effects we compared the population growth
rate in each year using all pairwise combination of terms described in equa@oi$fi& resulting design

of the simulation egeriment was a fully factorial ANOVA without replication for each year fgersus

= ,and= versus ). The effects in equation 7 indicate the independent and interactive contributiens of

and tol L=h relative to the average environment, an

ANOVA.

Finally, to disentangle the influence sdirvival and birth rates on variation in population growth
rates alongside the effect of agieucture, we further separated the effect of the environmental component
(= into independent contributing effects from the annual probability of sundsiland probability of
birth '), and their interaction with aggructure. We used the mean predicted birth probability as opposed
to the mean predicted fertilities to avoid the confounding influence of survival on fertility (as fertility is
conditionalon survival), so birth and mortality effects could be addressed independently. We decomposed
variance in population growth rate following the same ANOVA framework but calculating average
environment terms for survival and birth separatalar@dl resgctively). Then, comparing the population
growth rate when including the observed survival and birth probabilid@safd l , respectively)
independently to the average environment terms, we could estimate the contribution of survival and birth to
obsrved population growth rate. Similarly, we write the annual naturatréomgformed observed
population growth ratd, I = h , in yearoas a linear function of the corresponding population growth
rate in the average environment] = , a survival effecY=m, a birth eﬁecS’l , an agestructure effect

Y= , and interaction effects between survival/birth andsigecture Yum(Y= andYj ¢¥= , such that

Ii=hm 1

=
=

= Vem P YV YemiV= YV 8 eqn8
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We estimated these effects using pairwise combinations of model terms, and the design of the
simulation experiment was a factorial ANOVBHowever, this design was not fully factorial because we
excluded the 2vay interaction betweeYimm andYf| (Y= in equation 7) and theBay interaction between
Yeuu, Y] and¥= (Y= &= in equation 7).

4.4 Results
Fluctuations in agestructure over 45 years

There were large changes in the observedsageture of the population across the study period, with the
population biased towards a larger proportion of younger individuals early in the study period, ard a mor
even distribution of ages (including older adasses) after the year 2000 (figure 4.1). Across the study
period, 43% of individuals were under the age of 13, the onset of reproduction. However, the proportion of
individuals older than 25 (after peakpreduction) increased across the study period (figure 4.1). The
variation in agestructure across the study period was particularly pronounced in youragaages; the
proportion of individuals between 0 and 4 ranged from 11% to 31% across the study(fimpurie 4.1). As

such, there were extended periods (~5 years) with markedly increased numbers of juveniles in the
population, followed by an increase in the number of adults. These periods were observed in approx. 1970,
1985 and to a lesser extent in 2q@igure 4.1). There were relatively fewer individuals in olderelgeses

present in the study population between 1970 and 2014, with individuals over the age of 45 only present
beyond 1986 (figure 4.1). Together, these results suggest that thereebawibstantial fluctuations in the

demographic structure of the captivern population over 45 years, particularly in younger individuals.
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Figure 4.1 Fluctuations in the agstructure of captivdorn female timber elephants between 1970 and 2@I#eatmap of the

observed agstructure in each year for each fiyear ageclass, with the colour denoting the proportion of individuals. The das

line indicates the age of the onset of reproduction i.e. age 13.

Agestructure is asignificant driver of population growth rates

Generally, birth rates increased rapidly at the age of 12 until a reproductive peak between 18 and 24 years
of age, and declined later in life, with few births recorded over the age of 55 (figure S3.1).tMmatas

were higher in young and old individuals, particularly below 8 and above 45 years old, with lower mortality

in adult individuals (figure S3.1). Mean birth rates declined across the study period, and this was particularly
due to high adult birth tas in the 1970s and 1980s in comparison to later years (figure S3.1; figure S3.2).
There was no evidence of naniformity or overdispersion in the simulated model residuals of the birth

and mortality models (figure S3.3). Across the study period, thenadxs logtransformed population

growth rate { L = h ) in each year varied fron®.01 in 1991, to 0.01 between 2012 and 2014 (figure
4.2a). Between 1988000, population growth rates were negative, but otherwise remained above
replacement rate (>@jter 2002 (figure 4.2a).

The averagenvironment population growth rateas 0.015, equating to a 1.5% increase in the
population in a single year, and was above the observed population growth rate (figure 4.2a). Importantly,
the observed population ageuctureexplained a significant proportion of variation in population growth

79



rate, in addition to effects from the environmental component (figure 4.2b). Between 1970 and 1985,
population growth rates were markedly higher when including the environmentabation (but holding

the averag@nvironment agstructureyelative to the average environment, ranging between 0.01 and 0.11,
suggesting that agspecific vital rates were driving population growtligyre S3.4) However, the
environmental contributiodeclined over the study period, becoming negative in 1985 and then stabilising
after 2000 (figure 4.2b). Conversely, the contribution ofstgecture to variation in population growth rates
relative to the average environment increased across the mtuidyl (figure 4.2b). There were large
negative contributions before 1978 when feweraged individuals were present, with population growth
rates including the observed asfeucture substantially lower than the average environment population
growth rae. Furthermore, there was a large negative interaction effect-straigéure and the environment
early in the study before 1985, and negative interaction effects after 2000 (figure 4.2b). Importantly, the
variance decomposition of observed populatiomginoates in each year highlighted both-agreicture and

the environmental component as crucial drivers. The positive contribution-efragtire was greatest after
2002, where the population growth rate incorporating the observestrageure (but haling the average
environmental component constant) was ~0.04, lying above the ax@raigenment popualtion growth

rate However, before 1993, the contribution of agricturgo population growth rates was negative,
suggesting that the population agpicture was unstable for much of the study period (figure 4.2b). The
importance of agstructure for population growth rates was also not dependent on the choice -average
environment conditions, with similar patterns observed when including avéingeng average environment

as a reference (figure S3.5).

Finally, we separated the influence of the environmental component (projection imétritg two
contributing processes, agpecificbirth and survival probabilities. The crucial environmental component
governing population growth rategs agespecific birth probabilities, with large positive contributions
between 1970 and 1985, and declining contributions that stabilised later in the study period (figure 4.3).
Furthermore, the contribution from agpecific birth probabilities mirrorethe overall contribution from
the environmental component, and was also accompanied by the reduction in mean predicted birth rates
(figure 4.3; figure 4.2b; figure S3.2). This suggests that the reduction in the contribution of the
environmental componentas due to the reduction in birth rates over the study-shegeific survival
probability was a much weaker driver of population growth rates, with contributions close to 0 across the
study periodfigure 4.3). Combined with negative contributions of-agacture early in the study period
and strong negative interaction effedtss result suggests that despite larger observed birth rates having
the potential in increase population growth rates in the 1970s and 198Gs$ruagiere was unstable, and

obsened population growth rates were lower
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Figure 4.2 Age-structure is a key determinant of population growth rateShe observed log transformed skerm population growth rate (yellow link,I = f»
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4.5 Discussion

Many studies have investigated the drivers of population dynamics inlileag species, with a
particular focus on climate change, habitasl@and direct human drivers such as poaching and how
these influence the vital rates that govern population de@ess 2001, Boggs and Inouye 2012,
Jenouvrier et al. 2014, Flockhart et al. 2015, Lusseau and Lee Blalver, while the environmental
component (vital rates) is crucial, po p u |l at -staictubescanaog lee ignored when assessing
population dynamics. Our results highlight the importance ofstgeture as a driver of population
dynamics in longdived species in addition to, and independently of, environmental contributimm

vital rates. Using a retrospective variance decomposition, we found that a significant proportion of the
variation in population growth rates was attributable to variation irsaigeture, which exhibited large
fluctuations over four and a half dees. The contribution of agtructure fluctuations to population
growth rates was strongest in the 1970s, where a lack of reprodaggdeindividuals counteracted

high adult birth rates, preventing large observed population growth rates.
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Temporal vai@tioninages peci fi c vital rates (the fAenviro
significantly to variation in population growth rates between 12FD4. Early in the study period (1970
1980), there was a substantial positive contribution of this coempda variation in population growth
rates relative to the averagavironment, which was primarily driven by high birth rates. Furthermore,
negative population growth rates between 19860 were also associated with negative contributions
from birth raes in the environmental component, and declines in the predicted birth rates across ages.
These results support previous findings of a decline in adult birth rates in this population between 1960
and 2014(Jackson et al. 2019put the reasons for this decline are less clear. Fecundity iHil@ay
mammals has generally been associated with environmental conditions such as climate or habitat
availability, which affects body condition and thusafedade abi | i ty t o (Coubseni si on
et al. 2000, Parkert@l. 2009, Cook et al. 201.3for example, drought conditions in Kenya have been
associated with lower birth rates in African elephdhess 2001) In the current population, monthly
survival was highest at moderate temperaturesveith increased rainfalMumby et al. 2018 The
decline in birth rates across the study period may also reflect declines in habitat availability with
continued deforestation in the regifreimgruber et al. 2005)nterestingly, alongside a decline in
habitat availability, declines in the wild elephant population over the lastéalfiry may also have
had an impact on fecundity in the captive population. Captive cateesften sired by wild bulléviar
2007) and so a larger wild elephant population in the past may have provided breeding opportunities to
captive females, which would benefit birth rates in captivity. Despite uncertainty surrounding the
mechanisms, our results clearly demonstrate significantilbotibns of this environmental component

to variation in population growth rates.

Importantly, despite the significant positive contribution of birth rates to variation in population
growth rates early in the study period, observed population growth rates were moderate due to an
independent negative contribution from population-stgecture, and large negative interaction effects
between agstructure and the environment. In other words, higkcpeita birth rates in the 1970s had
the potential to cause large population increases, but the relative number of repreajadivemales
was small, and so population growth rates were moderate. Furthermore, population growth rates were
negative between 198800 as birth rates declined and the contribution frorstigeture remained
negative, and after 2000 positive contributions from-stgecture were dampened by negative
environment effects. Thus, both an understanding oktigeture and environmental components (i.e.

vital rates) is needed to assess stemrh population dynamics.

Deviations away from a stable aggucture may be pactlarly important for the population
dynamics of disturbed or fragmented populations. Indeed, in the current study we observed large
changes in agstructure, with a greater proportion of individuals younger than 13 (the onset of
reproduction;Hayward et al. 2014between 1970 and 1990, and more reproductyed individuals
between 1992014. We also observed short periods (around 1970, 1985 and 2009) with higher numbers
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of juveniles. Practically for population management, fluctuations irsgeture may cause a surge in
births when juvenile females reach maturity, and management may need to change to target the influx
of young individuals in future. The explanation for theeeads is less clear, but changes in-sigecture

may be an indirect consequence of the capture of wild elephants in Myanmar. There was systematic
capture from the wild in Myanmar until 1994, with approx. 3000 individuals-edjstured between the

1950s ad 1994, but after this point wHdapture occurred at lower rat@dga 2000, Mar 2007,
Lahdenperéa et al. 2018)Vild-capture may have been particularly influential on-stgecturebecause

it targeted younger individualdahdenperéa et al. 2018yho eventually gave birth to captiem

females, which were the focus of the current study. These initial imbalancesstriagare recovered

over several decades as the population approached a more stastricigee, resulting in positive
contributions towards variation in populatiorogith rates.

The disturbance of demographic structure (altered age/stagdure and sesatio) and its
impact on population dynamics may have important implications for populations across the tree of life.
In particular, shorterm population dynamicsriaing from human disturbance through poaching,
hunting, harvest, and rapid environmental change may have important implications for endangered,
invasive or agriculturally important species. In ldivggd mammals, both hunting and poaching are
generally feussed on specific aggex classes in a population and can cause changes to demographic
structure; older and largeodied individuals with larger auxiliary structures (e.g. tusks) have a higher
value to hunters and poachéoltman et al. 2003, Bischof et al. 2018)f course, poaching and
hunting have immediate effeaia agespecific vital rates, with implications for population viability and
extinction risk(Lusseau and Lee 2016)owever, they also have evolutionary implications by, for
example, selecting for smaller bodiewlividuals with smaller auxiliary structures or disrupting social
structure(Jachmann et al. 1995, Coltman et al. 2003, Gobush et al..2R88gnt evidence from
regulated huntig in brown bears also suggests that hunting pressure may be responsible for shifts in

reproductive strategies, ld#expectancy and reproductive valigschof et al. 2018)

Beyond vertebrates, changes to stage structure are also crucial for population dynamics. In
perennial plant species, transient dynamics contributed more to variatibserved population growth
rates than vital rates alorigllis and Crone 2013)Transientdynamics and stag&ructure are also
crucial for plant populations targeted by harvest, or in invasive sp@deonald et al2016) For
example, in African dry zone Mahogangh@ya senegalengisharvest had a strong impact on short
term dynamics relative to lortgrm growth rates, driven by changes to survival in earlyslifges
(Gaoue 2016) Transient dynamics in invasive plant species may also vary across populations in
different ecological settings, ando understanding difference in stegjeucture may improve
management strategi@dorvitz et al. 2018)Our results add to these studies across taxa, suggesting that
the changes to population ageucture associated with human interference can have significant

independent influence on shaerm populatiordynamics.
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Several recent studies have explored the prevalence eéquilibrium dynamics in a broad
range of taxa, leading to growing acceptance of the need to understand transient responses to
environmental changétott et al. 2010, Gamelon et al. 2014, Mcdonald et al. 20b®ugh a number
of different methodological frameworks are available to assess such infipaatd et al. 2010, Ellis
and Crone 2013, Koons et al. 201@hese have not typically distinguished between contributions to
population growth from vital rate variation and (styageicture fluctuationgOzgul et al. 2010)
However, Koons et al. (2016yecently developed a sensitivibased approach to estimate the
contribution from each unique demographic parameter and stage abundance. The approach used in the
current stugl does not enable the same level of resolution because it only estimates the net contribution
of stagestructure fluctuations. However, it avoids the need to calculate short term growth sensitives,
which can be cumbersome for complex models, and can tiedpithout modification to alternative
frameworks such as Integral Projection Modé&ner et al. 2016)

The longterm, multigenerational demographic studbook of timber elephants in Myanmar has
provided novel empirical insights into the demographic drivers of population dynamics. However, the
importance of demographic stture is not limited to agstructure. Sex ratios have also been linked
with population dynamics and extinction ri@Roulson et al. 2001, Le Galliard et al. 200&0\d have
implications for human managemef@lutton-Brock et al. 2002) An improved understanding of
changes in demographic structure can provide novel insight into the mechanisms underpinning
population dynamics. Therefore, lotgym, individualbased monitoring of wildlife populations is
crucial (Clutton-Brock and Sheldon 2010, Hughes et al. 201If) longlived species such as Asian
elephants, disturbances to the population may have a lasting effectstnuaf)ere over several decades.
Ultimately, understanding the interacting effects of demographic structure and environmental variation
driving population growth rates will better equip ecologists in understanding poptieNigitesponses

to environmental change.
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5.1 Abstract

Understanding how populations will respond to a changing climate is crucial to mitigate against widespread
population declines. Liféistory variation within populations may mean there are both immediate and
delayed climate effects on vital rates such asgtatity and reproduction. However, the mechanisms of how
climate influences vital rates are poorly understood in -lovegl species, for which decades of
demographic/climate data is needed to unpick delayed effects. Here, we explored how the past climate
influenced agespecific mortality and reproduction in the lelnged Asian elephant, using an extensive 45

year demographic dataset of sesaptive individuals from Myanmar, with detailed historic
temperature/precipitation records and a broad climate inelsveen 1962007. We tested delayed climatic
drivers under two contrasting biological modelsntinuouseffects, where mortality and reproduction are
influenced by a cumulative effect of the past climate, @sidwindoweffects, where climate variation

critical seasonal windows have a letegm influence on individual condition and thus vital rate. find

little support for thecontinuousandrisk windowhypotheses of delayed climatic effects in the past year on
juvenile mortality, pealage reprodction, or mortality and reproduction across lifesp@ur findings
highlight the importance of exploring the lotgrm consequences of a changing climate on populations

using a variety of mechanistic models.

5.2 Introduction

Climate change, alongside i@ loss, is one of the greatest threats to global biodiversity and predicted to
cause widespread population declines and extinctions in the coming déidaatess et al. 2004, Brook et

al. 2008, Butchart et al. 2010)\larmingly, significant numbers of mammals and birds have already been
negatively affected by climate change in at Igast of their distributiorfPacifici et al. 2017)At the level

of populations or individuals, climate change may result in range shifts or disruption to jgliyeaontb
physiology, but responses are highly variable between species and often hard t(Bd#teet al. 2006,

Chen et al. 2011, Bellard et al. 201R)nning down the echanisms that result in population decline under
climate change is a challenge, but monitoring demographic rates provides a useful tool to investigate
populationlevel responses to changes in the environr(ieeitvood et al. 2015As such, profound effects

on the demography and life history of populations have been documented in response to the climate,
including biases to sevatio and impacts on suival and reproductiofe.g. Mumby et al. 2013, Herfindal

et al. 2015, Campos et al. 2017, Peeters et al. 2017, Woodroffe et al. 2017, Paniw et .aH®204@r,

not all speas are equally prone to negative impacts from a changing climate, with key traits such as habitat

specialisation and altitudinal range identified in vulnerable spéegesfici et al. 2015, 2017).ife-history
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variation within and between taxa may also be a key predictor for how species or populations are influenced
by environmentachange(Fay et al. 2015, Herfindal et al. 2015, Cayuela et al. 20W)mately,
understanding demographic responses to a changing climate in animals presettérg life histories is

crucial to prevent future population declines.

If a population is negatively affected by a changingclimate, questions arise regarding the
mechanism of how climate variation, and which aspects of the climate, result in changes to vital rates such
as survival or reproduction. Climate drivers may be more immediate, with physiological changes that
influence body condition and metabolism, reducing individual performance and survival/reproduction
(Johansen and Jones 2011, Cook et al. 2013, Walsh et al. 2018, Paniw et aln2@itf)ast, the response
may also be delayed and more complex, with multiple contributing factors that interact over longer
timescale and more variation between individuals. For example, increased temperatures during the egg
laying and incubation period were associated with reduced lifetime reproductive success in goshawks, but
annual reproductive rates were higher when the egg lagrigd was hotter, and there was a large degree
of individual variation in reproductio(Herfindal et al. 2015)Furthermore, populations may respond to
different aspects of the climate, and both meanatknvalues or the variance in climate at a local scale, as
well as broaescale indices, may be important for vital ra(€senseth et al. 2003, Jonzén et al. 2010,
Campbell et al. 2012 he effect of climate on vital rates may also vary within populations, witiclagses
or life-history stages (e.gecruits) that are influenced more by clim@Baillard et al. 2000, Coulson et al.

2001, Paniw et al. 2019and so understandingjroate responses across the lifecycle and at key life stages
in long-lived species is crucigHindle et al. 2019)One key issue when assessing delayed responses to the
climate is the necessity of losigrm, individualbased demographic data in focal populatidrtserefore,

only few studies have investigated delayed climate effects, and further investigation into therriong
impacts of the climate on populations using lbegn data is needed.

Several contrasting mechanisms may result in delayed respotiseslimate. For exampleshere

past climatic events result in defined and more predictable responses in vital rates, we may expect that
continuous change in current vital rates is the result of a cumulative, weighted effect of the past climate
(Roberts 2008)Continuous, cumulative resposs® climate may be more prevalent where immediate
physiological/phenological responses are present, and where vital rates are seasonal, with climatic
conditions influencing traits such as growth or emergdReemesan 2006, Tenhumberg et al. 2018)
African wild dogs present an example of a continuous response, in which high ambient temperatures were
directly associated with reduced foragtimges in females, and thus reduced recruitment at the end of the
rearing seasofWoodroffe et al. 2017)n contrastpast climatic events within a risk window (e.g. breeding

season, critical development window) cowggult in changes to individual condition or frailty. Under this
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scenario, climate effects would not result in a predictable change in vital rates, but persistent average
changes in vital rates in the future. A good example of risk window climate eHabts megative effect of
temperature when a female was born on lifetime reproductive success in goghianficedal et al. 2015)

Despite the potential differences in the mechanisms of delayed climatesgiew studieshave evaluated

these contrasting mechanisms in the same species.

Longlived species provide an interesting case study for understanding the impacts of climate
change on demographic variation in wildlife populations. Theoreticaltheapopulation level longved
species are generally predicted to be buffered against climate variation. With increased longevity, which is
associated with low annual mortality and reproduction, variance in vital rates (i.e. from annual variability
in climate) has a smaller impact on population growth rates when compared thveltbspeciegMorris
et al. 2008) Furthermore, the demographic buffering hypothesis states that life histories should evolve to
minimise the influence of envirorental variation on fithess by buffering sensitive vital rates against
environmental variatiojPfister 1998, Gaillard et al. 200Q)onglived species may evolve to reduce the
impact of climate effects on vital rates in sensitive afgessegRotella et al. 2012However, several studies
have found climate effects on vital rates in ldivgd species. For example, drought years were associated
with higher calf mortality in African elephants, awdrm, wet and windy winter conditions were associated
with reduced juvenile survival but increased adult fecundity and survival in Soay (fleeephammer et
al. 2001, Moss 2001, Foley et al. 2008)us, there is a need to investigate the pervasiveness of climate
impacts on longdived species, and for more studies assessing delayed climate impacts under contrasting

mechanisms on vital rates.

In this study, wernivestigated delayed climate drivers of mortality and reproduction across lifespan
in the Asian elephanE{ephasmaximu} using a longerm multigenerational demographic dataset from
Myanmar, alongside daily temperature and precipitation data and admaladnonsoon index between
19622007. Importantly, we explored two potential mechanisms of delayed climate effectsjuous
effects where vital rates (overday intervals) depend on a direct cumulative effect of the past climate, and
risk windoweffects, where climate variation in a risk window (here seasons) influences subsequent annual
vital rates. Among the worldds | ongest |iving terre
of ~80 years and a mean age at first reproduction of 19tB, imterbirth intervals of 5.99 years and
reproduction to a maximum of 65 years @léhdenpera et al. 2014glephants are slow to recover from
threats such as poachififurkalo et al. 2016)and current conditions have a lelagting impact on fitness
(Lee et al. 2013, Mumby et al. 2019here are direct climate effects on vital rates in African elephants, for
which extreme draght conditions decrease calf surviyiloss 2001, Foley et al. 2008)sian elephants

have seasonal fiarns of survival in relation to the climate, and survival is higher in months with
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intermediate temperatures and more rainflslumby et al. 2013)Across much of the range of Asian
elephants, the climate follows monsoon patterns, with distinct hot, cold and wet seasons, which has the
potentialto influence factors such as the availability of food, disease transmission and thermoregulation
(Sukumar 2003, Weissenbdock et al. 2012, Mumby et al. 26k8yever, despite seasonal variation, birth

and mortality still occur throughout the ydar Asian elephants, without a clear breeding seéSakumar

2003)

We tested the effects of climate on vital rates in seaptive Asian elephants used in the timber
industry; although these elephants are managed in captivity, survival/breeding ratesetyentdrgal,
comparable to wild populations, and higher than those in {@obb et al. 2008, 2009, De Silva et al.
2013) Climate effects were explored on vital rates at two sensitivethifges; juvenile mortality {8 years
old) and pealage reproduction (225 years old). In analyses, we tested the effect of tdima vital rates
using both the mean and variance of climate anomalies (deviation from average climate coraliiibns),
delayed climate effects of up to one year in the past under these contrasting hypdthesgdore the
different mechanisms of delayelimate drivers, flexible methods that capture past climatic variation in
relation to demographic data are also important. Functional linear models (FLMs) are one emerging set of
tools that have recently been applied to the investigation of past clafietts, and allow the effect of
climate to be a smooth function through time based on the assumption that climatic conditions are correlated
(Roberts 2008, Teller et al. 2016, Tenhumberg et al. 2018, Hindle2&19) We used FLMs to capture i)
continuouseffects of past temperature and precipitation on juvenile mortality andageateproduction at
5-day intervals, and iisk windoweffects, where the weighted effect of climate in each season (Cold: Nov
Feb, Hot: MarMay, Monsoon: JwDct) was tested against subsequent annual vital rates, for juveniles,
peakaged reproducers and for aggecific mortality/reproduction across ages. Finally, in addition to local
climate effects, we tested thiek windoweffects of three broascale monsoon indic€$sai et al. 20159n

subsequent annual vital rates.

5.3 Methods
Demographic data

Asian elephants are listed as endangered on the IUCN red list, with a declining and fragmilehte
population of 40,00%0,000 individuals, which is mainly threatened by habitat loss and poaching
(Choudhury et al. 2008)Alongside the wild population, there is a substantial captive |pbpu of
approximately 16,000 individuals globally, which are mainly used for logging, tourism and ceremonial

purposes in range countri¢Sukumar 2003, 2006, Choudhury et al. 200B)yanmar has the largest
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population of Asian elephants in captivity (>5000), and currently around 2700 elephants avevistate

and managed centrally by the Myanma Timber enterprise (MTE) for logging. Importantiiefive this
population as sentaptive: elephants forage naturally without human supplementation outside of working
hours, breeding and mortality rates are largely natural and elephants are not managed reproductively or
culled, and elephants only have esg to basic veterinary care. Individbalsed records are kept for all
elephants in the population in the form of logbooks, which are regularly updated and maintained by local
veterinarians and mahouts (elephant riders). Records have been maintaireeMB¥ tfor over a century,

and keeping systems are consistent across the country. The current study population is comprised of >9000
MTE elephants that were born in captivity or caught from the wild and demographic data has been compiled
from individual logphooks and annual extraction reports.

Individuatbased lifehistory data is available for all MTE elephants, and includes birth origin
(captiveborn or wildcaught), birth date (estimated if witchught), calves, and death date or last known
date alive (fo further information on lifehistory data sekahdenpera etl. 2018) To assess the climatic
drivers of vital rates, we restricted the initial demographic dataset to data from the Sagaing and Kachin
regional divisions in the north of Myanmar. Sagaing and Kachin contain the largest area of unfragmented
natural haltat remaining for Asian elephanf{seimgruber et al. 2003nd the majority of semdaptive
Asian elephants are managed within deciduous forests in these regions and experience similar climatic
conditions. Sagaing and Kachin also have a large number of elephhitts,amabled us to maintain a
sufficient sample size to investigate agpeecific life-history variation. We only used reproduction events
from females elephants because we could not reliably quantify reproductive rates in males. We further
restricted the @mographic data to include only individuals that were born in captivity after 1940, or caught
from the wild after 1951, before which record keeping systems were not consistent, and we discarded

approximately 5% of individuals due to contradictory deathddepe/birth information.

We only considered demographic records and climate data betwee@A®@6r analyses, which
enabled us to compare the predictive performance of models across climate variables. First, we assessed
agespecific mortality and repduction across ages for 1371 females betwe&h Years old. However,
these analyses assumed that climate effects were consistent across ages. Although there may be covariance
in the environmental drivers of vital rates for different life history stgBesella et al. 2012, Hindle et al.
2018) t he i mpact of environment al var i dGaillasdetabf t en de
2000) Thus, in subsequent analyses we mainly focussed on two vital rates at key life history stages: juvenile
mortality (ages 9}) and pealage reproduction in females (agesZB®) Hayward et al. 2014)These age
classes exhibit high rates of agjgecific mortality/reproductio(Mar et al.2012, Hayward et al. 20143nd

population growth rates are most sensitive to changes in vital rates at the¢@aalesn et al. 2019)
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Juvenile mortality data was available for 1705 calves (85@rwales, 855 = males), and peae
reproduction for 694 adult females between 126@7. For reproduction analyses, we assessed conception,
which was the occurrence of a birth event from a given female 670 days (~22 months, the gestation period
in Asian dephants;Sukumar 2003)n the future. The choice of conception probability allowed us to
distinguish between climate drivers of mating decisions and conception, as opposed to potential climate
drivers in utero. For all analysewe scored timdependent mortality and conception events as binomial
response variables. All analyses were carried out in the R statistical package, versi(R G&& Team

2019)

Climate data

Temperature (1962007) and precipitation (1982007) data were obtained from the APHRODITE daily
gridded dataset for monsoon Asi@O{E-150°E, 15°S55°N) at a spatial resolution of 0.25°, versions
AphroTemp V1204R1 and V1003R1, respectively {lakde athttp://www.chikyu.ac.jp/precip/¥atagai et

al. 2012) To assess climate variation at a scale consistent with demographic data, we restricted the full
dataset to include only deciduous forest regions in the Sagaing and Kachin regional divisions of Myanmar.
The climatedata mask was obtained from the state and region boundaries and land use geospatial maps
from the Myanmar Information Management Unit (MIMU, availabliettd://themimu.infa). We calculated

the intersection betweeredh 6 deci duous forestdé | and use category
and smoothed the final climate mask using qGIS version QGI§ development team. 2018)Ve
calculated mean daily temperature amnecipitation values across the climate mask using the Climate Data
Operators package, version 1.6hulzweida 2018We considered three seasonal periods in Myanmar,
which were the Cold (Novembé&ebruary), Hot (MarctMay), and Monsoon (Jur®@ctober) seasons

(figure S4.1).

In addition to daily temperature and precipitati@lues, we also investigated vital rates with respect
to a broaescale climate indicator to test how annual climate variability influenced demography. Broad
climate indices such as the North Atlantic Oscillation, which describe general climate paftessdarge
regions of the globe, are often better predictors of ecological processes than local weather patterns, and so
it is important to compare local patterns to broad scale in¢fiteaseth et al. 2003)Ve included the three
annual scaled monsoon inds developed bysai et al. (2015)which are constructed from monsoon wind
data for three monsoon season periods: Matal (early monsoon), Jupgugust (mid monsoon) and

SepemberNovember (late monsoon). The monsoon indices correlate to broad monsoon precipitation
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patterns in Southern Myanmar, and thus are a proxy for the strength of the monsoon in a given period in

each year.

We aimed to explore how deviation away from ageralimate conditions influenced vital rates,
rather than describe seasonal patterns, and so we decomposed raw daily temperature and precipitation data
to extract climate anomalies (figure S4.2 & S4.3). First, we reduced the large variation in daiky dhtaat
by square root transforming mean data oveda$ increments. Then, we performed a Seasonal and Trend
decomposition using Loess (STL) additive decomposition for eaddySimeseries, using 1000day
increments for the trendycle window and 15 yesarfor the seasonal window, and extracting the remainder
(anomaly) componen{figure S4.2 & S4.3; Cleveland et al. 199T0he 5day temperature and precipitation
anomalies and monsoon indices were used in all subsequent analyses on vitin aatdision to mean
temperature anprecipitation values, the absolute magnitude, or variance, of climate anomalies may be just
as critical for survival and reproducti¢g@ampbell et al. 2012)herefore, we also explored models using

the absolute, squared values (variance) of climate anomalies.

Two contrasting models of delayed climate effects

Delayed climate effects in Asian elephants may occur throughiidgfenechanisms; direct drivers such as
capture from the wild have a direct and leilegm effect on reproductive success and sun{hahdenpei

et al. 2018, 2019nnd there are seasonal patterns in survival in relation to climatic va(idtionby et al.

2013) The availability of detailed demographic data and accurate dates of birth/death enabled us to
investigate delayed climatic drivers of vital rates under two contrasthggisal models, which we define

here as theontinuousmodel and theisk windowmodel (summarised in figure 5.1). In thentinuous

model (figure 5.1a), we assumed that the instantaneous, ~continuously varying probability of
mortality/reproduction depeed on a predictable, weighted, and summed effect of climate in the past over
a discrete, prelefined climate window. Here, we considered the continuous variation in
mortality/reproduction rates overday increments between 1962-31 and 200712-30. We eyplored the
following set of discrete past climate windows: 60, 180, and 365 days. Within each of these climate
windows, we tested varying climate increments, and the full set of past climate window/increment

combinations ircontinuousanalyses were 60 bydays, 180 by 10 days, 365 by 5 days, and 365 by 20 days.

In therisk windowmodel (figure 5.1b), we assumed that climate variation in a discretdefined
climate window influenced an individual 6s condi ti
probability of mortality/reproduction over a discrete,-gefined demographic window. We considered the

three climate seasons in Myanmar (Cold: N@b, Hot: MarMay, Monsoon: Jw®Oct) and the three
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monsoon season periods (Mday, JunAug and SegNov; Tsai et al. 2015s the focal climate windows.
Seasonal models included climate increments of 10 days, and monsoon periods included a single index for
each period. The demographiéndow was the subsequent year, such that climate variation within each
season or monsoon season influenced subsequent annual mortality and reproduction e.g. if the focal season
was the hot season (Mbfay), then the demographic window was kegb. The maimum past climate

window was one year for each of the two mechanisms, and although this does not present a fully
comprehensive test of delayed climate effects across lifespan in Asian elephants, the current framework

enabled us to directly comparentinuousandrisk windoweffects.
Past climate effects on continuously varying vital rates

For continuousmodel anlyses, we tested the cumulative, weighted effect of the past climate anomalies on
juvenile mortality and peakge conception probability. We constructed disetiete datasets at-8ay

intervals between 19622-31 and 200712-30 (total = 3288 increments)here each row represented an

a) Continuous model b) Risk window model

w
©
(]
=
(0]
E
._
Time (5-day ~ continuous)
Demographic window . Climate window  —— Climate variable

Figure 5.1 Two models of delayed climatic drivers of life history in lelhged speciesa) In thecontinuousmodel, we assum
that the ~continuous probability of mortality/reproduction-idely demographic windows (green boxes) depended on the we
effect of a past climate variable (blue lines) in ageéined climate window (blue boxes). b) In tiek windowmodel, we assum:
that the weighted climate effect acted in agedined climate window (seasons or monsoon seasons) and influenced sul
mortality/reproduction over an extended,-pifined demographic window (years).

individual in a given &lay interval. Individuals entered the dataset at tuybwindow of their birth
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(mortality) or 19 years old (conception), and exited the analysis at their age of death or age at censoring (4
and 25 yees old for mortality and conception, respectively). The demographic datasets usatiinous
analyses consisted of 387793 and 258378 -Brent observations for mortality and conception,
respectively. We testamntinuougast climate effects using fuimnal linear models (FLMs) with binomial

error structures and logit link functions. FLMs use the temporal relationship between climate covariates and
assume that the effect of climate is a smooth function overTigier et al. 2016)All FLMs were fit using

thegamfunction in the packagegcv(Wood 2017)

We explored FLMs ircontinuousanalyses under three scenarios, i) using meday5climate
anomalies for all climate windows, ii) using the variance (square) of climate anomalies for a 365 by 5 day
climate window, and iii) partitioning analyses by season and exploring 180 by 10 datechindows. We
partitioned the effects by season in scenario iii because the impact of climate anomalies may not be
consistent throughout the year, with for example, positive temperature anomalies being beneficial in the

cold season and detrimental in tiat/dry season.
Thus, for individual'Gn 5-day intervalo, the probability of mortality is given by
o€ QQo f Fo i 11t ™oV B ™ad ,(egnl)

wheref is the intercept, & is a continuous linear term with déieientf for the agei(in days) of
individual "Gat time0, 7 { is a categorical linear term with coefficiént for the sex (Male vs. Female)

of individual’¥ 1 is a continuous linear term with coefficiént for the scaled time point of the study at
time 0to account for temporal trends in vital rataed™Q 0 is a term to account for seasonal vital rate
variation, wheréQ s a cyclical smoothing fution andv is the day of the year at interval 'Q is a
smoothing function of past climate over time, whégethe climate increment over the full climate window

0, and0 is the climate) at climate incremenifrom time pointd. The smothing functionQis a cyclic

cubic regression spline with 12 knots, parameterised by spline basis exfaismh2017) The climate
smoothing functioriQ is a cubic regression spline with 8 knots parameterised by spline basis expansion.
Both smoothing functions were penalized with quadraticashing penalties, up to the second derivative
(Wood 2017) with smoothing parameters that were estimated using restricted maximum likelihood (REML;
Wood 2011)

For reproduction models, the probability of conceptidior individual ‘Gat 5day increment timé

is given by

aE@QO T T h 1O rt Q0 B "Qad,(ean2)
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Whergl U is a categorical linear term \itcoefficient  for the birth origind (captiveborn vs. wild

caught) of individualQ

Seasonal risk window climate effects

For risk windowmodels, we tested the effect of climate anomalies in focal seasons on subsequent annual
vital rates, first amss lifespan and second for key difstory stages (juvenile mortality and peade
conception) We constructed discreteme datasets on annual timesteps for each of the focal seasons in
Myanmar: cold, hot, and monsoon. For each focal season in eaghvmgemcluded subsequent annual
demographic data for all individuals who entered (born/captured) the population before the end of the focal
seasonWe assessed subsequent annual vital rates using FLMs under two scenarios, i) using mean climate

anomaliesand ii) using the variance (square) of climate anomalies.

Thus, for analyses of aggecific mortality across lifespan (betweet® years of age), the

subsequent annual mortalityfor individual "(n focal yeamwis given by
a € QQo f Qo o 1t B QR o ,(eqn3)

where™Qis a smoothing function ab , the agev (in days) of individualQuring focal yearyf 1 is a
continuous linear term with coefficignt for the scaled time poiritof the study in focal yeah andQis
a smoothing function of climate over the focal season, wijéehe climate increment over focal season

climate window0, andé s the climated at climate incremenf in in focal yearcx The smoothing

functions were cubic regression splines parameterised by spline basis expansion. The number of knots in
the climate smoothing functic® depended on the focal season (Celd, Hot = 3, Monsoon = 6). The

subsequent annual conceptiorior individual “Gn focal yearwis given by
a €& Qo 1 Q® 0 1t B ™A 06 .(eqgn4d)

Forrisk windowmodels of subsequent juvenile mortality asutbsequent peakge conception, the
FLMs were similar to equations 1 and 2, respectively, but the time increment was gedithey excluded

the cyclical smoothing teri@ v

Broad-scale monsoon season effects

The impact of the monsoon index in the focal monsoon period on subsequent annual juvenile mortality and

peakage conception was estimated using generalised linear models (GLMs), andspedfije mortality
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and conception at all ages using generalisetitisd models (GAMs), with binomial error structures and
logit link functions. The form of the monsoon period models was identical to theristh@indowmodels,

but included a single continuous linear covariate for monsoon index in the focal period.

Model predictive performance

For all models in botltontinuousandrisk windowanalyses, to assess whether there was support for the
addition of a delayed climate effect, we tested the predictive performance of each model using cluster cross
validation. The, we compared the predictive performance of the model with the climate covariate or
smoothing term to a base model excluding the climate effectcditeiuous=LMs and base models were

refit on a test dataset excluding data at the level of each clintredewve.g. if the climate window was 365

days, 1 year of data was excluded in each &g windowmnodels and base models were refit excluding

each year of data, and consecutive blocks of 5 years for thepag#ic models at all ageEhe test models

were used to predict the vital rate in the-ofssample dataset. We calculated the predictive performance
using the log loss function for each set of-ofssample predictions, as follows:

DEET IB B e 1 1@ p ¢ 1 1@ Q ,(egnb)

where for individual@n outof-sample cross validation st@pé is the observed binomial response, and

‘Q is the model predicted cwof-sample probabilities. Lowdr € &% isdores indicate higher predictive
performance. In atition to cross validation, we also compared the Schwarz's Bayesian information criterion
(BIC) between the base model and climate models, which was selected due to its higher penalty for the
addition of model parameters, which was greater in F{Bisnham and Anderson 2004)

5.4 Results

Between 1962007, the mean annual juvenile mortality was 0.065 + 0.005 (Standard error; rafdi6¥, 0

and 30.5% of calves died before the weaning age of 5 (range 326%). The mean annual peage
conception rate wad.084 + 0.007 (range =@221), such that 50.2% of females betwee23 @onceived
offspring. The median number of juvenile mortality events in each year was 7 juvenile mortality, with a
total of 337 across the study period, but the number of juvenil@aliypevents was variable between years,
with range of 816. The median number of peale conception events was 5, with a total of 296, but these
were also variable, with betweefl@ in each year (figure 5.2a & figure 5.2b). Juvenile males had an annual

mortality rate of 0.071 £ 0.005 relative to 0.056 + 0.004 for females (figure 5.2a), and at peak reproductive
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ages the average conception rate for wadight females was 0.07 £ 0.006, compared to 0.10 £+ 0.008 in

captiveborn females.
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Figure 5.2 Average annual trends in juvenile mortality (a) and pagé reproduction (b) in t
Sagaing and Kachin regional divisions of Myanmar-da§ incrementsa) The mean annuatday
mortality rate for juveniles (@ years old) between 19d42-31 and 200712-30, for females (orang
and males (purple). b) The mean annudb§ conception rate for peak reproductaged female
(19-25 years old) between 1942-31 and 200712-30.

There was a largeariation in temperature (19€2007) and precipitation (1962007) within years
across the study period. The cold season between Nowétabarary was dry and cold, with a mean
temperature of 18.7°C £ 2.26 (standard deviation [SD]) and a mean precipfe@ié® mm + 2.07 (figure
S4.1). The hot season between Makidy was hot and dry, the mean temperature was 25.4°C * 2.49 (SD),
with a mean daily rainfall of 2.51 mm % 4.35 (figure S4.1). The monsoon season, betwe€rcthes,

was most hot and wet, Wwia mean temperature of 26.5°C + 1.35 and an average precipitation of 8.86 mm
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+ 7.84 (SD), (figure S4.1). Between years, average seasonal temperatures ranged betviase@°C7.2
23.926.6°C, 25.87.6°C, for the cold, hot and monsoon seasons, respectRedgipitation was also
variable between years, with season averages of20/@mm, 17.20.0 mm, 17.20.0 mm, for the hot,

cold and monsoon seasons, respectively. Generally, there was an even distribution in both precipitation and
temperature anomatigdeviations from the average climate values) across the study period (figure S4.2 &
figure S4.3). Precipitation decreased slightly after the year 2000, and temperature increased over the study
period (figure S4.2c & figure S4.3c).

Buffering against pastlimate

For continuousmodels, we aimed to assess the past climate effect on juvenile mortality ardgpeak
conception at #lay intervals. We found little evidence of delayed climate effects of juvenile mortality or
peakage reproduction for different climate windows, different seasons, or for the variance in climate
anomalies (figure 5.3; table 5.1; table S4Jlvenile mortality models suggested that higher temperatures

in the past 6 months improved survival (figure 5.3a & figure S4.4). This result was supported by cross
validation results; for the models of 365 by 5 and 365 by 20 day climate windows, ¢nerdiéf il TaG i i
between the test model and base model \Ba@able 5.1; table S4.1). However, a comparison of BIC
between the test model and base model indicated little support for past temperature effects on juvenile
mortality, and the increase &IC in the test model suggests that the differences observed from cross
validation may be due to overfitting (table 5.1; table S4.1). Therefore, we conclude that we do not have
support for a temperature effect on juvenile mortality. Similarly, when exgldhie variance of climate
anomalies on juvenile mortality, initial models suggested that there was a negative effect of variance in
temperature and precipitation anomalies on juvenile mortality, i.e. larger variance in climate anomalies
improved survivalput BIC results indicated improved predictive performance in the base model without
climate (table 5.1; table S4.1; figure S4.7). We also found no evidence of past climate effects on juvenile
mortality for different seasons (figure S4.6; table S4.1). peakage conception models, we found no
support for past climate effects under any scenario for both cross validation and BIC (figure 5.3c & figure
5.3d; figure S4.5; table 5.1; table S4.1). The results froontinuousmodels suggest that for key vital

rates, there was no evidence for past climate effects on ~continuous patterns of mortality or reproduction.

For risk window models, we aimed to assess how climate in seasonal windows influenced
subsequent annual mortality and reproduction. Similarly, fditttel evidence for delayed climate effects
in focal seasons/monsoon seasons on subsequent annual vital rates. When using focal seasons as the climate
windows, for juvenile mortality there was little support for delagsklwindoweffects (figure 5.4a &ifure
5.4b; table 5.1; figure S4.8; table S4.2). There was support from cross validation for an effect of the

precipitation anomaly in the cold season on subsequent annual juvenile moffalitg@ i i ¢®), with
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larger precipitation anomalies assdethwith lower mortality, but no support from BIC (table S4.2). In
addition, when exploring subsequent mortality at all ages with respect to seasonal climate, there was no
support forrisk window effects across lifespan (table S4.1). Similarly, for pagk conception and
conception probability across lifespan, we found no support for delayed climate effects for focal seasons
(figure 5.4c & figure 5.4d; table 5.1; figure S4.8; table S4.2). There was a suggestion that larger cold season
precipitation anomatis were associated with a higher conception probability across lifespan, but again no
support from BIC (table S4.2).

When investigating the monsoon index in focahsmon season periods and its effect on subsequent
annual vital rates, again we found little support for delayed climate drivers under any scenario (figure 5.4c
& figure 5.4d; table 5.1; figure S4.9; table S4.2). There was an indication that stronger mpagods
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Figure 5.3 Past climate effects on juvenile mortality (a & b) and pag& reproduction (c & d) frorontinuousmodels @
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between MarciMay decreased the conception probability across lifespan, but similarly we found no support
in BIC (table S4.2)Overall, we find little evidence for eitheontinuousor risk windowmodels of delayed
climate drivers in the past yefar juvenile mortality, pealage conception, or mortality and reproduction

across lifespan
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104



Table 5.1Key cross validation results fopntinuousandrisk windowmodels of delayed climate drivers of life history

in Asian elephant/ & £ 6G &ndYBIC indicate the difference between the test model (with the climate variable) and
the base model (without the climate variable)dirt &G i the crossvalidaion metric, and Schwarz's Bayesian
information criterion (BIC), respectively/ & £ 8G Walues <=2 are highlighted in bold, indicating cross validation
support for the model.

Delayed Climate ~ Response variable  Climate variable Yi ToH v ¥BIC
climate model window

Continuous 365 by 5 day pas Juvenile mortality Precipitation -0.6 18.6

climate window Temperature -2.0 15.6

Peakage conceptior Precipitation 15 21.2

Temperature 4.8 35.0

Juvenile mortality Temperature variance -5.4 28.0

Precipitation variance -3.1 19.2

Peakage conceptior ~ Temperature varianct 2.8 34.3

Precipitation variance 1.5 235

Risk window Focal season by 1 Subsequent juvenile Monsoon seasor 7.2 20.7
days mortality temperature

Monsoon seasor 11.9 22.8

precipitation

Subsequent peakge Monsoon seasor 3.0 16.9
conception temperature
Monsoon seasor 15 21.7

precipitation

Subsequent mortality al Monsoon seasor 7.1 218
ages temperature
Monsoon seasor 13.2 18.8

precipitation

Subsequent conception ¢ Monsoon seasor 115 20.4
ages temperature
Monsoon seasor 5.0 27.1

precipitation

Single monsoon Subsequent juvenile June July Augusit 0.3 6.3
index value mortality Monsoon index
Subsequent peakge 0.9 7.0
conception
Subsequent mortality al 2.0 10.0
ages
Subsequent conception € 8.6 10.1
ages
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5.5 Discussion

A changing climate can have both immediate and-tengn consequences for life history in populations of
long-lived speciegFoley et al. 2008, Herfindal et al. 2016)owever, we found little evidence of delayed
climate effects in the previous year on mortality and reproduction for key life history stages and across
lifespanfor Asian elephants. Importantly, in the current study we present two contrasting models of delayed
climate drivers on vital rates for loftyed speciescontinuouseffects andisk windoweffects, which can

provide insights into the mechanisms of howhar@ing climate influences population dynamigtidies

have investigatecontinuous(Campos et al. 2017and risk window (Herfindal et al. 201p effects
independently, but to our knowledge no study has explored contrasting potential mechanisms in the same
population.We welcome more studies assessing different mechanisms for climate drivers in other taxa,
particularly where direct climate effecewe unknown, to disentangle how climate change results in

population decline.

One potential explanation for a lack of delayed climate effects is that Asian elephants are buffered
against climate variation, but the current study does not present a bemgve assessment of buffering.
This explanation would be in support of comparative evidence, which suggests tHatddrgpecies will
be buffered against environmental variation; annual variability in vital rates imposed by a change in climate
have less impact on population growth rates in ldivgd speciegMorris et al. 2008)However, we cannot
rule out demographic responses to the climate for several reasons. First, we tested delayed climate effects
only in the previous year on denmraghy under two contrasting hypotheses. In {bwed species climate
effects may actually occur over much greater timescales or act on critical windows of development that
were not captured in the current study. For example, with capture from the wiitth, iwtanother crucial
driver of population dynamics in this system, reductions in reproduction and survival last for over a decade
following capture(Lahdenpera et al. 2018, 2019herefore, any cumulative effects of changes in climate
may act over several decades, impacting lifetime measures of fithess. Environmental effects occurring at
critical development windows may also play a crucial inlésian elephants; birth in the higltress
working season or in drought conditions can have a lasting impact on fitness across lifespan in elephants
(Lee et al. 2013, Mumby et al. 2018)ltimately, exploring delayed climate effects under a broad range of

potential mechanisms is crucial where direct clingdtects are unknown.

Second, in the current study we addressed demographic responses to deviations away from average
climate conditions (anomalies) rather than direct responses to temperature and precipitation values.
However, there is evidence for seadquatterns of survival in the current population with respect to the
climate; monthly survival was highest at intermediate monthly temperatures and with higher monthly

rainfall (Mumby et al. 2013)AlthoughMumby et al. (2013suggest seasonal patterns in vital rates, they
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do not separate seasomatiation from climate effects. Furthermore, human management is also seasonal,
with rest periods in the Hot season and higher workloads in the Monsoon season, that have implications for
long-term fitness in the current populatitlumby et al. 2015)Therefore, seasonal patterns alone may not
capture true direct climate effects on elephant lifeohjstand further investigation of these effects is
needed. Third, extreme climatic events, which were not captured in this study, may be more important for
population dynamics in elephants. In African elephants, drought years are associated with hiégliler juv
mortality rates, which suggest a direct climate influence on vital (&ess 2001, Foley et ak008)

Although Asian elephants occur in different habitats, and their response to extremes in climate remains
unclear (Sukumar 2003)relating extreme climate events such as drought or monsoon conditions to

population dynamics in Asian elephants may be clitiuture studies.

The role of a changing climate on population dynamics can be complex and indirect, and factors
such as density dependence have the potential to mediate or exacerbate environmentilaeféeats et
al. 2008) Under this scenario, changes in the environment caused by the climate infleeacaildbility
of resources needed for growth and reproduction, which influences intraspecific competition and other
density dependent procesg$€sulson et al. 2000, Saether et al. 20@Mmate change and density dependent
effecs have been demonstrated to have immediate impacts on vital rates and population dltaasricd
et al. 2008)and to have delayed impacts where elifidyconditions influence survival and recruitment later
in life (Forchhammer et al. 2001, Palayo et al. 2016)FurthermoreAlbon et al. (2017Yevealed that
changes in the climate directly influences dendiépendetnbody mass changes in Svalbard reindeer, which
in turn influences population vital rates. Density dependence was excluded from the current study because
a relationships between annual population size and vital rates were not found in tuas@ripoplation,
for which the notion of density dependence is not tri@atkson et al. 20191 owever, density dependence
may mediate delayed climate effects in ldivgd species such as Asian elephants. Future studies
investigating how delayed climate effe under a variety of different mechanisms influence density
dependence and population dynamics will be crucial in understanding how populations respond to climate

change.

Two additional hypotheses that may explain the observation of a lack of delewyatk@ffects on
vital rates in this study are the management strategies employed in this population and the availability of
demographic data. Although the current study population has natural breeding/mortality rates and is able to
forage naturally outsil of working hours, individuals are still managed directly by veterinarians and
mahouts for use in the timber indusfeyg. Robinson et al. 2012, Lahdenpera et al. 208485 result, it is
plausible that instead of a form of demographic buffering, timber elephants are buffered by the adaptive

management of huma. Under this scenario, when climate conditions are extreme, veterinarians and

107



mahouts take steps to reduce workload, thus reducing the risk of mortality and increasing reproduction
probability. Indeed, workload restrictions depend on the weather corgjitind elephants are given rest at

the hottest time of the ye@éiRobinson et al. 2012Nevertheless, mortality and reproduction rates in this
population are largely natural and comparable to wild populafldesSilva et al. 2013)Furthermore, the

exact influence of human management is unknown; it is equally plausible thatelaidd stress would

exacerbate any effect of climate on elephants.

The availability of d&a for the current study, particularly foontinuousnodels of delayed climate
drivers, may also mean that we were unable to detect past climate effects on vital rates. By selecting
demographic windows of 5 days, while useful to assess ~continuousatégbatterns, we reduced the
number of mortality and conception data points in each window. Although our ability to detect climate
effects at this increased resolution may have been reduced, generally our results were supskted in
windowmodels, whictwere at annual timesteps. Therefore, human management and data availability have

the potential to influence our observations.

Ultimately, humarinduced climate change remains one of the greatest threats to global biodiversity
(Butchart et al. 2010Pespite differences across taxapid and extreme climate change will undoubtedly
decrease wildlife populations in the coming decdBesifici et al. 2017)Even if populations of lonfived
species such as Asian elephants are buffered, extreme changes in climate associated with future runaway
climate change, which tip demographic rates beyond sustainable levels, arelgtil lii@ve a large impact
on populationgSteffen et al. 2015, de Silva and Leimgruber 20H@)wever, diversity in lifehistoryrates
across taxa influences s pMoridetd. 8008)Vesagdamassmal group c | i ma f
of studies investigating delayed climate impacts on vital rates usingtdomgdata, which are vital to
understand how ithate change will influence populations. Furthermore, the assessment of different

mechanisms for delayed climate effects is crucial where more direct mechanisms are unknown.
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Chapter 6

Management Recommendations

| intend to submit this chapter to the Myanma Timber Enterprise.
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Department of Animal and Plant Sciences,
University of Sheffield,

Western Bank,

Sheffield,

S10 2TN

16" August 2019

To whom it may concern,

The Myanmar timber elephant project has the privilege of studying the unique population of working
elephants owned and managed by the Myanma timber enterprise. One of the key aims of our scientific
research is to provide evidence that is useful for managepractitioners in Myanmar, and we hope that

our work can contribute towards the sustainable management of timber elephants in the future.

| have recently completed the PhD thesis entlilsithg semicaptive Asian elephants to examine population
dynamis in longlived mammalsat the University of Sheffield. The results of this thesis have direct

implications for the management of timber elephants in Myanmar, which are as follows:

1. Females caught from the wild produce half the number of calves as eaptiviemales, and this
effect lasts for over a decade. Adult females are also important for the growth of the population.
We recommend improving the working conditions, nutrition emditions for reproductive witd
caught females (391 widaught females in 2014) to benefit for the population.

2. Around 25% of young elephants die before taming ages, and this is important for population
growth. We recommend improving care for motherskay i n t heir cal fés |
taming techniques to improve the growth of the population.

3. There may be fluctuations in the number of young elephants born in the population in future,

changing the need for training and workload.

We welcomehe addition of maintaining a sustainable captive population to the 2018 Myanmar Elephant
Conservation Action Plan (MECAP). Fortunately, population extinction was not predicted in this thesis, and
this suggests that sustainably managing the MTE populediore positive for the conservation of Asian

elephants. Improving the survival of young calves the reproduction in adult females by just 10% would be

beneficial for the population in future, The Myanma timber enterprise population of ~2800 individuals may
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be up to 7% of the remaining Asian elephant population, and so | argue that these elephants are a significant

unit of conservation.

Queries arising from these recommendations are welcomed, and we are happy to give more detailed
information on any of theopics discussed. Please find enclosed a copy of the PhD thesis. We endeavor to
work closely with the Myanma timber enterprise to improve the sustainability of management in timber
elephants, and once again take this opportunity to thank the Union of Myfomrtiee opportunity to work

with this population.

Yours sincerely,

<

John Jackson

PhD candidate, University of Sheffield
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Chapter 7

General discussion
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7.1 Wild-capture and population dynamics inAsian elephants

Few wildlife populations have been unaffected by the exponential increase of the human population. Three
guarters of the terrestrial environment and two thirds of the marine environment have been significantly
altered by human actions, ang to 1 million species are threatened with extinction in the coming decades
(Diaz et al. 2019)Therefore, understanmdj the processes underpinning population decline is crucial to
develop effective conservation stratedi@aughley 1994)The anthropogenic drivers of population decline,
namely, laneuse (or seaise) change, direct exploitation,rohte change, pollution, and invasive species,
have immediate negative impacts on wildlife populations. However, populations may also exhibit indirect,
long-lasting responses to changes in their environment, and we need more studies investigating population
dynamics using longerm demographic data. In the current thesis, | have explored the drivers of population
dynamics in a sergaptive population of Asian elephants, using a{terg, individualbased demographic

dataset from timber camps in Myanmar.

The key driver of population dynamics in seoaiptive Asian elephants that | identified in the
current body of work was the capture of individuals from the wild, which has had both immediate and long
lasting demographic impacts on this population. Firsghapter 2 | demonstrated that females captured
from the wild had a consistent reduction in breeding success relative to those born in captivity, with a
reduced reproduction probability over their lifetime and at peak ages, and an increased age at first
reproduction. The effects of capture from the wild on reproductive success lasted for over a decade, and
calves from wildcaught mothers had reduced survival until the age of 5. These results highlight that human
disturbance can have lasting demographic apmeseces on wildlife populations. From a demographic
perspective, wilecapture bears comparison to other human disturbances such as poaching, hunting and
translocations, in which individuals are artificially removed from/added to populations. Poaching and
hunting have recently been shown to have a lasting impact on wildlife populations. Low population growth
rates and reproductive potential in African forest eleph&mtsodonta cyclotisindicate that recovery from

poaching may take several deca(iBgrkalo et al. 2016)and increased hunting pressure in brown bears
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(Ursus arcto¥ has altered reproductive value and life expectéBischof et al. 2018)The lasting negative
effects of human disturbance on wildlife populations may mean that thetipbof population recovery is

overestimated, and this must be incorporated into conservation management strategies.

Human disturbance and its lofasting impacts on demography have important implications for
population dynamics. Sebiased selectivednvest from hunting and selective poaching influence extinction
risk in wildlife populations, and so it is important to incorporate human disturbance in to population
projectiongSaether et al. 2004, Milner et al. 2007, Lusseau and Lee.Zad8)ild-capture, in addition to
our findings in chapter 2 there are lasting negative impactsastality in this populatiofLahdenpera et
al. 2018) and severe negative consequences for the wild elephant popylaiomgruber et al. 2008)
Therefore, it was also important to explore the implications of changes in the nunmikridfials captured
on population viability. In chapter 3, | found that observed historic population growth rates were highly
dependent on wildapture, and 2.1% lower on average when wégdture was excluded. In the future,
without wild-capture there ay be transient population declines that last for half a century, before population
growth rates stabilise near replacement rate. This result highlights critical features of population dynamics
in long-lived species that has implications for conservatiamagement, namely, the importance of short
term, transient dynamics and the length of time that is required for the population to recover from
disturbance. Lorgjved species are expected to have transient dynamics with a higher am{8itottiet
al. 2010, Gamelon et al. 201,49nd here | demonstrate strong immediate transient dynamics in this-human
dominated system. Furthermore, low annual reproductive and mortality rates Hlivezhgpecies mean
that transient effects last for several decadeswias also been found in other spefi@srber ad Kendall
2016, Turkalo et al. 2016)ransient dynamics are likely to be of particular importance in populations
dominated by human activity, such as those that are in captivity, subjected to hunting or poaching, or
experiencing rapid environmental ctgge, in which there are changes to demographic stru@need et al.

2010)
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To further explore the role of transient population dynamics in-saptive Asian elephants, in
chapter 4 | investigated the importance of-agacture on shoiterm population grwth rates. Agestructure
was highly variable between 192014 and was responsible for a significant proportion of variation in
annual population growth rates. In particular, high adult birth rates would have resulted in high population
growth rates in th 1970s, but this was prevented by a low proportion of reprodiagiee females. Changes
to agestructure have long been predicted to impact upon population dynamics in wildlife popyletipns
Coulson et al. 2001, Koons et al. 20080 d transient dyamics are receiving greater attention in population
ecology researcle.g. Gerber and Kendall 201&pons et al. 2016, Mcdonald et al. 201&he current
study highlights the importance of changes in-sigecture on shottierm population dynamics and has
implications for the conservation management of populations in hdoramated systems. The numioé
wildlife populations with disruptions to aggtructure and thus exhibiting strong transient dynamics is
unknown, most likely because of the necessity offmmmn demographic data to assess both demographic
structure and population dynamics. Nonetkglethe addition/removal of individuals in a population
associated with poaching, hunting, capture and translocations, perturbs -Steuatyge of populations,
which, in addition to direct impacts on vital rates, can have a significant independentefécriterm

population dynamics.

In addition to the influence of direct human disturbance ¢eddture) in the current study, other
drivers may also be important for population dynamics, and further exacerbate population declines. Previous
studies orAfrican (Loxodonta africangaM0ss2001, Foley et al. 200&)nd Asian elephan{®lumby et al.
2013)have found that climate influences survival, particularly in juveniles. In chapter 5, | extended previous
work and investigated the delayed climate drivers of mortality and reproduction ircagtine Asian
elephants. Importaryt) | explored two contrasting biological mechanisms of delayed climate effects;
continuouseffects where ~continuous-f&y windows) vital rate patterns were dependent on a cumulative

effect of the past climate, antsk windoweffects where climate variah across a risk window, hear
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seasons, influenced subsequent annual vital rates. | found little support foceittrenousor risk window

models of climate effects on juvenile mortality and pagk reproduction.

I argue that the principal driver of popul ati
capture. From the start of the study period in the 1950s, large numbers of wild individuals were targeted by
systematt capture, with particularly high numbers captured during the l@hapter 3; Lahdenpera et al.
2018) Furthermore, capture from the wild was focussed predominantly on younger individuals that posed
less of a risk to mahouts and were easier to (taihdenpera et al. 2018} apture first had both immediate
and longlasting negative consequences for surviizahdenpera et al. 2018nhd reproduction (chapter 2).
However, in addition to these negative impacts on vital rates, capture from the wild altergeldinecture
of the timber elephant population. Generally, the population is buffered against environmental variation
(chapter 5), but changes to agfeucture were the key factor driving shtetm population dynamics. The
perturbation of demographicrstture, which is still present today in this population, will result in fong
lasting transient dynamics in future. However, population growth rates were highly dependent on the

addition of new individuals through capture, and the population may nottaésiie in future without it.

7.2 Conservation implications

The findings of this thesis have implications for the conservation of Asian elephants. First, there are around
5000 working elephants in Myanmar, which may be up to 10% of the remaining glabal edsphant
population(Sukumar 2006)and so | argue that this population is a significant unit of conservation. Indeed,

the captive elephant population in Myanrhas now been incorporated in to the local action plan for Asian
elephantgWin 2018) In chapter 6, | summarise the key management recommendations from the current
body of work to aid in the conservation of seraptive elephants in Myanmar. First, the capture of wild
elephants is detrimental to theldvielephant population and has lelagting negative consequences for
survival and reproduction that influences subsequent generations, and so management should be directed to
maintain a sustainable segaptive population. Sensitivity analyses carriediowthapter 3 indicated that

population growth may be more sustainable with increases to juvenile survival and reproduction rates in
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adults. Adult females are used more in the working population, and therefore improving juvenile survival
is the most suitdb course of management. Furthermore, the perturbation eftaggure has resulted in a
population that will undergo lonlgsting transient dynamics in the future, and the introduction of young
individuals through wilecapture may mean that there ardhspulses in the population, which may impact
training and the availability of working animals. Fortunately, extinction was not predicted und¢eriong
projection models in this population, which suggests that sustainable management in this popwation ma

be beneficial for the conservation of Asian elephants.

7.3 Limitations

There are several limitations that have arisen from the current work, which are predominantly the reliability
and utility of the current demographic dataset andatb@icability of this semcaptive system to other

wildlife populations.

The dataset used in all chapters of this thesis is a longitudinal demographic dataset of registered
Myanmar Timber Enterprise (MTE) elephants used in the timber industry betwedbtieand 201¢&.g.
Hayward et al. 2014, Mumby et al. 2015, Lynsdale et al. 2Qdifitations of this dataset that must be
acknowledged are the availatyilof data early in the study and the reliability of {ifestory data. In analyses
of temporal variation in vital rates and population dynamics, | used data from 1951 onwards, because before
this time record keeping systems in the MTE were incompletsmofeaphic data was compiled from
individual logbooks and MTE reports, and was verified from different sources where possible, however
historically the availability of data was reduced. In particular, the number of individuals, especially at older
ages, waseduced until the 1970s. However, the number of individuals that are not in the current dataset,
but that were present in the population during this time is unclear. Importantly, | accounted for temporal
variation in vital rates, and only constructed pgapan projection models using data after this period, but

it is important to acknowledge this limitation.
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The reliability of the data recorded is also a potential limitation of the current study, although the
timing of key life-history events is largehaccurate (to the day) and verified for each individual by
government staff and veterinarians. One limitation however is the age estimationdauglat individuals.

Age is estimated in wildaught individuals at the time of capture using shoulder haightomparison of

body condition and physical attributes such as pigmentation with elephants of known age. The exact error
in ageestimation for wildcaught individuals is unknown but thought to be within a couple of years for
individuals that continue tgrow (up to 25 years old), which constitutes the majority (72%) of those
captured. Overall, the reliability of lifkistory data in the current dataset is high, because elephants are
individually monitored, and records are maintained centrally by the MiTEnalysis, we discarded
approximately 5% of the original data due to discontinuous birth/capture/death/censoring data, but the exact
degree of error in the whole dataset is unknown. Therefore, while the reliability of demographic data is

potential limitdion that must be acknowledged, generally the quality of data in the current study is high.

The second key limitation of the current thesis is the utility of the current system efaeatine
elephants as a model for other wildlife populations. The managgesystem in this population is relatively
unique, and timber elephants do not fit the binary definitioms situ or ex situpopulationgRedford et al
2011) Only few species have populations with comparable-saptive management systems, including
reindeer Rangifer tarandus(Suominen and Olofsson 2008)d some other mammdésg. Dierenfeld and
McCann 1999, Golosova et al. 201Whether temporal trends in vitaites and population dynamics reflect
environmental conditions or simply changes in management is unknown. However, importantly, only few
wildlife populations are undisturbed by human actiyRedford et al. 2011)and therefore understanding
population dynamics in sersaptive systems such as timber elephants is still relevant to other systems.
Therefore, while the application of this system to othed wipulations should be approached with caution,

it still provides insights into human disturbance and population dynamics itiveggnammals.
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7.4 Future work

There are a number of potential avenues of research to explore in extension to the weatlooain the

current thesis, namely, the investigation of spatial trends in vital rates and population dynamics, other drivers
of population dynamics including human management and habitat availability, and the interplay between
the captive and wild elepint populations. Demographic data used in the current thesis covered the whole
of Myanmar, and elephants are held in different states and regions of the country, with differences in habitat
availability and climate. | accounted for this in demographic nsdaleincorporating regional division as a
random effect. However, explicitly investigating differences in vital rates population dynamics between
regions may offer an opportunity to highlight spatial priorities for conservation in Myanmar and may also

elucidate how habitat availability influences demography in Asian elephants.

Understanding other drivers of population dynamics, especially anthropogenic factors such as
logging and workload would be useful for the management of this population. Therediatdui
differences in the number of logs extracted and the amount of work carried out, and therefore relating this
workload to vital rates may inform population managers about optimal workload strategies to maximise the
sustainability of the populatiomd the export of timber. Furthermore, despite the region containing the
largest remaining unfragmented habitat for wild Asian elephants, a significant proportion of the forest cover
(and thus natural habitat for elephants) has been lost in recent déceidegruber et al. 2003, 2005)
Understanding how habitat loss influences population dynamics in both wild andagaiae populations
would provide invaluable insight for conservation strategiéssian elephants. Finally, a crucial feature of
the current population is the role of the wild elephant population at sustaining the captive population; it has
been documented that wild males breed with captive females, and also that captive males malg with
femaleg(Shell 2019) The pretse contribution of the wild population to the captive population is currently
unknown, but genetic analysis could shed light on the contribution of captive males to captive offspring.
Furthermore, with widespread declines in the wild population, not thesto wildcapture, the future

contribution of wild males to captive population dynamics is unknown but is likely to be reduced.
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Understanding the interplay between the wild and captive populations is therefore crucial for the

conservation of Asian elephts in the region.

More generally, the pervasiveness of shierin transient dynamics and the role of human
disturbance in population dynamics is an interesting area of future research. Many populations, particularly
in vulnerable species, are small mumber, under threat of poaching and hunting, or subjected to
translocations. Therefore, exploring the ldagting demographic consequences of human disturbance in
vulnerable populations, and the role of transient dynamics andtaggure is potentiafl crucial for
understanding population declines. Furthermore, how long negative impacts from drivers of population

dynamics such as poaching or climate change last is an important question in other populations.

7.5 Conclusions

In this thesis, | have pwided novel insights into the impacts of human disturbance on demography and
population dynamics in a loded species. For sersaptive Asian elephants, capture from the wild to
supplement the working population has had Hasging impacts on vital ras, demographic structure and
population dynamics. With an increasing human population, the number of wildlife populations that are
influenced by human activity will only increase. However, the number oftlermy studies investigating
patterns in demograp is still relatively small. Here, | add to this small number of studies with the case
study of timber elephants. Ultimately, understanding how human disturbance influences population

dynamics is crucial to prevent future population declines in vulnesplieleies.
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References included in chapter 2

130



S1.1 Data selection

Agespecific reproduction

The demographic dataset of Myanmar timber elephants fesasfic analyses includes 2,685 females

with known birth origin (captivdorn vs. wildcaught) and survival information, which lived beyond the
earliest age of reproduction, 5 years. Of these females, 1,323 were -taptiieetween 1942011 and

1,362 were wildcaught, captured between 198002 at estimated ages ob8 years (mean capture age
16.13 + 10.91). Exact lifespan was known for 1,079 females. Elephants were born (or estimated to be born)
between 1922011 and come from 11 out of 14 regional divisionMiyanmar: Ayeyarwaddy (N = 39),

Bago (N = 314), Chin (N = 31), Kachin (N = 266), Magway (N = 104), Mandalay (N = 401), Rakhine (N =
91), Sagaing (N = 928), Shan (N = 242), Tanintharyi (N = 6), Yangon (N = 8) and unknown (N = 255). In
these analyses, we giued regions together based on proximity, elevation and sample size: Ayeyarwaddy,
Tanintharyi, Bago, Rakhine and Yangon were grouped together, Chin and Shan were grouped together, and
Magway and Mandalay were grouped together. This made sample sizeshimegam group more
comparable for analyses. Approximately 95% of the original demographic data was retained with reliable

birth, capture, departure and death information.

Calf swurvival and motherdés birth origin

To investigate whether captimrn and witl-caught females show differences in calf survival before age

5, we analyzed 2423 calves (F = 1,235, M = 1,188; 1,290 born to chptimdemales and 1,133 born to
wild-caught females) born between 1960 and 2016 to 1030 mothers (500-taptivaend 530 Wd-caught
mothers). Generally, aggpecific mortality in this population is greatest within the first 5 y@der et al.

2012) and therefore we concentrated on this age range in the analysis. We excluded stillborn calves, calves
born to mothers captured before 1952, twins, and calves with mistakes or missing information (on sex, calf
or motherés exact wal fcéesn stoirretdh)l.i f elsgpuaen @dltwas co
Ayeyarwaddy (N = 59), Bago (N = 282), Chin (N = 4) Kachin (N = 130), Magway (N = 344), Mandalay (N

= 255), Rakhine (N = 29), Sagaing (N = 956), Shan (N = 196), Taninthary (N = 7), Yangon (&he 9)
unknown (N = 152). In the analyses, regions were grouped in the same way aspedéfie reproduction
analyses above resulting in 6 grouped regions.

Calf age was included as a linear and quadratic term to control for the quadratic age effect on calf
mortality before age 8Mar et al. 2012)Birth cohorts and regions were also controlled for in the model (the
same way as in ag®pecific reproduction analyses). Maternal ddatknown to increase calf mortality
(Lahdenpera et al. 201,6nd maternal presence was therefore coded as-@épsndent variable in every
year from birth to calf age 5 (0 = mother died during the focal year/had died gwewigus years; 1 =

mother was alive during the focal year). We also included an interaction term between calf age and maternal
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presence to control for the changing effect of maternal death on calf mortality at different calf ages
(Lahdenpera et al. 2016)laternal age at the birth of the calf was included in the model, which ranged from
7-63 years old in the current sample. Maternal ages above 60 were grouped together because of small sample
size (N = 6 calves). Short previobisth intervals are known to increase calf mortaliar et al. 2012)and

we categorized birth intervals as short, medium, long, and firstborn categories based on the 2% and 75
guartiles of birthinterval length (3.84 and 7.44 years, respectively; average = 6.28 + 3.75 years). Birth order
was not included because of its collinearity with maternal age and birth interval. We also controlled for the
differences in survival betweanale and female calvéSlar et al. 2012)and an increased effect of maternal

death on male calves by including calf sex and an interaction between maternal presence and tadf sex
model(Lahdenperd etal. 2016) Fi nal ly, the mothero6s individual i de
interceptonly random effect to account for repeated births by the same female (rang8scafvés for

wild-cawght mothers and-10 calves for captiv®orn mothers; average = 2.35 calves).

S1.2 Agespecific reproduction model selection additional details
The model selection was carried out in two phases. First, we explored the full set (21,089 models) of age
term models with generalized linear models (GLMs) with binomial error structures, incorporating all fixed
effects, but excluding the random effects terms. Then, warré¢he best 100 models using GLMMs, to
incorporate the random effects terms of individunumber and regional division group. We used this
approach to reduce the computational power needed to assess all models, while maintaining a large enough
subset of models incorporating the random effects. We compared the predictive performance oflelach mo
using the Akaike Information Criterion (AIC)Burnhan and Anderson 2003)The use of AIC was
appropriate for the current study because each of the model parameters and interactions were eonsidered
priori in the base model, and so all models contained the same number of parameters and interactions. The
best o6final é model was the model with the | owest Al
terms in the bedit model using likelihood ratio tests (LRTs) withthe@&hiquar ed (62) di stri bu
a model term was included as both &theffect and an interaction, all terms with that effect were removed
in the LRT calculation.

The AIC value of the best model was 0.04 lower than the second explanatory model with three
thresholds (different thresholds at 20 and 44, as opposed to 19 gndrdsbf age; Table S2; Figure S1).
This small difference is therefore consistent with a peak of reproduction of between 19 and 20. The
difference between the best and twentieth explanatory models was 2.74, indicating clear support for the best
model reléive to other competitive models (Figure S1). The Hie0 threethreshold models are shown
in Table S2. Of the best 100 models, all were ttineeshold models, and we found little support for linear,

guadratic or cubic age terms relative to threshuobdlels.
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Figure S1.1The best agspecific model was a thrabreshold model with a peak reproductive age of 19.
Figure shows AIC scores and threshold ages for thefibé€l models incorporating age terms. Colour
denotes the AIC value, and thembers within the points are the differences with respect to thditbest
model. The AIC differences indicate small differences between thedidtsecondbest models, but clear
support for peak age of reproduction between 19 and 20.
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Figure S1.2Wild-caught females had a greatly reduced odds of reproduction at peak reproductive-ages (20
44) and at the onset of reproduction-1g. Agespecific reproduction odds ratios comparing waklight

to captiveborn, for all individuals (1323 captiMeorn femées and 1362 wilecaught females). Points are
agespecific odds ratios for wildaught females relative to captilbern females, colours are specific
capture ages. Solid black line is the averagesageific odds ratio of reproduction irrespective of negpt

age. Dashed black line at odds 1 indicates an equal odds ferawitght and captivborn females.
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Figure S1.3The agespecific birth rates from the 1960 birth cohort most adequately describe the mean
reproductive rates in the raw demograptiéta. Mean annual birth rate in each of the threshold)aygs
selected in the befit model for all females depending on the birth cohort (decade of birth). Coloured points
lines represent mean+SEM model predicted annual birth rate in eagnoageBlack points denote the

raw mean+SEM annual birth rate in each-ggaup from demographic data. There was significant variation

in agespecific reproduction depending on birth cohort.
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Figure S1.4Wild-caught females that reproduced at leaste had a reduced agpecific reproductive
probability compared to captiMeorn females. The figure showagespecific patterns of reproduction for
captiveborn and wildcaught females that reproduced at least once in their lifetime from thditbest
threshold regression model (age groupst25 1320, 2151, 5264). Points are the raw mean annual
predicted birth rates at each age for reproductive females only, with the size of the points denoting the square
root of the sample size at each age (range58@timeevent data points). Lines are the mean predicted
values for an extended dataset of the observed females in the 1960 birth cohort, which were most similar to
raw mean birth rates.

136



1.50 A

1.00 A

0.50 H

Calf mortality Odds ratio (WB/CB calves)

0.00 1 1 1 1 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 40 45 50 55

Years since capture

Figure S1.5Calves of wildcaught (WB) mothers had increased mortality odds ratios (at each age from
birth to age 5) compared to calves of captieen (CB) mothers, the effect decreasing slowly and lasting
~16 years after mdn=1gL40dservimasp2dil catvesf1038 motherBpintd are
yearly odds ratios after t hecaughtfenmlesrdative o agvésborre f o
to captiveborn females. Dashed black line at odds 1 indicates an equal odds for calvesadughd

mothers and calves of captibern mothers.
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Table S1.1Parameter estimates and likelihood ratio tests (LRTs) for the effect of birth origin on lifetime
reproduction (abinomial mixed effects model, n = 1678) and-tognsformed age at first reproduction (b
linear mixed effects model, n = 843) for femaleliam elephants. Estimates and standard errors presented
on the logit scale for table a). Colon (:) denotes an interaction terms.

a)
Fixed effect Estimate Standard Error L RT? ¢ pvalue
Intercept 0.02 1.19
Birth origin 40.1 <0.001
wild-caught -0.37 0.22
Censored 151 <0.001
dead (1) 0.54 0.17
Lifespan 0.07 0.01 93.1 <0.001
Birth cohort 17.1 0.02
1940 -1.93 1.11
1950 -1.99 1.11
1960 -2.34 1.12
1970 -2.56 1.12
1980 -2.53 1.13
1990 -2.17 1.15
Birth origin:Age at capture 4.9 0.03
wild-caught:age at capture -0.04 0.02
b)
Intercept 2.67 0.08
Birth origin 15.3 <0.001
wild-caught 0.08 0.02
Censored 0 0.90
dead (1) 0.00 0.03
Lifespan 0.01 0.00 17.3 <0.001
Birth cohort 37.6 <0.001
1950 0.09 0.05
1960 0.12 0.05
1970 0.16 0.05
1980 0.30 0.06
1990 0.14 0.07
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Table S1.2Model selection results for the incorporation of age terms via threshold regression. The best 20

Threshold age groups Threshold ages AIC A | ( GLM rank
four 12,19, 44 20918.65 1
four 12, 20, 44 20918.69  0.04 2
four 12, 20, 51 20919.17 0.52 3
four 12, 20, 47 20919.66 1 4
four 12, 20, 50 20919.75 1.1 10
four 12, 20, 48 20919.97 1.31 7
four 12, 19, 47 20920.15 1.5 5
four 12,21,51 20920.3 1.65 14
four 12,19, 51 20920.55 1.9 19
four 12,18, 44 20920.67 2.01 8
four 12,19, 42 20920.69 2.04 6
four 12, 19, 48 20920.77  2.12 17
four 12,19, 50 20920.88  2.23 25
four 12, 20, 49 2092091 2.26 18
four 12, 20, 46 20920.97  2.32 9
four 12,19, 43 20921.11  2.45 13
four 12, 21,50 20921.13  2.48 21
four 12, 19, 46 20921.15  2.49 16
four 12, 20, 42 20921.3  2.64 12
four 12,21, 44 20921.4  2.74 11

models are shown based on the Akaike information criterion (AIC). All of the best models had three
thresholds, and thus four threshold age groups.Best model is highlighted in bold, and was selected in
both stages of model selection (GLM and GLMM models).
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Table S1.3Parameter estimates from the best model ofspgeific reproduction for only reproductive
females (n = 1175; 38,492 elephamefar observations), fit using binomial generalised linear mixed effects
models (GLMMs). Estimates and standard errors are presetite logit scale. The colon (i) depicts
interaction terms. LRT denotes likelihood ratio test statistics.

Fixed effects Estimate Standard Error L RT? ¢ pvalue
Intercept -5.28 1.05
Age 0.19 0.10 309.0 <0.001
Age group 973.2 <0.001
ages 13220 1.99 1.06
ages 2151 6.51 1.01
ages 564 10.63 2.58
Birth origin 167.3 <0.001
wild-caught -2.24 0.55
Lifespan -0.09 0.01 59.5 <0.001
Average age 0.15 0.02 48.0 <0.001
Birth cohort 88.7 <0.001
1930 -0.96 0.26
1940 -1.06 0.25
1950 -1.42 0.26
1960 -1.61 0.27
1970 -1.76 0.28
1980 -1.97 0.29
1990 -1.61 0.30
2000 1.67 1.16
Censored 9.53 <0.01
dead (1) -0.14 0.05
Age:Age group 142.1 <0.001
age:ages 120 -0.01 0.11
age.ages 2b1 -0.23 0.10
age:ages 584 -0.34 0.11
Age:Birth origin 30.5 <0.001
age:wildcaught -0.06 0.01
Age group:Birth Origin 28.5 <0.001
ages 120:wild-caught -1.76 0.49
ages 2151:wild-caught -1.92 0.50
ages 564:wild-caught -0.53 0.69
Birth origin:In time since capture 96.4 <0.001
Cap\;\glri caught:In time since 167 0.18
Random effects Variance Standard deviation
Individual ID 0.00 0.00
Regional division group 0.004 0.06
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Table S1.4Discretet i me sur vi val model of the effects mothe
0-4 (4.99) years in sentiaptive timber elephants in Myanmar (Total n = 10,192 observations (2,423 calves
and 1030 mothers). Positive estimates refleatemsing mortality risk. Reference categories are given in

bracket s. Mot herés identity was fitted as a ran
captvebor n, ti me= years since motherds captur e, pr e
Std. F Numdf,
Fixed effeds Estimate  Error value  Dendf P value
Intercept -3.4812 0.2627
Calf age -0.5587 0.1214 51.96 1,9183 <0.0001
Calf age:calf age 0.1549 0.02785  30.92 1,9183 <0.0001
Mot herdéds Origin ( 0.9266 0.4079 5.16 1,9183 0.0231
Mot her déds Origin:t -0.3221 0.1355 5.65 1,9183 0.0175
Prev. birthinterval (medium) 3.54 3,9183 0.0141
first-born 0.4380 0.1754
short 0.5981 0.1996
long 0.3532 0.2097
Calf age:prev. birthinterval (medium) 5.61 3,9183  0.0008
first-born -0.2062 0.07229
short -0.3786 0.1013
long -0.2054  0.09526
Birth cohort (1980) 2.86 5,9183  0.0138
1960 0.07900 0.2241
1970 0.003297 0.1480
1990 0.1421 0.1260
2000 -0.3903 0.1627
2010 -0.4369 0.2270
Mot her6s death (a 2.0369 0.4230 23.19 1,9183 <0.0001
Calf age: Mot her ds -0.4704 0.1668 7.95 1,9183  0.0048
Calf sex (F) 0.4366 0.2470 3.12 1,9183 0.0771
Calf sex (F): Moth 2.92 1,9183 0.0876
M, mother dead 2.4734 0.5337
M, mother alive 0.01554  0.09558
F, Mother dead 1.6158 0.4415
Calf division (Sagaing) 40.51 5,9183 <0.0001
Ayeyarwaddy
group (see S1) -0.4616 0.1781
Chin and Shan 0.8292 0.1807
Kachin 1.6393 0.1828
Magway and
Mandalay 0.2806 0.1304
Unknown 2.1089 0.1882
Mot her 6s age 0.01108 0.006420 2.98 1,9183 0.0844
Random effects Variance Std. dev.
Maternal ID 0.33 0.13
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S2. Supplementary information forchapter 3

Long-term trends in wilecapture and population dynamics point to an uncertain future for captive

elephants.

References included in chapter 3
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S2.1 Data selection

The data recorded for all registered elephants includes: identification number and name, birth origin
(captiveborn orwildc aught ), date and place of birth, mot he
place of capture (if wilecaptured), year or agd taming, identities of all calves born, date of death or last
known date alive, and cause of death. The initial studbook contained data from 1876 to 2014. Further
restrictions to the studbook were made because only sparse records were available W0t
Therefore, only females born after 1920 if captieen were included, and both mortality and birth records

for females present in the population before 1960 were discarded. Recordsfcawglht individuals were
incomplete before 1951 and ag&timates for wildcaught elephants may have lower accuracy after the
individuals have achieved full body height (at the age of 25 years in this working populltionpy et

al. 2015) Therefore, only wilecaught females entering the population after 1951 and caught before the age
of 25 (~70% of those captured), wémneluded here to increase the reliability of our-agecific mortality

and fertility estimates. Thus, our measure of annual-galoture rate does not reflect the total number of
individuals caught from the wild each year, but instead general trendddetapture through time in
Myanmar. Nevertheless, the majority of widdught elephants were below an estimated age of 25 at capture:
during 19511999 the median age at capture varied between 8 and 13 years, depending on the method of
capturgLahdenperé et al. 201,8)nd capturers generally targeted young, heddtbking individuals which

were easier to train than older ones. There was also a female bias-aaptilde, who comprised 60% of
wild-caught individuals in the initial studbook. Finally, individuals with erroneous or discontinuous
death/departure/birth information were removed (5% of elephants). The final studbook was afdynale
dataset (N = 3585, wildaught = 1215) with individda from 11 out of the 14 regional divisions of
Myanmar, of which 2117 were censored. This ferually dataset was used in all subsequent analyses.

S2.2 Model selection

We used model selection in order to explore the fit of linear andimesr explanator variables on female

birth and mortality rates, as well as on the interaction between age, year and birth origin (table S1). We
assessed the fit of models incorporating the age and year parameters as 1) linear parametric terms, 2)
smoothing terms fittedging thin plate regressions splin@8ood 2003) 3) separate smoothing terms for
wild-caught and captivborn females, to capture the interantimetween age/year and birth origin, and 4)

a tensor product interaction smoothing term, with separate terms fecavight and captivborn females,

to capture the interaction between all explanatory varigle®d 2006) Finally, we also explored the fit

of models incorporating a linear term for population size in each year, to assessa#p®iyence in life
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history traits and whether there was a need to incorporate density dependence in future prdjctions.
models also had a linear parametric term for birth origin, to assess the differences in mean vital rates between
wild-caught and cdjwe-born females. Although a previous study found an effect of the time in captivity on
survival in this population (Lahdenpera et al. 2018), because we aimed to assess population viability without
continued wild capture (after 1995) this was not inclumhedur model selection. All models also had a
random effect smoothing term of spatial division group in Myanmar, penalized with a ridge penalty. We
had life history records from 11 out of 14 spatial divisions (Ayeyarwady = 878, Bago = 7167, Chin = 1066,
Kachin = 7252, Magway = 3322, Mandalay = 11650, Rakhine = 2004, Sagaing = 25713, Shan = 5749,
Tanintharyi = 142, Yangon = 356, Unknown= 4984, figure S1). In the analyses, to make sample sizes more
comparable we grouped divisions by proximity and eleva##greyarwady, Yangon, Bago, Rakhine, and
Tanintharyi regions were all grouped together because of low sample size and their coastal locations. Chin
and Shan regions were grouped together because of their similar elevation and low sample sizes. Finally,
Magway and Mandalay regions were grouped together because of similar altitude, proximity and low
sample sizeThe besfit models were selected using the Akaike information criterion (AIC), and where the
difference in AIC between the two best models was lems 2h) the simpler model with fewer interactions

was selecte@@kaike 1987, Burnham and Anderson 2Q04)
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Figure S2.1Regional divisions of Myanmar usédthe current study. Colour denotes the regional division

groups used in analysis.

Table S2.1 (overleaf)Model selection results for aggecific life-history traits through time in female
timber elephants. Best model highlighted in bold. All modeds &icluded a binary response variable of
birth or mortality, a parametric term for birth origin, and an additional random effect smoothing term
predictor for regional division. The functioRw describes a thin plate regression spline smoother, the
function"Qw describes a tensor product interaction smoothing term fit with a thin plate regression spline,
and the function ‘@v described a random effect smoothing term penalised with a ridge penalty. Terms

without functions delineate parametric dar predictors.
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Birth model predictors AlC mAIl C
g(age, year, birth origin = captiv®orn) + g(age, year, birth origin = wildtaught) + re(year factor) 12712.61

g(age, year, birth origin = captiwbeorn) + g(age, year, birth origin = wiletaught) + population size + re(year factor 12713.03 0.42
f(year, birth origin = captiveborn) + f(year, birth origin = wildcaught) + f(age, birth origin = captiveorn) + f(year, 12732.73 20.12
birth origin = wild-caught) + re(year factor)

g(age, year, birth origin = captiveorn) + g(age, year, birth origin wild-caught) 12758.12 45.51
f(year, birth origin = captiveborn) + f(year, birth origin = wildcaught) + f(age) + re(year factor) 12759.73 47.12
f(year) + flage, birth origin = captiveborn) + f(year, birth origin = wildcaught) + re(year factor) 12764.91 52.31
f(year, birth origin = captiveborn) + f(year, birth origin = wildcaught) + f(age, birth origin = captivdorn) + f(year, 12768.62 56.01
birth origin = wild-caugtt)

f(year, birth origin = captiveborn) + f(year, birth origin = wildcaught) + f(age) 12795.52 82.92
f(year) + flage, birth origin = captiveborn) + f(year, birth origin = wildcaught) 12800.55 87.94
f(year) + f(age) 12863.94 151.34
Half-decade + f(age) 12872.52 159.91
Decade + f(age) 12952.38 239.77
year + f(age) 12987.26 274.65
year + age + year: age 13958.57 1245.96
f(year) + age 14204.45 1491.84
year + age + age: birth origin 14375.57 1662.96
year + age + year: birth origin 14414.02 1701.41
year + age 14415.25 1702.64
Mortality model predictors

g(age, year, birth origin = captiveborn) + g(age, year, birth origin = wild-caught) + re(year factor) 8807.11

g(age, year, birth origin = captil®orn) + g(age, year, birth origin = wilthught) + population size + re(year factor) 8807.49 0.38
f(year, birth origin = captivdorn) + f(year, birth origin = wilecaught) + f(age, birth origin = capti®rn) + f(year, 8839.35 32.24
birth origin = wild-caught) + re(year factor)

f(year) + f(age, birth origin = captivieorn) + f(year, birth origin = ikd-caught) + re(year factor) 8844.44 37.33
g(age, year, birth origin = captil®rmn) + g(age, year, birth origin = wilthught) 8862.64 55.53
f(year, birth origin = captivborn) + f(year, birth origin = wiletaught) + f(age) + re(year factor) 8873.19 66.07
f(year, birth origin = captivorn) + f(year, birth origin = wile&caught) + f(age, birth origin = captil®rn) + f(year, 8883.63 76.52
birth origin = wild-caught)

f(year) + f(age, birth origin = captivieorn) + f(year, birth origin = wilecaught) 8886.88 79.77
f(year, birth origin = captivborn) + f(year, birth origin = wilecaught) + f(age) 8916.00 108.89
Hal-decade + f(age) 8930.60 123.49
f(year) + f(age) 8936.67 129.56
Decade + f(age) 8947.66 140.55
year + f(age) 9004.32 197.21
year + age + year: age 9480.85 673.74
year + age + age: birth origin 9515.23 708.12
f(year) + age 9526.44 719.33
year + age + year: birth origin 9581.47 774.36
year + age 9583.10 775.99

146



a) DHARMa scaled residual plots

Residual vs. predicted
lines should match

QQ plot residuals

= 8 _
- KS test: p= 0.8375 -
Deviation n.s.
X2
P~
T O
3
S
w
© ©
2 T 3
] w
§ % o
@] ©
e
c
i
» v
o
o
(o]
o | Nee
\ T T T T | S T T T T \
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
Expected Predicted values (rank transformed)
b) DHARMa scaled residual plots
. Residual vs. predicted
QQ plot residuals .
P lines should match
= 8 _
- KS test: p= 0.52973 -
Deviation n.s.
X2
P~
T O
3
S
w
e [0l
: T 3
] w
(@] ©
e
c
i
» v
o
o
(=]
o g R
\ T T T T | S T T T T \
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
Expected Predicted values (rank transformed)

Figure S2.2Scaled modetesidual diagnostics for the bdgtbirth (a) and mortality (b) models over
1000 simulations. In neither birth nor mortality models was their evidence for deviation from uniformity

in the residuals (left), or a relationship between predicted valueesiddals (right).
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Figure S2.3Scaled model residual covariance plots for the-fiebirth (a and c) and mortality (b and

d) models. Scaled, simulated residuals were assessed against age, birth origin, decade (a and b) and
regional division (c and d). rGuped regional division abbreviations: A yeyarwady, YN Yangon,

BG - Baga RK- Rakhine, and TNTanintharyi, CH Chin, SHShan, MG Magway, MD Mandalay.

Points are scaled residuals, red lines are loess (localised regression) smoothers.
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Figure S2.4Mean model predicted values for the bigggbirth (a) and mortality (b) modslwith respect

to population size. Solid lines are mean predicted vital rates, dashed lines are the mean birth and
mortality rates across the study period. We found no clear relationship between population size and age
specific vital rates, and no furtherplanatory power when population size was included in the model
(table S2.1).
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Figure S2.5Population trends in female timber elephants between 1960 and 2014. a) Raw annual birth

1960
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Year

and mortality rates for female timber elephants. The size of the pointatesiithe population size in

each year (range = 383.677). b) Annual capture rate estimates of wild female Asian elephants under

the age of 25 in Myanmar between 1960 and 2014. c) The ratio etauilght females to captimorn

females, where the sizé the point indicates the population size (range =3857).
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Figure S2.6Temporal trend in the sex ratio of timber elephants between 1960 and 2014. The size of the

points indicates the population size (range =B9@1).
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Figure S2.7Mean agespecific birth (a) and mortality (b) rates in captivern and wildcaught female
timber elephants between 1960 and 2014. Points are mean annspéaije birth rates across all years
and regional divisions in Myanmar, with standard error bars. The@&ihe points indicates the sample

size for a given age (range =1965).
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Figure S2.8Change in the mean predicted birth (a) and mortality (b) rates between 1960 and 2014 for
captiveborn and wildcaught females. Lines are mean model predicted vales I®00 posterior
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S2.3 Formulation of the stochastic individuabased model
Description of the individuabased model using the ODD protocol described by Grimm et al. 2006.
1 Purpose

The purpose of thenodel is to understand the lotgym population dynamics of captive female
elephants in Myanmar in a scenario where wigbture is no longer practised. Here we present only the
formation of the first agspecific projection model, which incorporated odgmographic stochasticity
and the mean agspecific birth/mortality probabilities across study years (12@54) for each birth

origin.
2 State variables and scales

The model is formed at the level of each individual female. Individualshem@cterised by two state
variables: Their ageu{ integer between 0 and 70 in years) and their birth origin (captwed, or
wild-caughtw ). The population is characterised by the number of individuals in a given year (at each

age and of each birttrigin).
3 Process overview and scheduling

The model proceeds in annual time steps. Within each year or time step, 2 phases are processed in the
following order: birth and mortality. This order was selected in order to allow females to reproduce and
die in the same year. In each year, based on their age anatigith females had a given probability

of reproduction or mortality. An overview of the ligcle and transition probabilities is given in figure

S2.9.

154



Figure S2.9A schematic of the lifeycle for the individuabased stochastic projection model for
female timber elephants without witdipture. Colour denotes birth origin. Each individual at each age
(® had mean annual predicted birth probabilitieSf (captiveborn) and'Qy, (wild-caught), and
mean annual predicted mortality probabilities A , (captiveborn) andA  (wild-caught). All
individuals born were captivieorn females at age 0. Individuals living past the age of 70 were removed

from the analysis.
4 Design concept

Stochasticity: Birth and mortality are interpreted as binary events drawn from the Bernoulli distribution
for each individual from each birth origin, with a probability from the meansageific probability
from the besfit birth and mortality modelsObservation: For model analysis, we recorded the

populationlevel variable of fj £ i 6 & @ QQKE
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