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ABSTRACT

The Asian elephan&{ephas maximyss an endangered species whose
distribution spans 13 countries in south, southeast, and insulaTAsigrimary hreats
to thesurvivalof this speciesclude direct conflict, primarily in the forms of poaching
and cropraiding, as well indirect conflict such as habitat loss and fragment&tento
theelephand slusivebehavior withintheir densevegetative habitat arttie factthattheir
large sizepresentdrandlingdangergo researchers and elephamesearchncreasingly
relies on noninvasive monitoring combined with a diverse assemblage of genetic tools.
This dissertation uses conservation genetics to evaluate major conflict and conservation
issues for Asian elephantShe first study, in the Bago Yoma region of Myanmarr,
evaluats the impact of direct humagonflict in a high-density area of humans and
elephants. Here elephants are heavily impacted by the developing skin trade, and
condensed popations frequently raid local farms for cro$e studydetermined the
overall population structure and gained demographic insights as to what defines a crop
raider.The secondstudy, conductedn the Nakaplateau elephant population of Lao
PDR compard and contragtdthe diversity and demography of a population of high
conservation value before and after the construction of a hydroelectrid@tlanesults
revealed aeasonally shifting population, unique from the previous occupants of the
plateayandadecline in genetic diversityn the final studygenetic data from across the
S p e crangewas used to identify hotspots of genetic diversity despite magtection
bias, a problem frequently encountered in conservation genetic stliggeresults
highlight theevolutionary distinctivenesand conservation valud populations

particularly insoutheasfsia, for conservatioomanagemenf this iconic species.
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CHAPTER 1

AN INTRODUCTION TO USING GENETICS IN THE

CONSERVATION OF THE ASIAN ELEPHANT

Kris Budd?

!Division of Biological Sciences, University of Missouri, Columbia MO 65211, USA

Publishedportionsin Ahlering, MA, Budd K, SchuttlerS, EggertLS. 2020.Genetic
analyses of noninvasively collected samples aids in the conservation of elephants.
In, Conservation Genomics in Mammals: Integrative research using novel
approaches (Ortega, J. and J. E. Maldonado, Eds.). Springer, ISBNO318

333331

KEY THREA TS TO THE CONSERVATION OF THE ASIAN ELEPHANT

While Asian elephants have important cultural and religious significance in nearly
all 13 countries across their distribution, the increasing urbanization and high human
densities of Asia continue to placemhants and humans at odds with one another.
Expanding human populations and the recent conversion of habitat for anthropogenic
uses have resulted in the compression of many elephant populations into isolated parks
and protected areas, few of whigte largg enough to maintain viable populations over
the longterm (Armbruster and Lande 1993). Therefore, elephants are more frequently

found in humardominated landscapes outside and between protected areas, creating the

1



potential forserious economiand ecologal impacts, with tragic consequences for both
humans aneélephants (Tchamba 1996; Fernando €2@05; Kioko et al2006; Lee et al
2006) Humanelephant conflict plays a significant role in management and conservation
concerns as human and elepharithe continue to rise throughout the Asian elephant
range (Shaffer et 22019). Humarelephant conflict can occur at wighesador local
scales through direct contact (i.e., poaching, destruction of property, anchichog) or
through indirect contadtom anthropogenic land conversion resulting in the
displacement of elephant populations (i.e., habitat loss and fragmendapbeting
resourcep

Poachingi Poaching for ivory from Asian elephants is a rampant and widespread
problem throughout the rgg, but was likely at its greatest during the twepgar period
spanning 1978995 (Sukumar et a1998). In Asian elephants, unlike their African
counterparts, only males produce tusks. Therefore, severe poaching for ivory can rapidly
skew sex ratios. Fanstance, the male to female ratio was 1:6 in the Indian population of
Periyar in 1969 (Kurup 1971but following severe poachirte ratioincreased to 1:122
by 19871989 (Chandran 1990). As an adaptive response to high rates of poaching,
selection pressures can shift male populations toward becoming tuskless. Although
tusklessness was onbelievedto be relatively rare, as tusked malesthmaight to have a
natural advantage over tuskless males in sexual selection (Watve and Sukumar 1997),
many of the surviving males in heavily poached populations are now tusk@8%o(i
Sri Lanka; Kurt 1974Sukumar 1989). With the loss of males, thissive selection

pressure from human conflict has decreased effective population sizes and the majority of



the speciedgenetic diversitycanreside in female lineages in heavily poached

populationgKurt et al 1995; De Silva et aR011; Raubenheimer amdiniggio 2016).
Following strict regulation against the ivory trade across Asia, another poaching

crisis has since developed in areas such as Myanmar. Surveys of morning markets along

the Chinese border often reveal demands in illegal wilgliéelucts such as pangolin

scales (Nijman et aR016), Asiatic black bear and sun bear parts (Shepherd and Nijman

2008a)r hi nocer os 6 h 02018) aridelbpbgntipeducts (Mijman &tlal

2014). In addition to ivoryin the early 2000market sirveys begato detectan

increasing demand for elephant skin, genitalia, and other body pantkdbwas

marketed agraditional medicinehowever, n@uthentidndications oftheir historical use

in traditionaleastern medicineasbeen foundMarket ckalersalsoclaimed that

Ael ephants were not killed to supply this

from already deceased elephants found in forest reserves and govesmmedtlogging

operations (Shepherd and Nijman 2008b). The validiguoh claims was questioned as

five independent elephant skin seizures in China during the same timeframe accounted

for at | east 300 wild el ephavrRbdwell@iddoor en an

ParryJones 2002; Nijman and Shepherd 2014). In 2006, msuketys found only four

pieces of elephant skin, but surveys in 2009 found 278 pieces, suggesting increasing

demand. Further support for this increase came from surveys in 2013, which found 1,238

pieces (Nijman and Shepherd 2014). Wildlife organizatioich sis the World Wildlife

Fund and TRAFFIC called for immediate international support in 2017, and started

conservation campaigns to raise awareness, combat the skin trade, and prevent further

population declines (Kronholm 2017).



Habitat Fragmentation The Asian elephant is a globally recognized IUCN Red
List species and CITES Appendix 1 protected species, yet only 16% of its geographic
range is protected (Duckworth and Hedges 1998; Choudhury2&0&). Asian
elephants, much like African elepharit®Xodonta africanaandL. cyclotig, require
large home ranges of relatively homogeneous habitatitfi@gmented can place them
at increased risk for genetic isolation, dispersal limitation, and population decline (Joshi
and Singh 2009). In contrast to nyaother large mammals, elephants can be fairly
adaptable to diverse landscapes (Sukumar 2003), however, expanding human populations
along with agricultural land conversion and deforestation have heavily fragmented and
isolated current elephant populatigheimgruberet al.2003). Populations occupying
heavily fragmented landscapes are characterizebimg ofthe highest levels of human
elephant conflict and deaths among both humans and elephants (Sukumar 1989;
Leimgruberet al.2003). With restricted habitat, Asian elephants are more likely to
participate in crogaiding behavior to access necessary nutritional resources (Sukumar
and Gadgil 1988; Sukumar 1991; Santiapilli and Ramono 1993; Wilkamis2001;
Leimguberet al.2003) placing them at additional risk of confligith humansThe
largest unfragmented wildlands for Asian elephants are found in southeast Asia,
particularlyin Myanmar; however, elephant populations may not occupy these areas
(Leimgruberet al.2003) as onnectivity between unoccupied habitat and established

populations can be severely limited (eleal.2020).



USING GENETICS TO EVALUATE CONSERVATION ISSUES IN ASIAN
ELEPHANTS

Genetic studies can provide insights into population sizes as well as
characteistics of social organization and demography that would have required years of
field studies to acquire (Frankham 2010). Traditional genetic studies require blood or
fresh tissue, making it particularly difficult to apply genetics to investigations of
dangerous or elusive species such as elephants. The development of methods for
obtaining DNA from nornvasively collected samples, such as through the collection of
elephant feces, has enabled biologists to gain important insights at the individual and
populdion levels (Kohret al.1999). Genetic studies also allow for accurate population
censusing for elusive species. In a direct comparison between a fecal DNA -captigre
recapture (CMR) population survey and a traditional dung count, Hetlge$2013)
found that the fecal DNA CMR methods are more-effgtctive and produce
comparable, yet more precise, population size estimates along with data on demography
and population structure.

Mitochondrial DNAI The most commonly used genetic marker in previous
studies of Asian elephants is mitochondrial DNA (mtDNA). This maternally inherited
molecule mutates separately from the nuclear genomis asgeciallysuitable for
studyingspecieswith femalebased philopatry, such as elephants (Fernahdb2000).
Asian elephant studies analyze a mtDNA fragment that spangpe@0the C terminal of
cytochrome b, threonine and proline tRNAs
region (Fernandet al.2000). This fragment has been utilized in nearly every Asian

elephant genetic study after its publication and is comparable to studies that relied on



previous bovine primers (Fleischetral.2001). Additional primers have been developed
to sequence the same fragment as Fernahdb(2000) in heavily degraded samplss
amplifying two overlapping regions (Eggert and Budd 2017). In Asian elephants, mtDNA
diverged into two separate evolutionary clades approximatel$.3.million years ago;
the U and b cetah(B083 coiresporid¢orclade B and cladeA i
Fleischeret al.(2001). Using the Fernanddal.( 2000) nami ng conventic
more frequently found in southeast Asia, w
with overlap in clade haplotypes in Myanmar and Thailand (Ferneinalo2000;
Fleischeret al.2001; Vidyaet al.2009).

Microsatellitesi For detecting the effects of contemporary events, studies of
Asian elephants, like those of many species of conservation concern, have been heavily
reliant on the use of nuclear DNA microsatellite markers. These loci span the Asian
elephant genome, birt most conservation genetic studies loci are restricted to
noncoding regions of the DNA to allow for the accumulation of polymorphisms
independent of direct selection pressures (Frankdtaah2004; AbduiMuneer 2014).
However,since they are used in nmoding regions, there are larlymitationsin using
microsatellitego infer information on selection pressurgarticularly on individual
genes and gene complexes.

There have been several studiescribingthe characterizatioof microsatellite
loci directly in Asian elephants (Fernandbal.2001; Kongritet al.2008), those
developed to complement previously establisheddddexi (Lei et al.2011; Zhanget al.
2015), or those discovered first in African elephants that were found or redesidp@ed to

useful for Asian elephants (Nyakaana and Actander 1998; Egjgar2000; Comstock



et al.2002; Eggeret al.2008; Thitaranet al.2008). These loci differ primarily bipe
type of microsatellite repedkongrit et al.(2008) characterizedinucleotdeloci and
Fernandcet al.(2001) characterizedinucleotide and tetranucleotidizci. Potential
differences in thevolutionary mechanisms antutation rates of these types of repeats
may lead to differing numbers of polymorphisms and correspondingagss of

diversity (Vidya and Sukumar 2005; Goossehal.2016) making direct comparisons

between studies difficult.

PREVIOUS STUDIES USING CONSERVATION GENETICS IN ASIAN
ELEPHANTS

The Asian elephant distribution spdt countris in south southeastand insular
Asia; India, Sri Lanka, Nepal, Bhutan, Banglad&dtailand, Myanmar, Lao PDR
(hereafter Laos)Cambodia, Vietham, Chind)alaysia,andindonesiaSouth Asian
populations are primarily found in India and Sri Lanka with only smalufaions found
in Bangladesh, Nepal, and Bhutan (Fernando and Pastorini 2011). While ne@@%650
of Asian elephants are believed to live within the Indian subcontinent, smaller
populations are alsecattered throughosgbutheast Asia (Choudhuey al.2008;
Fernando and Pastorini 2QJ4hleringet al.2011) with separatesubspecies occupying
the islands (Fernands al.2003). Range wide studies have been largely restricted to
inferences based solely on mtDNA (Fernaetlal.2000; Fleisheet al.2001; dya et
2009), but local population studies have utilized microsatellites to evaluate nuclear

genetic diversityand differentiationStudies generally determine estimates of nuclear



diversity using expected heterozygosity)ldnd allelic richness (# anddetermne

mt DNA diversity wusing nucl eotihde diversity
Indiai India contains the largest populations of Asian elephants (Fernando and

Pastorini 2011); especially in the southern populations of Nilgiris, Anamalai, andrPeriya

In these southern populations, Vidstaal.(2005a) determined that despite having the

largest number of individuals, thegcordedow mtDNA and microsatellite diversity.

The largest known Asian elephant population, Nilgiris, was characterized byl sin

mtDNA haplotypethathas been found in numerous populations across the elephant

distribution (Fernandet al.2000; Vidyaet al.2009; Eggert and Ruizopez 2012; Leet

al. 2012). There was also low differentiation within Nilgiris, but the populatias

genetically distinct from the other large populations of Anamalai and Periyar. dtidya

(2005b) further examined populations across India and found regional genetic

di fferentiation between the countryds nort

popul ations. To their surprise, when evaluat

lower than much smaller populations found elsewhere. This low diversity is also seen in

range wide studies, where Fernamdal.(2000) found no mtDNA diversity in éhsmall

number of samples they examined (n = 6), and Vatyal.(2009)reportedow levels

when evaluating by region. At smaller scales, Vidya and Sukumar (2005) found social

organization of the southern populations was structured by highly relatec:feends

while unrelated males exhibited raandom dispersal throughout the area. Chakraborty

et al.(2014) found further evidence of discrete local family groups and evidence against

cohesive regional herds of females in Alur area of the Nilgiris population. Based on their



results, they advised againisinslocatiorof conflict elephants as it could digat local
family group and herd dynamics.

Sri Lanka- The Sri Lankan elephant is a currently recognized subspecies;
however, genetic studies have argued that it may not warrant subspecies designation.
Morphological distinctions descrili® m. maximuss tle largest and darkest of the Asian
elephant subspecies with an unusually large proportion (98% in one population of South
Sri Lanka; De Silvaet al.2011) of males missing tusks (Kettal.1995). However,
studies in African and Asian elephants have destrated that the proportion tfskless
elephantsn a population is strongly correlated with poaching pressure @{@ait1995;
Raubenheimer and Miniggio 2016). While weakly supported by early studies using
allozyme loci (Nozawa and Shotake 1990), mbhier genetic studies have detected a
clear distinction between Sri Lankan and Indian elephants (étaatl1995; Hartlet al.

1996; Fernandet al.2000; Fleisheet al.2001). Although Fernandet al.(2000)

suggested subspecies designation may natbented, they found 10 mtDNA

haplotypes that, at the time of their publication, were unique to Sri Lanka and the island
was characterized by the highest level of diversity in their range wide study. In a separate
range wide study, Vidyat al.(2009) ale reportecthe highest mtDNA diversity was

housed in Sri Lanka.

Within Sri Lankads Ruhuna National Park
found lowlevel social structuring in related female groups united by shared mtDNA
haplotypes. However, the higherder social structure and/or relatedness organization at
a larger scale that has been described in African elephants was not found (Fernando and

Lande 2000).



Nepali One of the largest elephant populations in Nepal is found in Bardia
National Park; howesar, it was functionally extindrom 19701980 (Dinerstein 1980).
After a largescale project between India and Nepal established habitat protections and
dispersal corridors in 2001, elephants were allowed to naturally recolonize Bardia.
Flagstackt al.(2012) evaluated the established population using captar&recapture
(CMR) analyses. They determined the population size to be 57 individuals (95% CI =
[40, 90]). They found a maleiased sex ratio believed to result from subadult males
driving the inital immigration to colonize the unoccupied habitat; however, groups of
related females indicate family groups have since immigrated as well. They further
determined thatecentlocal recruitment was occurring, as they identified calves in their
study. Despie the small population size, genetic diversity was relatively high with no
evidence of inbreeding.

Bhutani Bhutan has been largely understudied using conservation genetic
methods. While included in some range wide studies (Ferretral®000; Vidyaet al.
2009),1 wasunable to find a study solely on populations found within Bhutan. However,
in their range wide study, Fernanetbal.(2000) found that elephants from Bhutan and
India were not significantly differenbut had moderate levels of diversityen
compared to other countries in the study.

Bangladesh Est i mat es of Bangl adeshds el ephant
surveys, interviews, and sightings indicate that there may b&83DWild elephants
remaining in the country, however @60 arebelieved to have transboundary ranges

(IUCN 2004; Islamet al.2011). Tomyk now!l ed g e, no study has ev
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elephants using genetic techniques, and they are notably absent from range wide studies
(Vidya et al.2009).

Thailandi The largest ppulations in southeast Asia and some of the highest
reportedevelsof genetic diversityn Asian elephargtare found in Thailand. When
assessing captive individuals with known wild origins, Thitaedral.(2010) found low
genetic differentiation betweeatephants from different regions of the counlikely due
to long standing human traditions promoting translocations. Theyeeotednoderate
levels of genetic diversity contained within the captive populations. Reintroduced
individuals in Sublankand Doi Phamuand wildlife sanctuaries were examined by
Thitaramet al.(2015) prior to and after their release. Thegortedhigh levels of genetic
diversity and low relatedness between association groups with many elephants
preferentially choosing isolain. These results were likely reflective of the diverse
sources from which the reintroduced elephants were obtained. High genetic diversity was
alsoreportedby Thongchaet al.(2011) when they evaluated mtDNA in wild elephants

from Phuwua, Phukhieo, Plmang, and Dongyai wildlife sanctuaries.

Myanmari My anmar i s home t o -caplive poputationsd 6 s | ar |

with fAcaptiveo individuals released at n
tourist industry, leading to associating and bimegavith local wild herds (Lair 1997,
Leimgruberet al.2008; Leimgrubeet al.2011). In a study of seraiaptive elephants,

Kuszaet al.(2018)reportedmoderate levels of nuclear diversity, but high levels of

MtDNA diversity. Overall, their results supped the occurrence of a single regional
population with high levels of geneflow. In Vidgh al.(2009), Myanmar had very high

levels of mtDNA diversity; including haplotypes from both evolutionary clades. \&tlya
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al. (2009) also determinedthat Myanmaa s | i kel y a zone of <cont

haplotypes following Pleistocene expansion from more southern refugia, which would
give rise to high moderday diversity.

Lao PDRI The elephants of central Laos, specifically those of the Nakai plateau
within the NakaiNam TheurNational Parkwere believed to represent the largest
elephant population in the country (Duckwoethal. 1999). The Nakai plateau population
was previously studied using two different survey methods simultaneously: dung count
surveyirg and genetic captumarkrecapture (CMR). While dung count surveys
produced a population size estimate of 141 individuals (95% CI =[95, 208]), genetic
CMR estimated 132 individuals (95% CI = [120, 149]) with greater precision (PCCL
21.97% vs. 80.14%; Higeset al.2013). For this population, genetic methods also
provided demographic data such as, segorted high levels of genetic diversiid
demonstrated matriarchal family relationships within herds (Ahlezirad.2011).

The Sepon Mine populatioin the Savannakhet district of Laos was estimated at
47 (95% CI = [38, 71]individuals during a genetic survey (Eggert and Ruwipez
2011). The levels of genetic diversitgportedwere lower than that of the Nakai
population, but higher than that of populationgnidia, Sri Lanka, and Vietnagm
supporting the conservation value of the elephant populations of Laos (Eggert and Ruiz
Lopez 201).

An evaluation of the Nam Kading protected area using mtDNA was condocted
evaluate its connectivity to other Laos populations; Nakai and S&pgert and Budd
2017) The studydetected nine mtDNA haplotypes in Nam Kading with only two

previously detected in Nakai. These shared mitochondrial haplotypes indicated a historic
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maternal relationship between these populations, but low contemporary maternal
geneflow. The presence of seven unique haplotypes supported previous conclusions
regarding the high levels of diversity found in Laotian elephant populations.

Cambodiai The eleplants of the Seima Biodiversity Conservation Area,
Cambodia, are thought to be part of one of the more important remaining elephant
populations in Indochina (Pollaet al.2008; Eggert and Ruizopez 202). A genetic
CMR study estimated the population s#d 16 individualg95% CI =[101, 139];

Eggert and Ruit.opez 202). This was a rather surprising result considering other
methods had estimated the population size at only 30 to 50 individuals. Also surprising
was the high level of genetic diversigported which was higher than levels detected in
much larger populations in India and Sri Lanka (Pol&trdl.2008).In the Phnom Princh
wildlife sanctuary in the Eastern Plains of Cambodia, @ta}.(2014) alsaeported
relatively high levels of genietdiversity in an estimated elephant population size at 136
(SE = 35).

Viethami Vi et namdéds popul ation of elephants i
individuals believed to remain in the wild (Vidgaal.2007; Ly 2011). In Cat Tien
National Park, Vidyaet d. (2007) found high levels of mtDNA diversity, but low nuclear
diversity and evidence of a recent population bottleneck. They also found that social
groups were made up of remnants of different groups of matrilines converged together,
likely as a responde disturbance. In their range wide study, Fernastda.(2000)
determined that there was low subdivision between Vietnam and Laos, however, even
with a small sample size (n = 4), Vietnam had high mtDNA diversity. These high levels

of diversity were alg reflected in Vidyaet al.(2009).
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Chinai Chinese elephant populations have declined rapidly in recent history due
to habitat loss and poaching, with the last populations residing along the Myanmar and
Laos borders (Zhang 2011). In thesenaining populations, Zhargg al.(2015)reported
low genetic diversity and genetic CMR determined the smallest population, Napngunhe
consisted of only 28 individuals (95% CI = [24, 32]) while the largest, Xishunagbanna,
contained 94 individuals (95% &I1[87, 116]). Overall, Zhangt al.(2015), estimated
the total population size of elephants in China at 186 individuals (95% CI =[178, 192)).
He et al.(2020) determined #t thesesmall populations are isolated with low genetic
diversity, and thereforanay soon suffer from inbreeding depression. Their population
viability analyses indicated that the construction of corridors and expansion of protected
habitat could be necessary to alleviate the potential for inbreeding depression and avoid
furtherdech es of Chinads el ephant popul ations.

Malaysiai There are large differences between the population genetics of
elephants found in peninsular Malaysia and those found on the island of Borneo. Those
on peninsular Malaysia belong to the Indian elephant salespE. m. indicuswhile
those on Borneo are the proposed subspécies borneensidVhile E. m. borneensis
has beemlescribed as having a smaller body size, longer ears and tail length and a lighter
skin pigment, Othmaat al.(2008) was unable to fiha distinctive correlation for these
characters when comparing Bornean to peninsular Malaysian elegfrantspeninsular
Malaysia, mtDNA was examined from multiple populations and the results indicated low
genetic diversity overall and at local scaleBiZg et al.2015). The majority of mtDNA
haplotypes produced in the study were shared among populations within the country, but

few have been found in populations elsewhere. They determined high gene flow between
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Malaysian states, consistent with low di#ntiation between states, but attributed this to
a large number of translocations performed by humans rather than natural elephant
movement (Ellizaet al.2015).

Using microsatellite loci and mtDNA sequences, Fernatdd.(2003) found
considerable dierentiation between Bornean elephants and mainland elephants. The
analysis using mtDNA showed that the enBagneanpopulation was characterized by a
single unique and highly differentiated haplotype. Their results supported the hypothesis
that Bornearelephants were indigenous to the island and had been isolated since the
Pleistocene, contrary to beliefs that the elephants had been introduced duririty 188 16
century. Based on their results, they supported recognizing the Bornean elephant as a
sepaate evolutionarily significant unit so that the proposed subspecies would not be
crossbred with other elephants in captivit
elephants waalsoreportedoy Goossengt al.(2016), who, despitsamplingthe entirety
of their range in Borneo, still only found the single unique mtDNA haplotype. They
found low, but significant population structure over a small geographic distance, but were
unable to identify potential landscalparriers. While genetic diversity was low,

Goossenst al.(2016) warned of the dangers of outbreeding depression that may be
experienced if mainland elephants were translocated in an attempt augment the
population size and diversity of Bornean populations

Indonesiai Elephants in Indonesia are found solely on Sumatra as elephants on
Borneo are restricted to the Malaysian regmmatran elephants aasoanother
unique subspeciek, m. sumatranusSulandari and Zein (2013) found mtDNA

haplotypes unigeito the Sumatran island, but mtDNA diversity overall was very low.
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Mol3bruckeret al.(2015) determined the largest populations in central Sumatra are
fragmented into two isolated subpopulations. They determined population size in the
first, Sumai, as 9idividuals (95% CI =[86, 125]), and the second, in the RiauJambi
area, as 44 individuals (95% CI = [37, 56]). They found strongly febiaked sex ratios
and an overall young age structure, baitivhich suggest the presence of elephant killing

for the vory trade.

PURPOSE OF THIS DISSERTATION

For large animals such as elephants with vast spatial requirements, the highly
fragmented patchwork of habitat presents problems for dispersal and overall connectivity
of populations. As human developmenpandselephants will continue to labsplaced
increasing the likelihood of human elephant conflict. Genetic techniques offer unique and
effective ways to analyze population structure and size, habitat use, social structure and
movement of individuals in popations that would be impossible to capture through
more traditional methods. Sampling using +iovasive techniques (i.e., collection of
feces) not only maximizes the number of individuals that can be included in a study, but
also limits the potentially fie-threatening physiological stresses that come with blood and
tissue collection.

These pnrinvasive genetic techniquase usedn Chapter 2o examine the
effects ofdirect conflicton t he popul ation structure and
elephants. Thpopulation of elephants in Bago Yoma, Myannpheave experienced
repeated humaalephant conflict both at a widescale level with poaching for the

developing skin trade and more locally with elephants participating in agricultural crop
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raiding.Norninvasive samplefrom the current populatiowere usedo better understand
the overall population structure and demography of these heavily impacted elephants as
well as to identifycharacteristics of known creaiders.

Chapter 3valuateshe effects ohabitat transformation and disturbance of the
elephants of the Nakai Plateau, kg@ollowing the construction of the Nam Theun 2
hydroelectric dam and subsequent inundation of the Nakai Plateau in central Laos. As
described previously, the Nakai popubaitiwas first surveyed in 2006 prior to the
construction of the hydroelectric dam. The
diversity and largely intact social structure identified it as of high conservation value
despite its relatively small size (Ahieg et al.2011; Hedgest al.2013).A
complementary population survey in 2018/20d#s conductetb determine the effects
of the hydroelectric dam on the population structdiegrsity, and demography of the
remnant elephant population.

In Chapter 4genetic data are usedittentify range wide hotspots of diversity
and evolutionary distinctiveness in the Asian elephant. By standardizing diversity data
collected using differing numbers and types of microsatellite thisi studygeneratea
yardstick ppulation and calibration model capable of identifying diversity rich
populations across the distributidralsoevaluate the evolutionary distinctiveness of
population lineages using their mitochondrial haplotyges toidentify range wide
hotspotsof genetic diversityfor conservation prioritization.

Overall, the purpose of this dissertation is to aid directly in the conservation of the

Asian elephant by identifying the impacts of hurgd@phant conflict, habitat
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fragmentation, and genetic hotspotsrttorm decisions that ensure the future of this

iconic endangered species.
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ABSTRACT

Despite containing the largest amount of unfragmented landscape in the Asian
elephat (Elephas maximygange, Myanmar has high levels of hung@phant conflict.
The Bago Yoma mountain region of central Myanmar has previously been identified as
an elephant conflict hotspot, characterized by high levels ofraidpg and illegal
killin g of elephants for the ivory and skin trad¥sn-invasive fecal samplingias used
to evaluate the population structure and demography of wild and captive elephants in the

Bago Yoma using microsatellite loci and mitochondrial DNA in combination with-crop
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raiding status, age, and s&eamswereable to collect 252 samples from wild dients

1119 directly following conflict eventsand 25 fromacaptive elephantamp The

population was biased toward subadults, which could be an important contributor to the
high rates of conflict, as these individuals may lack the experience to avgierdas
behaviors. Conflict elephants were primarily male, although both sexes and all ages
engaged in cropaiding, including females with juvenileSlephants that commédsolo

raids were all male, while larger raiding parties often included both dedaid unrelated
individuals of both sexes. Repeat offenders were common. These wild elepbents
characterized bitigh levels of genetic diversity, differentiated from local captive
populations, andrethusr al uabl e f or t he sé¢eclepmiisot onser
Bago Yoma, Myanmar have been heavily affected by conflict, andrardimg

deterrents could utilize the knowledge presented to aid in the preservation of this

population.

INTRODUCTION
The Asian elephanE{ephas maximyss a globallyrecognized endangered
species with highly dispersed populations of limited connectivity throughout their habitat
and geographic range (Leimgruletral.2003; Choudhuret al.2008). The largest
amount of unfragment ed h alniMyaanar, a countrylthat s p e c
has been described as a potential stronghold for Asian elephant conservation (Leimgruber
et al.2003; Bhagwaet al.2017). The people of Myanmar have a long and complex
relationship with elephants, with widescale usage irtithieer industry leading to the

worl dés | argest captiveetalR86pBant Mpapmhatso
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working elephants are sometimes considered-saptive, as they are allowed to feed
and roam in habitats surrounding their camps at night amdgdoff-seasons, albeit
usually constrained by drag chains or hobbles. During these time periods they may
interact and even breed with wild individuals (Crawdgyl.2019; Seltmanet al.2019).

Myanmar's wild elephant population has declined dranitisace the mid
1900s, and more recent assessments suggest that populations are still declining
(Leimgruberet al.2011). Much of this population decline had previously been attributed
to a constant offake of wild elephants to supplement the countgeking elephant
population (Leimgrubeet al.2008). However, live capture of elephants for this industry
officially ended in the early 2000s following directives from the government, and the
continued population declines are more recently due to hidstatconflict, and
poaching (Leimgrubegt al.2008; Sampsoat al.2018).

The illegal killing of wild elephants for their products is among the greatest
threats to the future of MyealB0d8).®Recenel ephan
work on the hating and local wildlife trade in Myanmar indicated that local amassing of
illegal wildlife products, primarily driven by Chinese demand (NijraadShepherd
2014), may be much higher than previously thought and contribute significantly to
poaching pressas on many local endangered fauna (McEegl.2019). In addition to
ivory, market surveys along the Myans@hina border have shown an increasing
demand for elephant skin, genitalia, and other body parts that are largely sourced from
wild elephants in Manmar (NooremandC | ar i d ge 2 ORotlwellacd®@a®rg nne | |
Jones 2002; NijmaandShepherd 2014). A rise in demand for skin products in particular

(Nijman andShepherd 2014; Elephant Family 2019), has resulted in increasing rates of
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illegal killing of dephants across Myanmar (Sampstal.2018). Between 2015 and
2017, Sampsoat al.(2018) identified over 40 poached elephants including seven of their
own collared individuals and local reports of dozens more in nearby regions. While
tusked maleare raer in this population due to previous poaching selective pressures
(Kurt et al.1995), only a single individual killed wagwaskedmale. Further, the majority
of the carcasses were skinned, confirming the shift in demand from traditional ivory
products & skin, and posing a much greater risk to the elephant populasarswy
females may also be targeted

Remnant elephant populations in Myanmar inhabit forest fragments alongside the
over 60 million people that also reside within the country (Leimgrebal.2011;
Songeret al.2016). A systematic assessment using dung counts along transects
suggested that there were about 2,583 elephants in the entirety of the Bago Yoma, the
mountainous region near the former capitol and largest city, Yangon, init$08
approximately 56 elephants in the Okkan Forest Reserve of the southern foothills area
(Varmaet al.2008). People have converted large tracts of forest into agriculture lands,
primarily rice paddy, in the foothills of the Bago Yoma since the 19%is. patchwork
of forest habitat alongside croplands entices elephants to exploit the high nutritional value
of crops at the expense of local farmers (Welgbat.2011). Elephant crepaiding can
be disastrous to farmers, as the animals not only consaiable agricultural products,
but also cause larggcale collateral damage to crops, houses, farming equipment
(Sampsoret al.2019), and even livestock (Rodriguez and Sampson 2019).

The compression of local elephant populations alongside expandingssaiall

agriculture have led to humaatephant conflict (HEC). The southern foothills of the
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Bago Yoma have likely seen the most significant increases in conflict of any area in
Myanmar since the 1990Besearch on humaunildlife conflict has demonstratedadh
continued local conflictd.g, cropraiding, property damage) can discourage local
conservation practices, increase tolerance of illegal poaching, and decrease overall
support for conservation efforts (Fenio 2014; Kansk#l.2016). In this studyyve

sought to understand the dynamics of HEC, specifically the demography and population
structure of a conflict populatioliVe wereinterested in assessing the elephant population
in the HEC area and deterritig more about elephants in the population thatiavolved

in conflict, including whether some individuals are more likely to engage in conflict
based on previous conflict history, relationship, sex, and age grbape experimental
goals would contribute directly to Asian elephant conservation andgearent by
informing appropriate conflict mitigation strategibased on demography and population

structure.

METHODOLOGY

Study Ared Oursampling sites were located in the southern foothills of the Bago
Yoma mountain range in central Myanmar, approxatya80 km north of Yangon, near
the Tak Kyi and Tharrawaddy townships (Fig@rg). Elephant habitat consists of
disturbed mixed deciduous forests with seawergreen forests alongside developed
agriculture fields. Agriculture in this areansistamostly of smallscale operations of
rice and sugarcane. The area asnotainsa highly profitable stretch of teak forest that
has been subject to substantial logging operations, using local captive elephant camps, for

the past 130 years (Salter 1983). The melephant populations of the region inhabit the
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nearby forest reserves of South Zamari, North Zamari, Yenwe, ldokan and Okkan
(Varmaet al.2008). The elephant population of the southern foothills is likely to be
connected to the nearby Okkigarest Reserve.

Sample Collectioii In fall 2015 and spring 2016, local villagers and staff from
the Ministry of Natural Resources and Environmental Conservation (MONREC) were
trained to monitor elephant activity, complete standardized reports, colkasune, and
preserve fecal samples, and record GPS coordinates (when devices were available) after
conflict events such as crapiding or destruction of property. The sampling teatao
collected samples from sites such as within the forest or along vsaty two methods:
1) opportunistic sampling and 2) transect sampling. In the opportunistic sampling
method, team members gathered fecal samples when they encountered a dung pile by
chance or in the course of othhesearckrelated activities. In the tnsect method, the
sampling teammtraveled all roads within the study area searching for signs of elephant
crossingseasily identifiable by their fresh tracks. The tesamould then track the
elephant(s) until they found dumg could not follow therail any further. Two rounds of
the transect method were completed within the study period, each lasting approximately
two weeks. Samples were also collected from captive elephants at the local government
owned timber campWlyaing Hay Wun elephant canywhere waking elephants are
released every evening and recaptured every morning by MONREC staff.

The age of individual elephants was estimated from the average circumference of
up to three dung bglfollowing criteriadescribed inysonet al.(2002). For geneti
analysesteamscollected 10 mg of fresh elephant dung (< 24 hours old) preserved in

Queens College bufféd20% DMSO, 0.25 M EDTA, 100 mM Tris, pH 7.5, saturated

35



with NaCl; Amoset al. 1992. All samples were boiled at 70° C for 30 minutes in
compliancewith USDA-APHIS import requirements and stored at ambient temperatures
until exported to the United States for analysis.

Genetic ldentification We conducted DNA extraction using a modified QlAamp
DNA stool Mini Kit (Qiagen Germantown, MDprotocol optimized for use with
elephant dung (Archiet al.2008).We further optimized this protocol by centrifuging
2000 pl of the raw sample at 12000 RPM for 1 min, discarding the liquid buffer, adding
raw sample to the same tube to a volume of 20Ghdlcentrifuging again until ~ 800 pl
of concentrated dung sample was collected. Samples were incubated a minimum of 24 hr
at 56° C in a total volume of 2000 ul containing 20 mg Proteinase K and Stool Lysis
Buffer (Buffer ATL, Qiagen) before extractiowe also extended final DNA elution time
to 30 min for maximum recovery of DNA. For samples with poor DNA concentrations,
we conducted an additional extraction and concentrated elution using an ethanol
precipitation.We amplified DNA using eight microsateti loci previouslycharacterized
in Asian elephants (Kongrét al.2008 Table 2.} in a multiplex polymerase chain
reaction (PCR) using Platinum Master Mix and GC Enharfgepl{ed Biosystemy 2
mM fluorescently tagged primer mix, and 0.8 mM BSA. Alctons included positive
controls to standardize allele scoring and negative controls to detect contamination of
PCR reagents. The PCR profile consisted of an initial incubation at 95° C for 2 min; 40
cycles of 94° C for 30 sec, annealing at 58° C fos&€f 72° C for 60 sec, followed by a
final extension cycle at 60° C for 30 min. Amplification products were verified in a 2.5%

agarose gel stained with GelStar (Lonza).
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Amplified products were genotyped usingAiBl 3730xI DNA analyzer (Thermo
Fisher Sciatific, Waltham, MA) at the University of Missouri DNACore facility with
added 600 LIZ size standard. Samples were repeated to detect genotyping errors and to
ensure genotyping consistency across reactions. All genotypes were scored in
GeneMarker v. 1.9.fHollandandParson 2010WWe tested for allelic dropout, scoring
error due to stuttering, and null alleles in Microchecker (Van Oosteeh@l2004).We
calculated the probability of identity for randomly chosen individualsng) and for
siblings (Pdibg in GenAlEXx v. 6.41 (PeakadindSmouse 2012). Unique individuals were
identified using the thresholds of Wadsal.(2001) with fuzzy matching atp to two
loci considered during identity analysis in Cervus (Kalinoveskil.2007) in
combination with fecal bolus circumference.

We determined the sex of each individual by amplifying sex specific fragments
two short ¥-specific fragments (SRY1 amkMELY2) and a longer Xspecific fragment
(PLP1)and visually inspectinthe amplified producten a 3% agarose gel (Ahlerieg
al. 2011a). Each sexing PCR and gel verification was repeated at least three times for
confirmation to avoid misidentificatiorué to allelic drop out.

We randomly selected a subset of identified individuals (n = 64 wild, 7 captive) and
sequenced a 593 bp mitochondrial DNA (mtDNA) fragment spanning the C terminal of
cytochrome b, threonine and proline tRNAs, and part of the namgamitochondrial
control region using primers developed specifically for the Asian elephant (Fereiando
a.,.2000) . PCR reactions were conducted in
(forward and reverse), 1X PCR Gold Buffer (50 mM KCI, 8 mM -H@I), 0.2 mM

dNTPs, 2.0 mM MgGl 0.8 mM BSA, and 0.5 U Amplitag Gold DNA Polymerase

37

25



(Thermo Fisher Scientific, Waltham, MA, USA). The PCR profile was: 95° C fonihQ
45 cycles of 95° C for 1 min, 55° C for 1 min, 72° C for 1 min, followed by a final
extension at 72° C for 10 min. Amplification products were verified in a 2.5% agarose
gel stained with GelStar (Lonza), purified using Exo8afUSB), and sequenced
bidirectionally in an ABI 3730xI DNA analyzer (Thermo Fisher Scientific, Waltham,
MA) at the Uhiversity of Missouri DNACore Facility. The resulting chromatographs
were aligned using ClustalW and manually trimmed in Geneious v. 8.0.5 (Ktailse
2012). Sequences that differed by at least one nucleotide were collapsed into haplotypes
using FaBox v1.41 (Villesen 2007) and compared to previous studies directly from the
literature or to the NCBI GenBank database (Beretai.2007) using the Basic Local
Alignment Search Tool (BLAST).

Population Analyset Population density plots were generateddach sex based
on the distribution of bolus circumference (as a proxy for @gsonet al.2002 in
RStudio v.3.5.2 (R Core Team 2018). Age distributions were tested for normality using a
ShapireWilks test for normality and tested for differences betwthe sexes using a
MannWhitney test in R (R Core Team 2018).

Wetested for deviations from expectations under HdktBinberg equilibrium
(HWE) and for linkage disequilibrium (LD) in GenePop (RaymandRousset 1995),
with a standard Bonferroni correati for multiple comparisons for all individuals and for
the sexes separatelie calculated observed heterozygosityy)Hand expected
heterozygosity (H) in GenAlEx v. 6.41 (PeakalindSmouse 2012) and rarefied allelic
richness (&) and private allelicAp) were generated using HRare v. 1.1 (Kalinowski

2005) for the population as a whole as well as independently for each sex and age class.
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Per locus Hand Hb for each were arcsine square root transformed arahdArwere
fit to gamma distributions fastatistical analysis in RStudio 8.5.2 (R Core Team 2018).
Significant differences between sexes and age classes were determined by applying linear
models with locus as a fixed effect using the LME4 packadel\23 (Bate<set al.2015)
followed by an ANOVA in the CAR package v. &QFoxandWeisberg 2019). Post
hoc testing was completed by applying a Tukey test in Multcarhiphi3 (Hothornet
al. 2008).We calculated effective population size using NeEstimator v. 2.le(h
2014) with a minimum allele frequency cutoff at 0.020. For mtDN&glculated
haplotypic diversityl) , and nucl eotide diversity ()
sexes usingenetic_diversity diffs.R 1.0.6 (Alexandeet al.2016) with 10 000
permuations.

Wetested for population structure usibayesian modebased clustering in
Structurev. 2.3.4 (Pritcharabt al.2000).We applied an admixture model with no priors
and tested up to 10 genetic clusters=(K-10) with 10 replicates for each K ugiB0 000
burrrin steps and 250 000 MCMC replicatége determined the number of genetic
clusters based on the probability of K (In {Pr(X|Ky).e evaluated nuclear differentiation
(FsT) between sexes, age classes, and captive individuals in GenAlEx {Péakalland
Smouse 2012) using analysis of molecular variance (AMOWSalso evaluated the
number of migrants entering the population per generatighl{Btween captive and
wild elephants by sex using 9 999 permutations in GenAlEx v. 6.41 (Peak&mouse
2012)Wet est ed f or mt D N#betvéeh exes andawith thetcaptiva ( €

population in Arlequin, assessing the significance of differentiation glsengmpirical p
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value generated fro® 999 permutations (Excoffiet al.2005).We applied a standard
Bonferroni correction to determine statistical significance (NeyamaiiPearson 1928).

For samples collected during conflict events,evaluated the demographic
composition of raiding partie§Ve estimated first order pairwise relationsh{parent
offspring, full sibling, half sibling or unrelated) between elephants in a raiding party in
ML -Relate (Kalinowsket al.2006).We further evaluated shared characteristics such as
genetic identifysex and age between elephants found at multiple conflict events,

deemed Arepeat offenderso.

RESULTS

Collectionand Individual Identification Local villagers MONREC staff and
sampling teamsollected 252 Asian elephant dung samples from the wild elepinants
the southern Bago Yoma foothills; of these, 119 were collected following conflict events.
We determined 6 loci were necessary to distinguish individuals and siblings with high
confidence (Rindom= 5.84 x 1(; Pkibs= 5.58 x 16%). Therefore, 25 sapfes were
excluded from further analysis for failing to reach this threshold. Within the remaining
227 samplesye identified 127 unique individuals with 100 recapture events based on a
combination of genotype and bolus circumference measurements. Within a
surrounding the captive elephant catgamscollected an additional 25 samples found to
represent 21 of the captive elephants. A single sample believed to be a wild individual
was determined to be a recapture of a captive individual. Recapture ewerits o

elephants consisted of 38 individualgh up to 7 recaptures of the same individual.
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Demographyi Of the 127 identified wild individuals, 82 (64.6%) were male
while 45 (35.4%) were femal®e found 17 juveniles (fecal bolus circumference < 30
cm;11M, 7F), 57 subadults (3042 cm; 34M, 22F), and 30 adults (> 42 cm; 21M, 9F),
while 23 were of unknown age (16M, 7F) due to the ladktaict fecal bal Females in
particular were heavily subadult biased, but males also were skewed toward a subadult
dominant population. Fecal bolus circumferences were normally distributed (W = 0.979,
p = 0.098), and distributions were not significantly different between sexesajted;
W = 1200.5, p = 0.721; Figure2}.

Population Statu$ We determined 3 of the ®ci did not conform to
expectations undétardy-Weinberg Equilibrium (HWE; EMUO2, EMU09, EMU12), but
no loci showed evidence of linkage disequilibrium. However, when sexes were tested
separately, females had no loci out of HWE while males were out of atydlia for three
loci. We found a mean b=0.573° 0.049SEand H = 0.676° 0.031SEfor all
individuals (Table2.1). The mean number of alleles overall per locus was £4.8/350
SE Sexes and ages were not significantly different on any diversity mathes.
estimated the effective population size at 60.0 (95% CI = [42.2, 89.9]) with a harmonic
mean of 116.1.

Using mtDNA,we identified four previously discovered haplotypes BO
(AY245808), BH (AY245803), BQ (AY245816), and BL (AY245804; Fernaatial.
2003). BH, BL, and BQ have previously been found in Myanmar among other countries,
whereas BO has previously been found in Vietnam and Sri Lanka (¥idt&2009). In
the wild elephanpopulationwe found BH and BO in high frequencies (51.6% and

45.3% respectively), while BQ and BL were rare (1.5% each). For the wild elephants,
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haplotype diversity was 0.5370.024SE and nucleotide diversity was 0.004.002SE
Using wild males oy, haplotype diversity was 0.5440.036SEwith a nucleotide
diversity of 0.003 +/0.002SE, while for wild females, haplotype diversity was 0.634
0.069 with a nucleotide diversity of 0.004.003SE (Table2.1). In the captive
populationwe only identified BQ and BH; although the frequency of BQ was much
higher (57.1%). Haplotype diversity was 0.570.120SE while nucleotide diversity was
0.006° 0.004SEin the captive elephants. Haplotype diversity and nucleotide diversity
were not significantlyifferent between wild males and wild females, or between wild
and captive individuals.

Structure and Differentiation We found no major population structure breaks (K
= 1) among wild individuals, however when the captive population was inclaged,
found minor population structure (K = 3, meamProb) =-2942.90), breaking
particularly from wild females (Figur2.3).

Nuclear genetic differentiation P was significant between the captive
population and wild males §F= 0.032, p = 0.000) and wild femaless{E 0.050, p =
0.000), but not between wild males and wild females following Bonferroni correction.
The number of figrants per generation () between wild males and captives was 7.538
while between wild females and captives was 4.73, both substantially lower than the
50.635 between wild males and wild females. There were no significant differences
between the age digiutions by sex or wild and captive status, following Bonferroni
correction. Usi ng mi=MMN3,p=0.000)landwildlfechalena | e s
( ¢r=0.372, p = 0.009) were significantly differentiated from captives, although not

from each other.
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Cortlict Elephants’ Samples wereollected immediately following 32 conflict
events consisting of crem@iding or destruction of property. At 47% (n = 15) of the
conflict eventsye detected DNA from a single elephant, ameltherefore assundghese
raids wee committed by lone individualé\s elephants have a mean defection rate of 18
times per day, it was unlikely that an individual present during a conflict event did not
defecate at least once during that tifagthermore, all of these solo raids were
committed by malesconsisting of 33% subadults and 66% adults. In conflict events with
more than one el ephant pedetected4.50 0dGSEmMed Or a
elephants in a party on average. The majority of these parties (56%) were of mixed
relationships: typically, a core group of highly related individuals (paséspring
and/or full siblings) accompanied by2lunrelated individuals. In raiding parties, 69%
had at least one subadult or adult female present and 50% had at least one {Dubnile
one raiding party consisted entirely of femalekichwere unrelated. Parties consisting
entirely of unrelated individuals made up 33% of raiding parties and were almost
exclusively males (all but the one mentioned previouslg found 15 repeatftenders,
elephants present at more than one conflict event, that were 80% male and 66%
subadultsThegreatest repeat offender was a subadult male located at five separate
conflict events; both as an individual raider and with raiding parties. In atb/#at

events, at least one repeat offender was present in 72% of raids.

DISCUSSION

This study is the first systematic assessment of a wild elephant population in

Myanmar based on genetic analysis. At an expert workshop in 2002, Burmese elephant
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experts estimated the population for the entirety of the Bago Yoma to be between 200
240 (Leimgruleret al.2011). The 127 wild elephants identified in this small region of

the Bago Yoma foothills could indicate that a large proportion of the population is
concentrated there, that elephants across a broader range visit the area frequently, or that
ovenrall expert estimates for these areas are too low or outdated.

The Bago Yoma population seems to show higher population densities than were
previously found or are currently esti mate
conservation areas. Subadult malesthe primary dispersers in Asian elephants
(Sukumar 1991), which could account for their high proportion in the Bago Yoma. The
recent surgef smallscale agriculture into the Bago Yoma foothills may be enticing the
nearby elephant populatignscludingthose in the OkkaRorestReserveto take
advantage of the highly accessible and nutritious resource, leading to an overall increase
in the local population density. This high population density could also be driven by high
levels of poaching in the majoonservation areas as elephants seek refugial habitat;
however, these conservation areas are generally protected by their overall inaccessibly
(Varmaet al.2008). Regardless, thigghly densdocal population may be temporary or
harmful, as the landspa changes may create an ecological trap (bladkSwearer 2016)
in which dephants attracted to the high nutrient content in crops are placed at increased
risk of poaching because of their increased accessibility aneraidipg.

In the southern footH8 of the Bago Yomaye found that all sexes and ages
participated in cropaiding, although the majority of raids were committed by males, as
seen in other populations (Sukumar 1990; Williaahal.2001; Ekanayakat al.2011).

Males were found raiding@ne or in raiding parties, while femalesded only inparies
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Raiding parties themselves appear to resemble the female rddased herd structure

seen elsewhere in elephants (Vidya and Sukumar 2005), except that they generally
included 12 unrelatedndividuals.We wereunable to determine if all elephants in a
raiding party were continuously together in the general population or if the related herd
engaging in conflict was drawing in unrelated individuals to participate. Elephants will
preferentialy select habitat by considering resource availability in comparison to
disturbance or risk and unlike males, female herds will typically sacrifice arésglirce

for decreased risk, particularly when juveniles are present (Srinivastaaa2012).
Howeer, we found that juveniles were present in 50% of raiding parties. The young age
structure and subadult dominance in herds could be a factor in this finding, as
experienced matriarchs would be expected to protect young, inexperienced mothers and
juvenilesby avoiding such highisk activity (McCombet al.2011).We also found that
repeat offenders were extremely common and present in the majority of reye=ted
conflict can be detrimental to their health as elephants that engage in conflict events
speml less time resting and feeding, have increased overall stress, attdriornzpnflict

can lead taleterioration of herd structure (Srinivasa&tal.2012).

The skewed age distribution, specifically the low frequency of adults, may also be
aconsequencef t he regionds high | evels of poach
typically associated with the ivory carried by males, more recent poaching patterns
observed in Myanmar seem to target males and females indiscriminately for the trade in
meat and skin @npsoret al.2018) as the majority of males no longer possess tusks due
to previous poaching pressure (Kattal.1995; Elephant Family 2019). This is supported

by the discovery of carcasses from 20 elephants of both sexes found in a single site in the
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Ayeyarwady delta region (Sampsetnal.2018). The loss of females would be
particularly detrimental to conservation due to their long gestation period, long inter
calving period, longime to sexual maturity, and low reproductive rate (De Silve
Leimgruber 2019)1t should be noted however, that sirszenpling efforts were
concentrated around conflict events, additional adult females may have been present but
undetected, although this would mean that the overall density was even higher in the
region.Regardless, the high population density in this area could increase poaching of
large elephants that would otherwisebegterprotected in the inaccessibility of the forest
reserves.

The value of protecting this population of elephants from threatsesupbaching
is also evident in its high levels of genetic diversity, valuable for the species
conservationThehigh levels of genetic diversity ¢4 0.676)detected in Bago Yoma is
comparable to other significant populations in southeast Asia suibbsasnCambodia
(Pollardet al.2008), Thailand (Thitararat al.2010), Laos (Ahleringt al.2011b) andis
higher than populations found in China (Zha@l.2015), Sumatra (Mol3brucket al.
2015), Borneo (Goossers al.2016), and India (Vidyat al.2005).Despite having
high level of nuclear diversity, mtDNAiversity was relatively lowh(= 0.537;" =
0.004)Wef ound | ower haplotype diversity than
populations Kuszaet al.2018), Laos (Ahlering@t al.2011b) Thailand (Fickekt al.
2007) and Sri Lanka (Vidyat al.2009). In studies of African elephants, high nuclear
diversity in combination with low mtDNA diversity was associated with a male gene
flow bias (NyakaanandArctander, 1999), indicating an une&djcontribution of

diversity by the sexes. The males of this population also had loci out of-Mé&thperg
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equilibrium whereas the females did not. This phenomenon can occur upon the mixing of
individuals from separate populations and as the dispersinghsecan signify outside
males joining this population, driving the high levels of diversity found here.

Captive elephants in Myanmar are often believed to have high levels of genetic
exchange wittwild elephantswith calves born to captive cows believed to be sired by
wild bulls (Kuszaet al.2018). However, this phenomenon could be happening less than
previously believed, ase found significant genetic differentiation between captive and
wild individuals using nucker and mtDNA methods with low levels of generational
migrants detected.he results of population structure analysis indicatedttieataptive
population was more similar to wild males than wild females, lending support to possible
low levels of unisexuajenetic exchange, but overall separation was evident. While this
genetic difference is likely not large enough to result in outbreeding depressiaf as is
concernin more diverged populations (Goossehsl.2016), conservation efforts should
not rely ®lely on the captive population for the preservation of elephant diversity in
Myanmar. Despite being the largest captive population of Asian elephants in the world, it
is unlikely to preserve the same diversity found in the wild populations and may not
adeguately maintain the valuable Myanmar genetic landscape foitéwrmgconservation
of the species.

Overall, the Bago Yoma is characterized as a high HEC area (Leimgitudder
2011), with encroaching towns and villages engaged in conflict with elepHamtibes
such as cropaiding. The combination of a high elephant population density that exhibits
high-risk behavior such as crapiding with juveniles, and a low number of adults

overall may be compounding the risks of conflict in this area. Understatitin
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population structure can help wildlife managers develop more effective and efficient

conflict mitigation strategies. Controversial methods to control-caafers, such as chili

and electric fences (Davie$ al.2011; Gunaryadet al.2017) or tranecations

(Fernandcet al.2012), could also be dangerous for juvenile survival. These methods are
typically directed toward males, but less dangerous methods may suffice to deter female
herds, particularly those with juveniles, as they are more likghgteoeive risk over

reward (Sukumar 1991; Ekanayaiaal.2011; Srinivasaiabt al.2012). Further studies

should therefore also consider demographic and population structure of conflict elephants

t hat may influence t he netheihighaevelsoiconfidt r at egy
found with this population, the southern foothills region of the Bago Yoma also harbors

high levels of genetic diversity valuable for the species conservation that may not be
represented i n Myan ma atdssch asaqntinued poacping@nd! at i o
HEC place valuable elephant populations, such as in the Bago Yoma, at further risk,

despite their notable value for the preservation of this iconic endangered species.
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TABLES

Table 2.1: The nuclear diversity including observed heterozygosity,(expected heterozygosity €} andHardy-Weinberg
Equilibrium (HWE) status departure indicated with an asterisk (*), rarefied allelic richhesand private allelic richnes#\f) per
microsatellite locus and overall, as well as the mtDNA haplotype divemignél nucleotideliversity ( ¥or all wild individuals and

sexes separately

ALL FEMALES MALES

Locus Ho He HWE Ho He HWE AR Ap Ho He HWE AR Ap
EMUO1 | 0.543 0.677 0.478 0.669 3.969 0.098| 0.573 0.683 3.899 0.028
EMUO2 | 0.701 0.607 * |0.674 0.637 3.000 0.000|0.720 0.588 * 3.000 0.000
EMUO9| 0.333 0.592 * |0.378 0.543 4.484 0.108|0.315 0.620 * 4.815 0.439
EMU10 | 0.584 0.609 0.689 0.627 5.488 0.174| 0.531 0.601 5.758 0.443
EMU12| 0.410 0.590 * |0.525 0.582 4906 0.350| 0.359 0.594 * 4.640 0.084
EMU13 | 0.648 0.752 0.578 0.766 4987 0.191|0.679 0.741 4.806 0.011
EMU14 | 0.642 0.789 0.605 0.777 5.000 0.000| 0.654 0.792 5.000 0.000
EMU17 | 0.724 0.789 0.825 0.792 5.966 0.126| 0.662 0.783 5.870 0.030
MEAN | 0.573 0.676 0.594 0.674 4.725 0.131| 0.562 0.675 4.724 0.129

SE 0.049 0.031 0.050 0.033 0.325 0.040| 0.054 0.031 0.331 0.069

h 0.537 +/0.024 0.634 +# 0.069 0.544 +/ 0.036

’ 0.004 +£0.002 0.004 +£0.003 0.003 +£0.002
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Figure 2.1: Map of the primary study area in the southern foothills of the Bago Yioma
central Myanmar with samples collected indicated as conflict, general collection, or

captive.
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Figure 2.2: Demographic density of wild elephants as shown by distribution of fecal
bolus circumference as a proxy for age for each sex. Size threstglagenile (> 30
cm), subadult (30 cr 42 cm), and adult (> 42 cm) from Tysehal.(2002) are shown.
Subadult dominant populations for both sexes were normally distributed and did not

differ significantly between sexes.

61



0 RN T T T

Figure 2.3: Analysis of nuclear microsatellite data structure revealed three genetic

clusters (K=3(LnProh=-2942. 90) and support the captiv
from both male and female wild elephants. However, higher genetic simidtitgugh

still low, could be shared between captive elephants and wild males than wild females
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ABSTRACT

Habitat loss and fragmentation are among the leading contributors to the
endangered status of Asian elephaBteghas maximysin 2006, the Nakai plateau
contained the | argest known el ephant popul
Republic (La PDR; Laos), and was among the highest genetic diversity reported in
Asian elephants. In 2008, the closure of the Nam Theun 2 hydroelectric dam inundated
much of the plateau, with substantial elephant habitat lost as a result. We therefore
examined the Naai elephant population using genetic sampling in 2018 and 2019 and

compared our microsatellite, mtDNA, and demographic results to-@apnelosure
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genetic survey in 2006 to help understand the effects of the hydroelectric project. We also
collated and rgewed reports on elephant presence, movements, and dispersal, mainly,
but not solely relating to humaelephant conflict (HEC), on the Nakai plateau and the
wider landscape. Overall, when we compared the 2018/19 elephant population with that
prior to inurdation of the plateau, we found a decrease in genetic diversity and an altered
demographic structure, both of which raise concerns aboutéongpopulation viability.

In addition, inundation of the plateau resulte@ imajor increase in HEC locally, latst
initially, and the creation of new, serious HEC problems some 100km from the Nakai
plateau. Such landscafevel effects are an undappreciated impact of large

hydropower projectsTheseprojects are of economic importance throughout much of

Laos and southeast Asia, and this study has important implications for mitigating their

impact.

INTRODUCTION

Human development and encroachment can fragment wildlife habitat, block
migration routes, and facilitate poaching of wild animals, including elephants
(Choudhury 2004). The Asian elephaBtgphasmaximu$ is listed as Endangered in the
IUCN Red List of Threatened Spec&sd on CITES Appendix(Williams et al.2020)
It is threatened by continued habitat loss and fragmentation, poaching, and renmoval fro
the wild, both legal and illegal (Sukumar 1989; Leimgrudieal.2003; Williamset al.
2020). Elephants may remain in an area following recent habitat transformation;
however, doing so can place them and nearby human populations at extreme risk of

conflict (Kushwaha and Hazarika 2004). In addition, as elephant habitat becomes less
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suitable due to decreased area and/or increased fragmentation, it becomes less able to
support a viable population over the long term (Leimgretbet.2003).

The L ao DEneoorgtit Republic (Lao PDR, hereafter referred to as Laos)
historically contained extensive elephant habitat and travel corridors (Khounboline 2011).
While elephant populations have declined, as they have across much of southeast Asia,
central Laos, egeially the Nakai plateau area (Figure 1), was thought to be occupied by
one of the two most important elephant populations in the country (Duckworth and
Hedges 1998). More generally, the Ndakéam Theun National Park (NNT NP),
spanning the nortkast halof the Nakai plateau into the Annamite Mountains up to the
Lao-Vietnam border, is considered a biodiversity hotspot, and has been recently
nominated for inclusion in the IUCN Green List of Protected and Conserved Areas
(IUCN 2020).

Between 2005 to 2@)the Nam Theun ENT2) hydroelectric damone of the
largest dam projesin Southeast Asjavas constructed on the Nam TheRiner. To
assess the conservation significance of the elephant population on the Nakai plateau and
help inform wildlife managemerstrategies to mitigate the impact of th&2
hydroelectric danprior to the impoundment of a reservoir on the Nakai plateaung
count based survey and a simultaneous genetic captanerecapture (CMR) study was
conducted from February to May 2006 (&ting et al.2011a; Hedgest al.2013). This
study estimated the Nakai population at 141 individuals (95% CI = [95,208]) using the
dungcount method and 132 (95% CI = [120,149]) using the genetic CMR method, with
102 unique genotypes identified (Ahleriagal.2011a; Hedgest al.2013). The Nakai

popul ationds combination of high genetic
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population sizedentified it as having high conservation value (Ahle@l.2011a;

Hedge<et al.2013). In subsequent comparisons of the results of the 2006 Nakai study

with elephant populations elsewhere in Asia, Ahleghgl.(2020) reiterated the

importance of the high levels of genetic diversity found in the Nakai elephant population.
The Nakaiplateau underwent major habitat transformation following the closure

of the NT2 hydroelectric dam in 2008. Prior to dam closomest of what became the

450 knfNamTheun (NT) reservoir was intact forest, aestimated 40% of suitable

elephant habitatn the plateau was lost (McWilliagt al.2010). Given this major loss of

habitat, theobjectives of the present study were to determine the impact on the elephants

by assessing the genetic diversity and population structure on the Nakai plateau in

2018/19and comparinghemto the 2006 genetic study (Ahlerietjal.2011a; Hedgest

al. 2013). To further understand possible patterns of elephant dispersaimpared our

results with those of a 2011 genetic CMR elephant survey (Eggert andléhsz 2012)

and a humaielephant conflict (HEC) study (Hedges and Hallam 2011) in the Sepon

mine area/Phou Xang He National Protected Area (PXH NPA) approximately 100km

southeast of the Nakai plateau in Savannakhet Province. We also reviewed information

about the gegraphic patterns of HEC (and thus elephant occurrence) on the Nakai

plateau and in the wider landscape, both before and after the closure of the NT2 dam

(McWilliam et al.2010; Tyson and Rasphone 2013; Tyson and Stremme 2020).

METHODOLOGY
Genetic Analyses We collected samples on the Nakai plateau from 01 March

20181 01 May 2018 (dry season), and from 01 October 2009 November 2019 (wet
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season). Following the recommendations of Hedges and Lawson (2006), we focused our
genetic CMR survey efforts neaildlife trails and corridors, mineral licks, locations of
recent sighting reports by |l ocal fisher men
2); the same approach was used for the 2006 genetic CMR survey (ldedg2813).
We also conducted extame boatbased surveys to search for recent elephant damage to
river and stream banks, and thus fresh elephant dung for collection, throughout the
network of rivers within the boundaries of NNT NP. An additional 10 samples from 9
adult females and 1 juvdeimale were collected, to serve as a known outgroup and as
genotype and sexingpntrols, from a captive population of retired timber elephants in
Luang Prabang6s Elcenpdllzaostin Aprii 2018age i n nort h

From each fresh dung pile sampled, mppmately 10 grams of fecal matter was
placed in a 40 mL polypropylene tube, and
Buffer (QCB; 20% DMSO, 100 mM Tris pH 7.5, 0.25 M EDTA, saturated with NaCl,
Amoset al.1992).All samples were stored &0°C priorto export to the United States
for genetic analyse&resh dung piles were identified using the criteria of Hedges and
Lawson (2006). The circumferences of the three largest dung boli in each dung pile were
measured to provide an estimation of elephaat(@gsonet al.2002).

The elephant samples from the 2018/19 survey were compared with those
collected during the 2006 genetic CMR survey of the Nakai plateau and a 2011 genetic
CMR survey of the Sepon mine area/PXH NPA. Specifically, we used (1) a stibset
DNA extractions from the 2006 Nakai plateau survey (19 Februaryi20@6May
2006) , ANakai 2006 0, wh-teanistorhge dB0°C eelationp r e s e r

buffer EB (Qiagen) and (2) a subset of the dung samples from the Sepon mine / PXH
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NPAsurvey, ASepon 201106, whichi3eMareh col |
2011, preserved in QCB, and storedat’C.

DNA extraction was completed using a QIAamp Fast DNA Stool mini kit
(Qiagen) on the samples from Nakai 2018/19, Elephant Village, arguitiset of
samples from Sepon 2011 (Arclaeal.2008; Appendix 1). Samples were then amplified
at eighteen microsatellite loci (Eggeital.2000; Eggeret al.2008; Kongritet al.2008)
in 4-5 re-assorted multiplex replicate combinations (Multipiand MultiplexB) to
detect potential pulip and crossalk bias (Appendix 2; Appendix 3). Amplification
products were verified in a 2.5% agarose gel stained with GelStar (Lonza) and submitted
for fragment analysis on an ABI 3730xI DNA analyzer (Thernsih&i Scientific,
Waltham, MA). As an estimate for quality control and null alleles, all samples underwent
PCR and fragment analysis at least twice. Genotype scoring was conducted using
GeneMarker v.1.9.7 (Holland and Parson 2010).

Nakai 2018/2019 sampleseve amplified at sex specific fragments: two short Y
specific fragments (SRY1 and AMELY2) and a longespécific fragment (PLP1),
following Ahleringet al.(2011b; Appendix 2). We also amplified a 593bp mtDNA
fragment spanning the C terminal of cytochrdméhe threonine and proline tRNAs, and
part of the noncoding control region (Appendix 2). Amplified products were visualized in
a 2.5% agarose gel stained with GelStar (Lonza), purified using EX®38a$B), and
sequenced on an ABI 3730xI DNA analyz€hérmo Fisher Scientific, Waltham, MA).
Sequences were trimmed and aligned in Geneious v.8.0.5 (Ktais2012) and

collapsed into haplotypes using FaBox v.1.5 (Villesen 2007).
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Genotypes were analyzed for probability of identity (pID) prabability of
identity for siblings (pSibs) in GenAlEx v.6.41 (Peakall and Smouse 2012) using the
thresholds set by Waitt al.(2001; pID < 0.001; pSibs < 0.01) to identify the necessary
minimum number of matching loci to identify individuals. We coriddddentity
analysis to determine unique individuals and recaptures in Cervus v.3.0.7 (Kaliebwski
al. 2007) allowing up to 3 fuzzy matching alleles.

We tested for HardyVeinberg equilibrium and linkage disequilibrium in
Genepop (Raymond and Rousset 1995; Rousset 2008) for both seasons independently
and together. We tested for genetic differentiation by comparingstieeEveen seasons
using 9 999 perntations in GenAlEx v.6.41 (Peakall and Smouse 2012). Genetic
population structure was inferred using the program Structure v.2.3.4 (Priéttzrd
2000) for up to 10 clusters (K) with 10 replicates for each K. We ran 50 000rbsiieps
and 250 000 MCN replicates using an admixture model withimauttedpriors. We
determined the opti mal number of genetic
Evannoet al.2005) in Structure Harvester0.6.94(Earl and VonHoldt 2012)Ve tested
for population closuréor the population both overall and by sampling season in Capture
(Otis et al.1978; Whiteet al.1982).

We examined social structure by identifying individuals present within a1 km
sampling area at the same time (association groups) in ArcGNsZRT®
(Environmental Systems Research Institute Inc.) following the methods of Ahé¢rahg
(2011a). We calculated the average pairwise relatedness within association groups using

the Queller and Goodnight (1989) indexdnd assessed whether witigroup
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relatedness was significantly different than expected using 9 999 permutations in
GenAlEx v.6.41 (Peakall and Smouse 2012).

We assessed demographic differences between Nakai 2018 (dry season), Nakai
2019 (wet season), and Nakai 2006 (dry season) by fesiagboli circumferences (as a
proxy of elephant age; Tyson 2002) classified by sex and compared between years. We
tested for normality of distributions usingaShapiwvo | ks 6 test f or nor ma
conducted a MankVhitney test in Stats v.4.0.3 (R Cdofeam 2018) to assess differences
between 2006 and 2018/19 surveys

Preserved DNA samples from the Nakai 20
using an ethanol precipitation and quantified using a NanoDrop spectrophotometer
(ThermaoFisher Scientific). We setted the 10 best samples for amplification based on a
260/280 ratio closest to 1.80 with a DNA concentration greater than 15 ng/ul. Selected
samples were amplified and-genotyped at nine Asian elephant loci used in the original
surveys (Ahlering et al.2011a). The remaining genotypes produced during the Nakai
2006 and Sepon 2011 studies were then calibrated at each locus using the shifts detected
from the regenotyped individuals.

Using the nine nuclear loci shared with the Nakai 2006 survey, and tteysim
Sepon 2011, and Nakai 2018/2019, we calculated expected heterozygegitbéerved
heterozygosity (d) , Shannondéds information index (1),
inbreeding coefficient (E) in GenAlex v.6.41 (Peakall and Smouse 2012). To cbfoe
unequal sample sizes among populations, allelic richnegsa(@l private allelic richness
(Ap) were calculated using rarefaction in4Rare v.1.1 (Kalinowski 2005). We tested for

normality of each per locus metric using a Shapifo | k s 6 tmaldytandfarosine n o
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square root transformed the per locusadd Hb in RStudio v.3.5.2 (R Core Team 2018).
Significant differences in diversity between populations were determined using general
linear models with locus as a fixed effect using the Lme4auipek.1.123 (Bate<t al.

2015) with Az and A transformed to gamma distributions. These tests were followed by
an ANOVA in the package car v.390(Fox and Weisberg 2019) and pbsic testing

using a Tukey test in multcomp v.118 (Hothornet al.2008).

A comparison of the proportion of the total genetic variance contained within
each population relative to the total genetic variafeg) (vas completed in GenAlEXx
v.6.41 (Peakall and Smouse 2012) using 9 999 permutations with a standard Bonferroni
correction to determine statistical significance (Neyman and Pearson 1928). Genetic
population structure was determined in Structure v.2.3.4 (Pritetald2000) using the
same methodology described previously.

For mitochondrial DNA, we calculated haplotymiversity f), nucleotide
diversity (), and determined significant differences usijegetic_diversity diffs.R
v.1.0.6 (Alexandeet al.2016) with 10 000 permutations. We tested for genetic
di f f er egtiniAdequinw.B8.5.1.2¢(Excoffieet al.2005), assessing the
significance of differentiation using 1 000 permutations and applying a standard
Bonferroni correction (Neyman and Pearson 1928).

To complement the genetic studies, we collated and reviewed reports on elephant
presence, movements, agidpersal, mainly but not solely relating to HEC, on the Nakai
plateau and in the wider landscape encompassing the NNT NPA, the Nakai and

Gnommualath Districts of Khammouan Province, and the Sepon mine / PXH NPA areas of
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Savannakhéd®rovince (Figure 1; McWillianet al.2010; Hedges and Hallam 2011;

Tyson and Stremme 2020).

RESULTS

Genetic study of 2018 and 200.9Ve collected 125 samples from the Nakai
plateau: 84 samples during the dry season in 2018 and 41 during the wet se@4én in
(Figure 2). Analysis of a preliminary subset of samples determined that a minimum of 8
loci was necessatyp reach the necessary thresholdlistinguishingndividuals (pID =
0.000 and pSibs = 0.60Waitset al.2007). Two samples failed to amplifyt the
required minimum number of 8 loci and were removed from further analyses. From the
123 remaining samples, we determined 91 unique individuals; 53 from 2018, 33 from
2019, and 5 captured during both seasons. We recaptured 15 individuals, anthodin
we had a mean recapture rate of 3.133:957.Capture (Otiet al.1978; Whiteet al.
1982) determined kack of population closureverall and for each season. Therefore, we
were unable to condufitrther analysis of population size, for examiileough use of
CMR methods.

Despite all loci being polymorphic with no evidence of linkage disequilibrium,
when we combined the elephants from wet and dry seasons, we found numerous loci did
not conform to expectations under Hai4einberg equilibrium (Apendix 3). Further
analysis in GenAlEx (Peakall and Smouse 2012) also determined significant genetic

differentiation (p = 0.007; &= 0.012) between seasons. We identified three genetic

clusters (K = 3, &K = 43. 285)herseasoween t he

correlated to a specific cluster.
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In Nakai 2018 (dry season), we found 15 adults, 27 subadults, 11 juveniles,
corresponding to 34 females and 19 males. In Nakai 2019 (wet season), we found 9
adults, 12 subadults, 7 juveniles comprised of 1%femand 9 males. We also found 4
females and 1 male during the wet season whose age could not be determined due to a
lack of intact dung boli. The five individuals found in both seasons consisted of an adult
female, two subadult females, and two subaahaltes.

We found 14 association events in which elephants were found within the same 1
km?block as each other within a 24 hr period, with 9 of these groups having shared
individuals. We found an averagef 0.012 (0.018 SE; 95% CI =0.169, 0.147]). A
decrease in relatedness was found among females in groups@d02 (0.022 SE; 95%

Cl =[-0.161, 0.152]), and among adult and subadult males, average relatedness also
decreased to=-0.037 (0.093 SE, 95% CI =348, 0.299)).

Comparisons between thgenetic studies of 2006 and 2018/AWe successfully
re-genotyped 10 individuals from Nakai 2006 and 9 individuals from Sepon 2011
allowing for a petflocus calibration with the 2018/2019 dataset. Our final calibrated
datasets for population comparisonslided 58 individuals from thdakai 2018 dry
season, 38 from the Nakai 2019 wet season, 10 from the Elephant Village, 32 from the
2011 Sepon survey, and 102 from the Nakai 2006 dry season survey at the shared 9
microsatellite loci, a mitochondrial fragmie and demographic information.

We found the Nakai 2018 and 2019 populations, combined and separately, to be
normally distributed for fecal bolus circumferences (a proxy for age), while the Nakai
2006 dry season population had a bimodal distribution W68, p = 0.025; Figure 3).

We found that this was driven by the reormality of females in Nakai 2006 (W =
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0.932, p = 0.046). Despite the difference in normality, Méfiritney tests between
populations were nesignificant. There was a shift in the sg#ructure of the population,
with the ratio of males to females changing from 1:3 in Nakai 2006 to 1:2 ratio in Nakai
2018 and Nakai 2019.
We found significant declines in nuclear diversity from Nakai 2006 to Nakai
2018/2019 in expected heterozygosity@&d annondés i nf or mati on i nd
Appendix 4; Appendix 5). We also found significantly lower allelic richness in the Nakai
2019 population (ANOVA = 0.007; Tukey 2006 p = 0.022; 2018 p = 0.010).
For mtDNA, we found 5 of the 6 previously discoveregblotypes from the
Nakai plateauHaplotypes LaoPDHR\, LaoPDRB, LaoPDRC, LaoPDRD are from the
Asi an e<Llade, Wiereds LddPDRand LaoPDRF ar e f-gcladem t he b
(Fernandcet al.2000). LaoPDRA also corresponds to AH of Vidyat al.(2009),
LaoPDR-D to AC (Vidyaet al.2009) and LaoPDHE to NewB haplotype in Thongchei
al. (2011). We found significantly higher nucleotide diversity in Nakai 2018 than Nakai
2006 (p = 0.001). Ais was largely driven by an increase of LaoPBRnd
correspondingpwor ti on of b c¢cl ade haplotypes from
(Table 1).
We identified three genetic popul ations
identified as ClusterINakai 2006, Cluster2Nakai 2018 and Nakai 2019, and Cluster3
Sepon 2011 with the Elephant village split primarily between Cluster 2 and Cluster 3
(Figure 4). The majority of elephants in Nakai 2018/2019 assigned (Q >= 0.50) to a
genetic cluster originally detected at low frequency in Nakai 2006. We found fewer

individuals assigning to the Cluster3 in Nakai 2018 than Nakai 2006, and none in Nakai
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2019.We found almost all populations to be significantly differentiated based on 9
nuclear microsatellite locHst, Table 2). Based on mtDN&st, Nakai 2006 significantly
differed from Nakai 2018 (p = 0.000), but not Nakai 2019, and Sepon differed from all
otherpopulations.

Review of nogenetic studies 200420191 HEC on the Nakai plateau and in the
surrounding areas were recorded by Wildlife Conservation Society (WCS), District
Agriculture and Forestry Office (DAFO), and NTPC staff over the October 2004 to
December 2009 period. Prior to the creation of the NT resarvéipril 2008 the
majority of the HEC occurred on the plateau, although there were some incidents in one
village in Thongkhong area of tf@&nommalath plain some 510 km south/soutieast of
theplateau. Since the formation of the NT reservoir, there was a large increase in the
number of incidents off the plateau: both (1) in the Thongkhong area, where the number
of villages affected increased from one to nine and (2) in the Tha Thod area @igure
Table 3). Prior to the creation of the reservoir, no HEC incidents had been recorded in the
Tha Thod area; indeed, HEC only began in Tha Thod area during September 2009, but by
December 2009 the area experienced the second highest rate of HEC irsticents
monitoring began in 2004. Although there is no direct evidence to show that the
elephants involved in HEC in the Tha Thod and Thongkhong areas were from the Nakai
plateauanecdotal evidence does suggest this was the case as¢hemo other know
elephant populations in the surrounding districts. Moreover, HEC incidents had occurred
in one Thongkhong village since monitoring began in 2004 and many farmers

commented that the elephants involved in these incidents come from the Nakai plateau
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using gveral different tracks to descend off the plateau including the old logging road
thatconnectKhonkhen to Thongkhong (McWilliarat al.2010).

HEC caused by elephants dispersing from the Nakai plateau also occurred
considerablyffartheraway. During fieldwark by WCS staff in the Sepon mine area, some
100km from the Nakai plateau, in January 2011, conversations with farmers (primarily,
but not solely in Ban Namkheun and Ban Namalou; Figure 1) indicated that HEC had
increased over the previous®years. Seval reasons were given for this reported
increase: an increase in disturbance in the PXH NPA including logging and illegal killing
of elephantsconversion of saltlicks to rice fieldan increase in the human population in
the Sepon area, disturbance @by the Sepon mine, and the inundation of the Nakai
plateau as a result of the closure of the NT2 dam; which villagers said had caused
elephants to move off the plateau and into the Sepon area. The reported timing of this last
phenomenon coincided withe start of the inundation of the Nakai plateau in 2008
following closure of the NT2 dam (Hedges and Hallam 2011).

In addition, in 2009 a group of three elephants moved away from the Nakai
plateau into th&nommelath plain area and soutkest of the plat@u and caused serious
problems in villages which had no previous history of elephant conflict. The destructive
behavior of this figroup welfpudideedseemingy G3) el e
intractable problem not least because the elephants weigetpaggressive towards
villagers, even during daylight. During 2016, the G3 elephants moved into PXH NPA,
and in conjunction with the local and provincial government agencies, NTPC suggested
that the elephants be fitted with satellite collars for memgppurposes, but be left in the

NPA since they appeared to have ceased their problematic ranging behavior and HEC
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frequency was much | ower . By 20®%andet he el e
to includesix individuals (three adult females plus thoedves). Based on DAFO and

NTPC data, the six elephants were believed to be using an extensive area close to the
boundary between Khammouane and Savannakhet Provinces, along the eastern edge of
PXH NPA (Figure 1), approximately 100 km southeast of theaNallateau (Tyson and

Stremme 2020).

DISCUSSION

The building of the NT2 hydroelectric dam and subsequent inundation of the
Nakaiplateau provided a unique opportunity to study the effects of habitat transformation
on an elephant population by comparing genetic samples and data on HEC collected pre
and postinundation both in the Nakai area and the wider landscape. Along the Mekong
Ri ver Basin, Laosd6 intention to become the
over 50 hydroelectric dams in 15 years, with a further 101 under construction or planned
(Chang 2013; Williams 2019). Numerous hydroelectric dams are also being built
elsewhere in the region. Many of these dams are in biodiversity rich areas, and so it is
vitally important to understand the impact of such projects on wildlife populations.

In the Nakai plateau populationgviounda lack of population closuiie
necessary for CMR analysiswhich neither immigration nor emigration occiira/ith
significantgenetic differentiation between survey seasons in 2018 and 2019, and only
five individuals shared between survegblering et d. (2011a) speculated thétte Nakai
Plateawelephant population could be part of a larger metapopulagoause of the

unusually high levels of genetic diversity found. Specifically, they deliberated whether
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rather than being a welistablished populatiolong resident in the area, the population
was actually comprised of remnants of other populations that had been forced to relocate
to the Nakai plateau from other parts of Laos and Vieti@2umn.2018/2019 results could
relate tothese hypothesesor indicde differences in seasonal usage among individuals in
the present elephant population. These seasonally varying individuals are comprised of a
relatively large number of subadults representing 53% and 42% of the population in 2018
and 2019, respectively,hite subadults accounted for only 31% in the 2006 dry season.
There was also a shift in sex ratios as males to females were at a 1:3 ratio in Nakai 2006
and have since increased to a 1:2 ratio in Nakai 2018 and Nakail2@<$ian elephants,
males are tyjgally the dispersing sex while females exhibit philopatry (Vidya and
Sukumar 2005), therefore this shift toward subadult may be indicative of bachelor
dispersers investigating the plateau areass offemalebiasedphilopatry in the area
NTPC has beereplenishing salt lick along the reservoir since 2008, which might also
influence the movement of elephant groups on the plakeathermorgthe norgenetic
datarelatedtothespal | ed Agroup of threeo el ephants
thusdemonstratedbreeding femalekeavingthe Nakai plateau after inundation and
establishinghew home ranges in the PXH NPA areame 100km away.

A naive comparison of the 102 individuals known to be in the population in the
2006 dry season to the 58 foumd2018 dry season could suggest a likely significant
reduction in population siz&/hile no significant increase in inbreeding was detected, the
fewer individuals occupying the area in 2018/2019 could present future problems as
generational turnover occurkhe average age of first reproduction in Asian elephants is

13 years (De Silva 2013), yet only 10 years had passed between the completion of the
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dam in 2008 and the start of the 2018 survey, therefore the full effects of habitat loss on
inbreedingn thecurrent state of the populatiomay not yet be detectable. The

significantly lower allelic richness of 20X8&m 2006 and 201@/as likely due to the

high number of close relatives foundtire detected genotype&/e found a single male

with 17 firstdegre r el ati ves (r O 0.50); such high
individuals in a small population can result in a decline in effective population size

(Caballero 1994).

The significant loss of nuclear genetic diversity following the construction of the
NT2 dam is concerning, as the loss of diversity can affectleng population viability
(Reed and Frankham 2003), particularly for small populations. However, the current level
of genetic diversity exhibited by the Nakai plateau elephant population isostijarable
to other high diversity populations found in southeast Asia including those in Thailand
(Kongrit et al.2008), Cambodia (Gragt al.2014), and Myanmar (Kusz al.2018).

The only diversity metric that increased was nucleotide diversity DNAf however
this was a consequenc ecladefhaplotypemtethedNakaig pr op o
plateau, particularly during the 2018 dry season.

To conclude, the completion of the NT2 dam in 2008 and subsequent flooding of
much of the Nakai plateau rdged in significant loss of highuality habitat for the Nakai
elephant population, a major increase in HEC locally at least initially (April 2008 through
to December 2009), and lomgnge dispersal by some of the Nakai elephants with the
creation of newserious HEC problems some 100km from the Nakai plateau. While the
current size of the Nakai elephant population is not known with certainty, it seems likely

that there has been a significant reduction in the size of the population, indeed the
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population nay now only be about half the size it was in 2006 (102 unique individuals
were identified in the 2006 dry season compared with only 58 in the 2018 dry season),
which wil |l have significant del eterious ef
genetic dversity is already significantly lower than in 2006 and the soaiadl sex

structure of the population less favorable to kbegn viability. Further work on the

sizes, connectivity, and metapopulation dynamics of the of the elephant populations
throughaut Bolikhamxay, Khammouane, and Savannakhet Provinces as a whole should
be conducted to better understand their status, conservation significance, and
management needs, particularly given the continuing infrastructure development in these
areas. Finally His study provides a greater understanding of not only the direct local
impacts of hydropower projects on elephant populations, but also the lantsczpe

effects of such projects, which to date have been eaqgjareciated.
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TABLES

Table 3.1: Meandiversity metrics by population. Nuclear diversity: observed

heterozygosity (), expected heterozygosity €H inbreeding coefficient (), Shannon

diversity index (1), allelic richness @, and private allelic richness fA MtDNA

diversity: individualh ap| ot y p e

di

stributi

on Wi

( H)

evolutionary clade haplotypes ( : hapldtypic diversity (h), and nucleotide diversity

( ~ )value®for significant differences shown and indicated with *

Nakai 2006 Nakai 2018 Nakai 2019
Dry Season Dry Season Wet Season
Ho 0.667 +£ 0.037 0.597 +£0.047 0.587 +# 0.052
He* 0.745 +£ 0.028* 0.663 +/ 0.050 0.677 +/0.046
p =0.008 Nakai2018; p = 0.011
Nakai2019; p = 0.039
2
g Fis 0.106 +£0.035 0.093 +£0.043 0.138 +£0.035
=
&)
= I 1.633 +/ 0.105* 1.389 +£0.142 1.432 +£0.120
% p = 0.004 Nakai2018; p = 0.005
2 Nakai2019; p = 0.028
Ar* 7.646 +£ 0.559 7.756 +f 0.851 6.639 +/ 0.438*
p = 0.007 Nakai2006; p = 0.022
Nakai2018; p = 0.010
Ap 0.961 +£0.260 0.783 +/0.194 0.283 +/0.126
1%
H
O LaoPDR-A
OLaoPDR-B
2 | OLaoPDR-C
2 B LaoPDR-D
) B LaoPDR-E
.5 B LaoPDR-F
<ZE U 83% : 17% 53% : 47% 71% : 29%
&)
s h 0.740 +/0.021 0.699 +/ 0.041 0.745 +/0.042
* 0.011 +£ 0.006* 0.018 +£ 0.009 0.016 +£0.008
Nakai2018; p = 0.001
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Table 3.2: Genetic differentiation based on nuclear microsatellite lagi) (fubdiagonal,
and based on MtDNAE s7) in the supediagonal; significance following Bonferroni

correction is indicated with *.

Nakai2018 Nakai2019 Nakai2006 Sepon201l1 Elephant

Village
Nakai2018 - 0.253 0.072* 0.304* 0.044
Nakai2019| 0.011 - 0.024 0.181* 0.156
Nakai2006| 0.012* 0.026* - 0.175* 0.230*
Sepon2011] 0.037* 0.043* 0.033* 0.541*

Elephant Village| 0.059* 0.065* 0.056* 0.024 -
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Table 3.3: Number of Humarklephant Conflict (HEC) incidents and HEC incident rates,

by area, before and after creation of the NT2 reseragiagtedrom McWilliam et al.

2010).
Before Reservoir Creation Following Reservoir Creation
Oct 2004- May 2006; 1 Apr 2008- 21 Dec 2009
Jul 2006- Mar 2008
- 41 Months - 20.68 Months
Number Number HEC Number Number HEC
Area of HEC of incident of HEC of incident
incidents villages rate/month | incidents Vvillages rate/month
Nakai plateau 280 18 6.83 172 8 8.32
Thongkhong area 83 1 2.02 134 9 6.48
Tha Thod area 0 0 0 142 8 6.87
TOTAL 363 19 8.85 448 25 21.66
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Figure 3.1: Map of the Central Lao PDR showing the Nakai plateau, the Nd&ai

Theun National Park, and the Sepon mine / Phou Xanbational Protected Area.
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Figure 3.2: Map of the Nakaplateau depicting sampling areas which emphasized
saltlicks and known corridor locations. Additional boat surveys were conducted along the

rivers within the boundary of the Nak&dlam Theun National Park.
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