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Abstract

The critically endangered wild cam€amelus feryss a separate species to the domestic Bactrian
camel,Camelus bactrianu&irvivingonly in Mongolia and Chind has anarrow range of specialised
Gobi Desert habitatAdded to thisits presumedsmall populatiorandreduced genetic diversitgaves

it threatened with extinctionLike many threatened species, conservation action has led to the creation
of an exsitu insurance population in Mongolite aim of this thesis was to use genetic research and
timelapse camera trap distance sampling methodsfiréove our understanding of the specisoth

in the wild(in the Great Gobi A Special Protected Arelldamgolig, and in the esitu herd.Using a

novel method of camera trap distance sampling using timelapse images we detesmer@fdhe first
precise abundance estimates fhe wild camel in the GGASR#ovisionally estimating the population

to be 664 individuals (95% confidence intervals-4000).Despite the two species being separate, for
Camelus feruand Camelus bactrianygommon naming oftenonfuses them. This is of importance
when considering conservation implicatiohge used norinvasive genetic samplesdeterminethat
prevalence of introgression of DNA from domestic Bactrian cabaetelus bactrianus extensive
across the GGASPAjilstalso confirming thagienetic diversity and inbreeding levels are comparable

in both the insitu and exsitu wild camel populati@Finally, we looked at other &itu populations of
critically endangerednammals determining that they provide widely variable contributions to
mitigating a taxon's extinction riskhich is inadequately assessed in conserva#idirof this used
together hasmproved our understanding of thareats thatface the wild camel in Mongolia, both in
thewild and in captivity. The data will continue to be used to inform further conservation management
and to increase scientific and public awareness of the plight of the wild camel, with the overall aim of

saving it from extinction.

Key words\Wild Camel, Camelus ferusynservation genetics, neinvasive survey, introgression,

camera trap distance sampling, abundance estimates.
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Chapter Iintroduction

1.1Global biodiversity loss and climate change impacts on endangered species

We are in a time of unprecedentedthropogenic climate change and human mediated biodiversity
loss The scale at which we have lost, and are continuing to lose, species irttitatesare in the B

period of mass extinctiofCeballos et al. 2019n the last 500 years, over 300 vertebrate species have
gone extinciDirzo et al. 2014; IUGRedLisR022) Over 42100 (28%) species assessed by the IUCN
RedListare threatened with extinctioand 20% of all vertebratefHoffmann et al. 201Mave been

shown to be at risk of extinction in the wilthis number is increasingloffmann et al. 201Gnd the
magnitude of these lossémms led to the use of the term defaunati(iirzo et al. 2014 Extinction of
faunais acostin itself, butspecies loss changémdiversitywhich can lead t@subsequent loss of
ecosystem functio(Dirzo et al. 2014)_oss of ecosystem function or services such as pollination, water
quality, pest control, scavenging and disease manageimaet very detrimental impacs, which
threatenthe survival oéll of life onEarth. Climate change and anthropogenic disturbances exacerbates
thesespeciegleclinesleading to internationalconcern and targets being sét 2022, COP15 globally
committed to haltinghumaninduced extinctionfCOP15 2022Despite these worrying trends in
defaunation, research has shown that overall declines would have been significantly worse without
conservatiormanagementHoffmann et al. 2010Between 28 and 48 bird and mammal species would
have gone extinct between 1993 and 2020 without conservatianagemeniBolam et al. 2021)
Landscape scale conservation and global climate mitigation conservation are necessary to mediate for

these losses, but fonanyspeciesmore immediatesingle species conservation is necessary.
1.2Exsitu management dhreatenedspecies

In-situ conservation, defined as the protection of species in their natural surrourigicgscial to
global biodiversity protectiofPritchard et al. 2012But as extinction rates are exacerbated by climate
change, those species closest to extinction may require more direct actipopudlationsget closer
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to extinction threats to individualsand so tooverall populations ospecies become even more
dangerousAs populations get smaller, they can become increasingly vulnerable and less resilient to
demographic, environmental and genetic threats. Any one issue, which alone may not lead to
extinction, could reduce population size. These reduced populations arevtifrgerable to further

threats, this is termed the extinction vortex

For these small, threatened, populations increased management may be necessary, either to protect
individuals from threats or to increase population sizes, to prevent overall extinCien.such
management technique used is-gitu managemeng KSNBE G AYRAGARdzZEfa | NB Yl
O2yRAGA2Y A dzy RSNJ RAFFSNByY (G aStSOGA2y LINBaadaNBa
(IUCNRedLis2022) These populations are numerous wi2b% ofall described bird specie20 % of

all known mammal species and 15% of all threatened spd&ggheldin exsitu care(Conde et al.

2011)

Exsitu populations have varied aims which include entertainment, education, financial incentives and
conservation(Conde 2013)Those that are usedif conservatioralso vary in their function; as a way

of redudng the primary threats to the species, to offset the effects of those threats, to buy time for
other conservation efforts taking placesitu and finally to restore populations. They barused as a

form of rescuing injured or displaced animéis Zhang et al. 2017as a source population for
translocationsrestorations or introductiondUCN 2014and for an insurance against extinctiorthe

wild. Ex-situ insurance populatiorege defined agpopulationghat are used to recover wild populations
YR LINB@Syi SEGAYOGA2Y o0& odzaAy3a GAYSY a2KSy 6A
sufficiently rapid reduction of primary threats is slim or uncertain or has been inadequately successful
02 RIUGNRédLIsR022) Insurance populations are those that keep individuals in captivity with
the hope of saving the species from extinction and for future, successful recovery and release into a

safer world One such example being thenservation success dfa Scimitar horned Oryx, which in
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2023 was the first species to be downlisted to Endangered, after previously being classed as Extinct in

the wild(ZSL 2023; IUCN RedList 2022)

Exsitu conservation can be very successful, with its use being shbathtrestore species to the wild
(Smith et al. 20233nd preventextinction(Bolam et al. 2021; Conde et al. 2018\t it can also be a

risk, with such small, threatened populations many factors can inopacallsuccess. Both financial

and sociepolitical factors can determine success or fail(@mnde et al. 2011as well as the
management of the animals themselv&kere are also risks to being held irséx long term, these
include: adaptation to captivitfConde et al. 201 1stress, disease andrgaic risksGenetic risks, in
these small, closed esitu populationsgnclude: genetic driftwhich may cause the loss of beneficial
alleles orcausing fixation of deleterious alleles; inbreeding depression and genetic adaptation to

captivity,all of whichreduce the potential for survival post releag@olléony et al. 2017)

Exsitu populations can be impactful, they allow for the preservation of a species on the very brink of
extinction, but they need to be carefully monitored and managed for success. This includes decision
making on starting an esitu population, as well asubsequent effective future planning of that
population and integrated management withsitu populations and habitats where possible for
recovery. This is not always possible, with limitations to successfully usingignp®pulation as an
insurance,with practicalities and constraints on managers impacting success. But with so many

threatened species being held in captivity these individuals should be considered critical.

1.3TheWild camelCamelus ferus

Backgrounéind Threats

The wild camelCamelus ferysas first described Brzewalskin 1878(IUCNRedLisR022) Unknown
to the western world until this poinPrzewalskpresumedt to be eithera feral Bactrian camglamelus

bactrianusor the wild animal from which the Bactrian was domesticdézdiingto itsinitial scientific
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designationof Camelus bactrianus feru3his has now beesuperseded both by changes in
nomenclaturdegislation(Gentry, CluttorBrock, and Groves 200d)d byscientificresearch agreeing
with indigenous knowledgehe two species are indeed separafbroughout its range the wild camel

was known locally, and named as, a separate species to the domestic Bactria(Hzamédl997)

~

. t-in Mongolia and - S [dz2 ¢dz2 2NJ GogAt R OF YST ¢

B

Named Khavtgai

behavioural and morphological differences between the two speciestiwtivild camelexhibiting
AYONBIFI&aSR aoAftRySaaed YR RAFTFSNByYyd FSI GdzNBa adz0
slimmer leg4Ji et al. 20099nd a notably flatter skull shape, from which it gets its name in Mongolian.

There are also genetic differences, these seen across nutliéachondrialand sexXinked markers

(Zhang et al. 2019; Felkel et al. 2019; Jirimutu et al. 2012; Silbermayr et alTREA@Ihout this work

I will refer to Camelus feruas the wild camel, to reflect both scientific accuracy and cultural

implications.

The wild caméhhabits the desert ecosystems offal AsiaThe historic range is thought to rem
central Kazakhstan through southern MongoliaiamXinjiangandthe great bend of the Yellow River

in Chira(Tulgat and Schaller 199R)is now &tantin only2 Countries antbur locationof true desert

and semiarid desert habitat§Yadamsuren, Daria, and Liu 2019Thinain the Gashun Gobi, Lop Nur
and the Taklamakan desereandin Mongoliain The Great Gobi A Special Protected area (GGASPA)
(Figurel.1). The GGASPA covers oveddd square kilometres of Gobi Desert habitat. This stronghold
for the wild camel idandlocked, witha continental climateof four distinct seasons. Although the
average annual temperature %34 this is only because summer highs reaé@ 4ind winter lows can
drop tobelow-35°C. As well as extremes in temperature the arearalseives very low precipitation

of less than 50mm annuallyadamsuren, Daria, and Liu 201®)en water in the GGASPA is limited to
approximately 40 springs, many of which are salt water, and not all of whighvasesactive. Springs
are located primarily in thexountainous areas of the paffadamsuren, Daria, and Liu 20I®)e

vegetation across the Gobi is scarce, drought adapted and in some cases precipitation driven. All of this
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AYLI Ol Qa
wild camel shows one of the largest-land annualmigrations on the planet at 2821k¢doly et al.
2019) When collared, some individualld camels had an annual home range df2;000km? and
covered averagstraightline distances of between 3:6.4km per day(Kaczensky et al. 2014lhis
highly adapted ecosystem is threater®dclimate changdesertification othe Gobis increasingnd
water pointsare drying making habitat less suitable for the wild canfekdictions show that up to

44% of the current suitable habitat in China could be lost to climate change b{x2@5éx al. 2021)

gAt R OF YST

Y 2 Ql&roe Sligtanceto fcBessifdodang/waiterRThel 2

N

A

- Wild Camel Range

1ongqing
Esn, GEBCO, Detarme, NaturalVue, Esri, GEBCO, IHQ-I0C GEBCO; DeLormé, NGS

Figurel.1: Wild camel range (IUCN RedList 2022) in orange, with GGASPA boundary outlined.

Thee are an estimatedd50 wild camels leftwith approximately 600 in China and 350 in Mongolia
(IUCNRedLis2022; Hare 2004)Thigpopulationestimate comes from a culmination of historic surveys
and observation dat@Hare 1997; Reading et al. 1999; Tulgat and Schaller 1992; Bannikov 1975; Zhirnov

et al. 1986; Dash et al. 197With available datand incountry reportsthe wild camel population is
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presumed extremely low, giving it the critically endangered s{itlSNRedLisR022) Many factors
threatenthe survival of the wild camel anldese, along withhe presumed low population number,
could be important to the futurgiability of the specie€ommon threats in both Mongolia and China
incluce: habitat loss and degradatiommcluding impacts caused by both legal alehal mining
(Yadamsuren, Daria, and Liu 2Q1®%reaseddesertification due to climate chan@¥ue et al. 2021)
humanencroachment andisturbancgKaczensky et al. 201&)dboth competition and hybridisation
with the domestic Bactrian cameTamelus bactriany&ilbermayr et al. 201.0Humaninfrastructure
such adences, roadandmines, are nobnly threats themselves, but they can also act as barriers to
migration with loss of migrationtself considered a threat to large herbivoré¥poly et al. 2019)
Migration for the wild camel is a necessity to survi&katombination of lack of scientific information
about thisspeciesand remoteness of its habithfasled to a lack of international interesst scientific

research andonservatioraction(Ji et al. 2009)

AR
\‘

o b g A

FORESTCAM 0068 2020/09/03 09:30:31 150 59

Figure1.2: Morphological differences between the Wild camel, Camelus ferus, 1 individual in the foreground, and Bactrian

camel, Camelus bactrianus, 2 individuals in the background. Image captured by camera traps in Chapter 3.
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Genetic research

Early genetic research suggested the wild camel to be a distinct sfreniethe domestic Bactrian
camel(Han et al. 2002)etthesestudieswere notconsidered resolved and were taken with caution
(Burger, Ciani, and Faye 20I9)e first reliable study to prove the wild camel to be a separate species
to the domestic Bactrianamelwas in2009 (Ji et al. 2009)Sincethen, further genetic research has
shown high sequence divergence in both mitochondrial INAt al. 2009; Silbermayr et al. 2010;
Mohandesan et al. 201@nd nuclear lodiChuluunbat et al. 2014; Jirimutu et al. 2012; Wu et al. 2014,
Y. Zhang et al. 2019hewild camel is a genetically distinct spedigiset al. 2009; Silbermayr et al.
2010; Mohandesan et al. 201MhedomesticBactriancameland the wild camel shared a common
ancestor an estimated0.7 million years agowhereas dmestication of theBactrian occurred
approximately 6000 years a¢Burger, Ciani, and Faye 2018hg after the two speciediverged The

wild ancestors of both the domestic Bactrizameland the domestic dromedary are extinotaking

wild camelhe very last species ektantCamelinleft on the planet.

Initial genetic studies to determine the uniqueness oflid camel were mitochondrial, comparing
Cybchrome Byenedo findtwo divergent clades, with an@nage distance of 2.8 -#3.5% and with 26

33 substitutions(Ji et al. 2009)This ledi KS | dzi K2 Nk (2 adzZa33Sad GKFG aiK!
OFYSt YIeé o0St2y3a (2 (G662 RAFTFSNBYG tAySIFISEaeéd ¢ KA
China and so they also showed these populatiansomingrom the same lineage. Further work on

the CytB gene gave a mitochondrial sequence divergence($ilffarmayr et al. 201@nd later an

estimated a divergence of 1.§4ohandesan et al. 20L7)hese divergence estimates are comparable

to divergence seen in other extant and wild populatiamduding that of the new world camelids, the

lama andguanacaBurger, Ciani, and Faye 2Q1&8JP genealsosupported the theory that the wild

camel and the domestic Bactrian camel have evolved from two distinct matrilineal lines. This work gave

16 haplotypes of which there were two haplogroups, one domestic and on€Wiiilg et al. 2017)

Further backing up this conclusion of sister taxa, was work on the paterr{&dikel et al. 2019The

19



Y chromosomeansuitably compare male and female genealogies amtiespecific region of the Y
chromosome NISY is also passed directly from parent (father) to offspring (son) without
recombination. This study was the firgph/logenyfor the wild camel and it also showed two distinct
haplotypes one wild, one domesti€Genomic work on the wild camel was started in 2000 with the use
of 20 new world microsatellites for the cross amplification of loci in old world camedlisling wild
camels(Jianlin et al. 2000This study used two Chinese wild camel samples to test markers. Further
microsatellite work concluded that across2dllloci there was a significant degree of differentiation
between the wild and the domestactriancamel(Silbermayr et al. 2010; Silbermayr K et al. 2040)
the first study to sequence the entire wild camel genpitneas estimated tde 2.38GHJirimutu et

al. 2012) In comparison, the domestic Bactricaimelgenome size is 2.45GWu et al. 2014)They
identified 244,14Imicrosatelliteloci and found rates of heterozygosity of 1.08L8cross the whole
genome. Further full genome sequencing for all three old world camelids was conidut@édd(Fitak
2014) When using genomic data to determine wild camel species uniquiéneas showrthat the

wild camelformedadistinct clade, separated from domedfactrian camalith a bootstrap value of
71%(Burger 2016)

The wild camel is critically endangered anithaugh a robust populatiorestimateis lacking, it is
presumed to have both a low population numigly, and a low effective populatidiNe). Reduced
diversity has been seen in the mtDNA haploygyehandesan et al. 2017; Felkel et al. 2019; Silbermayr
et al. 2006)in the YthromosomgFelkel et al. 2019nd genomewide (Fitak et al. 2020)or the wild
camel,Low Ne is thought to haveirfst occurredbetween200 thousand (k) td20 k years agdFitak
2014) This wadollowed byrapid population expansion after the last glacial maxinamah thena

second population bottleneck of which todays apparent 16v8 BausedFitak 2014)

Althoughhybridisation is ofteconsidered a major thre&b the wild camellevels ofintrogressiorwith
the domesticBactrian camedre currently unknown. Understanditige risk of hybridisatiofetween

the Bactrian camel and the wild carteebverall species survivalimportant ashe GGASPA lacks both

20



geographicaandreproductive barriergSilbermayr et al. 2006)ntrogressiorhas been seen in other
camelidswith hybridisation betweendomestic Bactrian camel and dromedarycame] Camelus
dromedariusfor animal husbandry purposéging commorn(Burger 2016and with thedromedary

after initial domesticationintrogressiorfollowed from the now extinct wild populatiof&lmathen et

al. 2016) Whilst we know that hybridisation occurs between Bactrian camels and wild camels
(Silbermayr K et al. 201@e do not know its extent across either the wild population or in captivity
The first work on this used P&RLP to determine hybridisation in mtD{$fbermayr K et al. 2010)
This was then followed by wook paternal hybridisation on the M$elkel et al. 2019)n whichone

wild caughtindividual hach maternal wild haplotypand apaternal domestic haplotyp@-elkel et al.
2019) RAD sequencirtas also been usdd determine hybridisation in captive bred wild camels in
China(Zhang et al. 20190t is important that introgression is monitored in the wild caraslknowing

what level it isnayimpact conservation objectivelmtrogression may be relevant as it could reduce
the genetic diversity of populations, leading them to be less able to adapt to ehamnfer
threatening species survival. Understanding levels of introgression is the first step in determining if this

isindeed a threat to the wild camel.

1.4Wild Camels Esitu.

There areonlytwo known captive populations @fild camel One in Mongolia and one in China. There

is little available information on the Chinese populatidmang et al. 201%pthe research in this PhD

will focus only on the Mongolian population. The captive population was founded irotig8flly as

a collection of rescued or captured animals, managed by local herdsmen. The population was taken on
by the Wild Camel Protection Foundati@VCPJin 2001as an insurance populatiadVith so few

captive animals, the whole species could be wiped out if their natural habitats in China and Mongolia

are destroyed. It is therefore important to breed enough animals in captivity to insure against this
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LJ2 4 & A 0 f QWCPK 2023 e $uddEnt holding facility at Zakhyn Us, Gdtai, Mongoliawas
completed in 2004and te first 13 animals were installetien. Of these 13, 10 animals were
mother/offspring pairsso only 8 can be considered foundémsmalesan breedrom approximately

4 to 35 years oldand some of the original founders are still breedifithe herd is wrently at
approximately 36 animalé&studbook has beepartiallymaintained since the captive population was
founded yet some parentage is uncertafurthermore,as founders were not chosgout obtained,

we do not know how much of the available genetic diversity in the remnant wild herd in Mongolia is
captured in the captive stockPespite this, this herd has been successful both in terms of longevity and
breeding success. It is also the most well understood captive population of this species. -Fitase ex
individuals contribute to extensive scientific research on the spexieh, as access to samples for
genetic ad disease analysis, veterinary studies and behavioural studies. All of whsgtaish which

may not be possible in wild populati¢dbang et al. 2019; WCPF 2023)e individual® this exsitu
population are vital as thegnay constitute a significant proportion of overall species population.
Extensive attempts are being made to improve the captive management of the species and to make

the herd a much more effective insurance population.

Genetic studies on the Mongolian captive population have so far been used as a way of obtaining good
guality genetic samples for initial wild camel genetic monitoring, such as genom(didiatiatu et al.
2012)andmitochondrial datgSilbermayr et al. 2010)hereas the one published study on the Chinese
population focuses on using RAD sequencing data to determine breeding suitability for conservation
purposes. Of the 13 individuals at the Gansu captive breeding centre inlChidividualsdid not

show recent admixture, suggestingo recent hybridisation. Two showed genetic admixture of
approximatelyl 0% which roughly corresponds to & §eneration cross bacKhreeindividualsalso

had lowerthan expectedheterozygosityvalues caused by continuous inbreeding. Thakece

individuals showed decreased heterozygosity in sites that are previously reported as highly discrepant
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regions between wild and domestibose that are essential in surviving extreme environmgitang

et al. 2019)

Reduced diversity, increased inbreeding and hybridisation atetdihentalto captive management
as they can lead t@ducel fithess and compromise adaptabilitfanagement of the captive insurance
population of wild camelshould aim tdocus on maximising genetic diversitys of great importance
to understand the genetic health of tlwaptivepopulation, to understand relatednes® determine
hybridisation risland to determine ithe diversity of the remnant wild populations is captured in the

genetic stockAll of this will allow for improved managemaeitthe herd

1.5 Conclusion

In this changing and threatened worldise species and habitats are especially threatened, with some
teetering on the very brink of extinctiotarger bodied herbivorous mammalee one of the trophic
groups at greatest ristith 25% of all herbivores threatened with extinct{éwood et al. 2020With

a narrow range of specialised habitat, small isolated populationsretheced genetic diversity
(Yadamsuren, Daria, and Liu 2019; Y. Zhang et al. 2019; Xue et ath20A#) camel is one of them.
But effort is being made to save this species, bo#itinand exsitu. Evidence is needed to provide
some of the basic information to inform congation management and decision making. This includes
both a wild populatiombundancesstimateand agreaterunderstanding of the extent of hybridisation
and diversity in both the wild population and the captive h&he aim of this Phi2searchwvasto gain

this evidence antb support the Wild Camel Protection Foundai(dfCPRh both its overall charitable
aims; of reducing the probability of extinction of the critically endangered wild c@areklus fers)

and in its current goal of producingpecies survivalan. By producing a researbhsedsurvivalplan
WCPF can provide evidence for the management of the species in both its range in the Great Gobi A

Special Protected Area and in captivity

23



1.6PhD Data chapter outline

My data chapters follow:

Chapter2:. Common name misuse potentially confounds the conservation of the wild camel Camelus

ferus (Jemmett et al. 2023)

Published Jemmett, Anna M., Jim J. Groombridge, John Hare, Adiya Yadamsuren, Pamela A. Burger,
YR W2Ky D® 96Syd HnHod® &a2KFGQa Ay | blYSK /2Y

| 2y aSNDIFGA2Y 2F GKS OnwE7TR): 17679.St / | YSt dz& CSNYza ¢

Common naming of the wild camel, Camelus ferus, should reflect that is a separate species to the

Bactrian camel, Camelus bactrianus, to reflect biological and cultural purposes.

Abstract Common names allow species diversity to be acknowledged by experts aspecalists

alike. They are descriptors with both scientific and cultural implications, and lack of clarity when using
a common name can risk altering perceptions of a threatenediegq This is true for the Ciritically
Endangered wild cam€&lamelus ferysvhich, despite extensive scientific proof of its species status, is
FNEIljdzSyidte NBFSNNBER (2 Ay 9y3ItAakK a agAfR . IO

Khavtgai = .t  Fy R [/ KA yY&l2u&Tuo) is not a wild version of the domestic Bactrian camel

Camelus bactrianusut a separate species in its own right, at the very edge of extinction, with an
estimated population of ¢.950. Failure to clearly separate Bactrian and wild camels in name risks
masking the plight of the few remaining wild camels with the visible aboadz#Hrthe domesticated
species. Here we advocate the use of an accurate English common n&@néefois; the wild camel

¢ ideally alongside its Indigem®names to correctly represent its cultural and conservation importance.

Chapter3: Estimating Wild CameTamelus feru#ibundance Using a Lar§eale Timéapse Camera

Trap Design
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Using Camera Trap Distance Sampling in timelapse mode, theamigd population in Mongolia is

estimated to be 664 individuals (95% confidence intervaié A0Dm).

AbstractThe Great Gobi A Special Protected Area (GGASPA), a 45,000 square kilometre protected area,
is the final stronghold for the wild cam&amelus ferysn Mongolia. This area of the Gobi Desert is

vast and remote, meaning that gaining information on this critically endangered species has been
difficult. The last robust wild camel abundance estimate in the GGASPA was conducted over 25 years
ago. We successfully used a novel method of distance sampling, using camera traps in timelapse
function, to etimate wild camel abundance in the GGASPA. Our study is thaiffiltfe abundance
estimation that used timelapse camera traps anywhere globally. This technique allowed for more
efficient data collection from across the entirety of the GGABRApreliminarily estimate the wild

camel population in the GGASPA to be 664 (95% confidence interval$0@)0vhich provides the

most precise estimate of wild camel population in the GGASPA to date. It also emphasizes the continued
low wild camel popul&in sizen MongoliaThis camera trap approach may be suitable for estimating

abundance of species inhabiting remote locations at low densities.

Chapter4: Surveillance of genetic diversity and introgression usingnvasive sampling of both-in

situ and exsitu Populations of Wild Cam€lamelus ferus Mongolia.

Prevalence in the wild camel of introgression of DNA from domestic Bactrian camels is extensive, whilst
genetic diversity and inbreeding levels are comparable in both -#iel iand essitu wild camel

population.

Abstract:One of the main threats to extinction risk of the critically endangered wild c&arslelus
ferus is hybridisation wittthe Bactrian camelCamelus bactrianu3he last remaining stronghold of
the wild camel in Mongolia is the 45,000 square kilometre Great Gobi A Special Protected Area

(GGASPA), where this ramgstricted threatened species comes into contact with the globally
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distributed domesticated Bactrian camel. Nowasive sampling combined with genetic monitoring,
using a combination of nuclear and mitochondrial DNA markers, has allowed us to gain a greater
understanding of the extent and source of introgression andd@fgenetic diversity i@damelus ferys

in both the wild population and the captive insurance population in Mondolia.results show
evidence of both nuclear, mitochondrial and historic introgression of Bactrian camel gene€in the
feruspopulation across the GGASPA, and in some individuals within the captive herd. We also show
that heterozygosity is reduced and inbreeding is increased in the wild population, and show that these
levels are represented in the captive herd. Our findingstridlte that, whilst an acceptable level of
introgression is largely determined by thresholds adopted by the global conservation community, a
detailed genetic perspective is crucial in increasing our understanding of the hybrid problem and is an

importantfirst step towards identifying options for conservation management.

Chapters: Doesour insurance cover extinction?-Eiku populations of highly threatened mammals

Exsitu populations provide widely variable contributions to mitigating a taxon's extinction risk which is

inadequately assessed in conservation.

Abstract:The future of all critically endangered species is precarious, and any individuals maintained in

exd Aldz OF LJOAGAGE T NB LRGSYGAlFrtte ONHZOAIE G2 GKS

were to happen in the wild, it is important foramagers to be confident that ektu populations
represent adequate insurance against outright extinction. Available guidance on best practices in
population management, population size targets and conservation planning could help ensure they can
provide his. We characterised these critical factors to assess telexi dz LJ2 LJdzf | G A2y &
most threatened mammal taxa as determined by the IUCN Red List as either critically endangered
(N=291) or extinct in the wild (N=2). We found that of these 298mal taxa, approximately a quarter

(69) are represented in esitu care, almost double the number reported on the Red List. Worryingly,
almost all (91%) of these are held at population sizes below 500, with 44% (29) falling below 50
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individuals. Although 67% show genetic monitoring through pedigree analyses, only 10% are monitored
demographically. We conclude that despite their proven conservation potentsitugxopulations

constitute inadequate insurance policies against extindtir many of the most threatened mammals.
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Chapter2  What is in a name? Common name misuse potentially confounds the
conservation of the wild cam€lamelus ferus
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2.2 Camel evolution and distribution
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Figure2.1(a): The evolution of the thré@amelinspecies (dromedary Camelus dromedarius, Bactrian camel Camelus bactrianus and wild camel Camelus fdras)inispeoges

(guanaco Lama guanicoe, llama Lama glama, alpaca Vicugna pacos and vicufia Vicugna vicugna) from the ancestral Poebrodon
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Figure2.2(b): Current range of the wild cant@amelus feruglata from the IUCN Red st
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2.3 Camel names
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Figure 2.3: Morphological differences. Bactrian camel, Camelus bactrianus: Left (both top and bottom) and Wild camel
Camelusgerus: Right (both top and bottom). Morphological differences include smaller, pgreapat humps, a smaller body,

slimmer legs and a flatter skull in C. ferus. Top images: Anna Jemmett. Bottom image: Pauline Charruau

24 Confusion of scientific names and implications
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Chapter 3  Estimating Wild Camdl,amelus ferugd\bundance Using a La¥g
Scale Timé&apse Camera Trap Design

Using Camera Trap Distance Sampling in timelapse mode, the wild camel population in Mongolia is

estimated to be 664 individuals (95% confidence intervald Y0Q).

To be submitted for publicatiomith a proposed authorshigs: A.M Jemmett].G Ewen, A Yadamsuren,

M Tserendorj, T. Ulambaya®. Merson, AHugginsaand M. Rowcliffe
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Abstract

The Great Gobi 8pecial Protected Area (GGASPA), a 45,000 square kilometre protected area, is the
final stronghold for the wild camélamelus ferysn Mongolia. This area of the Gobi Desert is vast and
remote, meaning that gaining information on this critically endangered species has been difficult. The
last robust wild camel abundance estimate in the GGASPA was conducted over 25 yaafes ago.
successfully used a novel method of distance sampling, using camera traps in timelapse function, to
estimate wild camel abundaaan the GGASPA. Our study is theviiistiife abundance estimation that

used timelapse camera traps anywhere globally. This technique allowed for more efficient data
collection from across the entirety of the GGASP&preliminarilyestimate the wild camel population

in the GGASPA to be 664 (95% confidence intervalsI) which provides the most precise estimate

of wild camel population in the GGASPA to diitalso emphasizes the continued low wild camel
population size in Mongoli@his camera &p approachmay besuitable for estimating abundance of

species inhabiting remote locations at low densities

3.1.Introduction

Understanding species abundance is crucial in the estimation of extinction risk of threatened species.

But these estimates can be difficult to gain, especially for those species which are elusive, have small
populations or are distributed across vast rangall of these considerations apply to the critically
endangered wild cameCamelus ferus.he wild camel survives only in the Gashun Gobi, Lop Nur and

the Taklamakan deserts of China and within the Great Gobi A Special Protected area (GGASPA) in
Mongola. The GGASPA covers approximately 45,000kihe Transaltai Gobi (Yadamsuren, Daria,

and Liu 2019)Gaining information on the wild camel has been difficult due to the extreme remoteness

2F GUKS&S NBYIFAYAYy3 KFEoAGlrGad alye FTrFHOG2NER | NB GF
habitat loss and degradation; desertification due to climatangk; and, hybridisation with the

domestic Bactrian cameGamelus bactrianugChapter 4). Further research is needed to better
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understand the species, the threats to its survival, including estimates of how many wild camel remain

(Kaczensky et al. 2014).

The wild camel population size is presumed to be extremely low but stable (Yadamsuren, Daria, and Liu
2019) The current population estimate on the IURNdLis{IUCNRedLis2022) is based on expert
judgement and suggests a global population of 950, with 600 in China and 350 in Mongolia. Although
population estimate studies have been conducted (Reading et al. 1999; Bannikov 1975; Hare 1997,
Tulgat and Schaller 1992; Dashleil@77; Gu and Gao 1987; Zhirnov et al. 1986; Bannikov 1945), they
come from a cmbination of historic surveys and observation data with low precision (the margin of
error of those estimates) and likely poor accuracy (how close the estimate is to the true population
value) due to bias in sampling design. A statistically robust appnesioly unbiased systematically
collected data has eluded wild camel researchers until recent advances in use of camera traps and

associated analytical tools.

Population estimates in the GGASPA are highly variable, with a low estimate of 300 individuals (expert
judgement without uncertainty) in 1943 (Bannikov 1945), to 198%(CI=413 to 3557) individuals in

1997 (Reading et al. 1999urveys were conducted as aerial transects (Reading et al, {68ie)e

transects (Dash et al. 1973@)combination (Tulgat and Schaller 19@2)well asn foot, or travelling

with domestic Bactrian camels (Hare 1997) and counting at water points (Tulgat and Schaller 1992).
Orly one of these studies report an estimate of precision around the count based on a distance
sampling analysis of aerial transects (1985, Cl=413 to 3557) (Reading et al. 1999). In most cases the

authors conclude that there is a heed for a more accuradepagcise population estimates to be made.

Camera traps have become increasingly important in species management. Camera traps have been
extensively used to estimate density using capture mark recapture models (CMR). CMR depends on
individual recognition, for example recognising individual tigeasithera tigris by their stripes

(Karanth 1995). This is not possible for most species (including the wild camel) as individuals are not

recognisable. To overcome this a range of analytical approaches have been developed for estimating
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density of unmarked speciebhese include thRandom Encounter Modelling (REM) (Rowcliffe et al.
2008)and Random Encounter and Staying Time (REBES8d¢ls(Nakashima, Fukasawa, and Samejima
2018)both of whichare based on the ideal gas theory. REM uses random encounters between animals
and static camera traps to estimate abundance. REST is similar but requires knowing the amount of
time an animal remains in the field of view of the camera. Detections caniéel@an both of these
methods, so alternatas that use cameras in tini@pse mode to take photographs at regular intervals,

to decrease uncertainty in detection, can be usatgo such models are thenie To Event (TTE), and
Space To Event (STE) methods (Moeller, Lukacs, and HornelTZE&L8%timates abundanftem the

trapping rate STE is the same but replaces time with space.

Distance sampling, which us#é® measurement of distances to detections,a standard, well
described, and widelysed method in theestimation of animahbundancejncluding of unmarked
animalg Thomas et al. 2010). Distance sampling methods often use observers to record detections, but
using camera traps can be advantageous. They can be more cost effective, can survey for a greater
period of time, can be less prone to observer bias, and can cause less disturbance tdEleimialg

et al. 2014) Distance sampling assumes that not every animal in each survey point is detected. It is a
two-step proces¢Buckland et al. 20017 he firsis fitting a detection function to distances of animals

from the observer (used to estimate the proportion of animals missed within the covered area); the
second to estimate density based on the number of animals seen, the size of the covered area, and the
proportion of animals missed within the covered area. The density estimate can then be used to

estimate abundance across the entire survey area.

Here we used camera traps and distance sampling to estimate the abundance of wild camel with a
novel application of CTDS using timelapse rather than triggered cameras. Time lapse, at a moderately
high frequency, can survey a larger area at preset inteheatstrigger images, which are constrained

by the trigger distance (typically much shorter than the full field of view). We calculated this would be

more appropriate for a species likely found at extremely low density within a large area. This chapter
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therefore has two aims: (i) to trial a novel method of CTDS using timelapse function and (ii) to provide

a precise abundance estimate of wild camel population size in the GGASPA.

3.2.Methods

3.2.1 Camera trap specification.

We used tShine LS 987 and Crenova wide angle camera traps, with a field of view of 130 degrees
(typically camera traps have a-35 degree field of view), helping to maximise detectability of wildlife.

All of the Crenova cameras failed in the 2019 tNad20)(Appendix3.5.5 and were subsequently
replaced with tshines. Prior to the survey, we showed it to be possible to detect large mammal species
(horse/sheep/camel) greater than 150 meters away (AppeBdit). Cameras were set to take
timelapse images at a resolution ofrfegapixelsevery 20 minutes during daylight hours (between 5

am and 8 pm). This frequency was chosen to generate sufficient images to maximise the detection of

wildlife while allowing continuous operation overmsianth deployments.
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Figure3.0: Frameworldetailing the 5 main stages of this distance sampling methodology. Stagtiries the survey
designprocess Stage dutlines camera trap deployment and image collection. StalpeId& at image processing, which
includes image sorting, data cleaning and digitisation. Stagse$ the data extracted from digitised images to produce the
distance data4a=Effort data4b=distance dataThe finalStage Fits thedetection functions to distance date to produce a
density estimate.

3.2.2Stage 1Survey design

Wild camels are known to use the entirety of the GGASPA, excluding the high mountains (Kaczensky et

al. 2014; Yadamsuren, Daria, and Liu 2019). To ensure the camera deployment was as comprehensive
and representative as possible, a form of stratified syatiensurvey design was used to predetermine

locations for camerag.he GGASPA is mostly covered by-lging plains that are easily accessible by

vehicle, but also contains mountainous areas that are difficult for either wild camels or humans to
access. Hwoever, wild camels do access canyons that traverse mountainous areas, possibly favouring
them for crossings, water, food and shelter (Yadamsuren, Daria, and Liu 2019). Two zones were created
(Appendix3.52) by using a 156feter contour line as a boundary. Above the T&@iier contour was

GKS ayY2dzyldllAyé 12yS FYR 0St2¢ (GKS 02y (i2dzNJ g1 & O2
as a single polygon in ArcGIS (ESRI 2023) and a grid overlaideuBisgnet data management tool

(ESRI 2023) We ubké¢he centre point of each grid cell as a random location for a camera. In the
GY2dzy Gl Ay2dzaé 12yS 6S YIFLIWSR GKS Oryeéz2ya o0& KIyF
(Appendix3.52). The canyons were then groutndthed by researchers and rangers in Mongolia. Final

polylines were treated as one continuous transect, with points allocated equidistantly.

In 2019 we deployed 80 cameras at a spacing of 22 km on the plains, and 10 cameras at a spacing of 46
km in canyons (Figu&1), running for two simonth deployments. Preliminary analysis of this data
(Appendix3.5.5 suggested that increasing the density of cameras could improve precision in our
abundance estimates. Therefore in 2020 we doubled the number of cameras to 160 in the plains
(spacing 11 km) and 20 in canyons (spacing 23 km) (Bigur&he 2019 locations were-used, and

new locations crated equidistant from those, in the case of the plains grid locating new points at the
vertices of the original to maintain a systematic grid structure. This larger array was then run for a

further three sixmonth deployments (Tab&1).
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3.2.3Stage 2Camera deployment

Camera deployment and subsequent checks and collection were conducted by authors and Ranger
teams from the GGASPA Park Authority. After initial training in camera methods, teams travelled to pre
determined grid ceprdinates.Camera traps were placed within 500 meters of that gegermined

grid coordinate. Within this area, where possible, placement choice took the following into

consideration:

1- Direction. Cameras were placed facing North (N). If N was not possible then they were placed
facing either NortkiEast (NE) or NoritWest (NW). Placing the cameras to face N avoids glare
from the rising and setting sun. NE placement was also considered preeailing northerly

or westerlywinds may blow sand into the camera lens.

2- Visibility. Cameras were placed with the maximum possible field of view. They were not placed

directly behind anything that would obstruct the image such as cliff faces or thick vegetation.

Height. Where possible cameras were placed at a higher elevation to the surrounding land (e.g. on top
of a hill or rise). This was to gain maximum visibility for the camera. All cameras were also set on a post

at 1.5 meters high (full protocol can be foundAppendix 3.3).
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Survey Start End Number of cameras
A April2019 October2019 90

B October2019 May 2020 90

C May 2020 October2020 180

D October2020 May 2021 180

E May2021 November2021 180

Table3.1: Camera survey informatiatetailing the start (camera placement/SD card change) and the end (camera/SD card

collection) period and the number of cameras included.
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@ Flat Cameras 2019
@ Flat Cameras 2020
O Mountain Cameras 2019

O Mountain Cameras 2020
=3 GGASPA Boundary with 1500m contour

Figure3.1: Camera trap locatiorincluding2019 Flat camerasznd Mountain camerasnd, after project extensio2020Hat cameras ad Mountain cameras
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3.2.4 Stage 3lmage processing.

Every image was tagged using either the Ex{fprxd@Pro 2023)r the XnViewPierre 2023%oftware.

Tags covered three core categories: 1) Placemased to indicate camera placement ID where the

image was taken; 2) Speciesed to indicate the species present in images; 3) Cased to indicate

the number of individual animals of a given spetigs S OK A Yl 3Sd |  FdzNIKSNI F2
lff26SR F2NJ dzydzal 6t S AYI 3Sa (2 065 NBY2OSR FNRY
knocked? @ S Wiy iméges that were not set to timelapse, either due tesiting or malfunctioning,

were removed from further analysis, as were poor quality images, images from cameras that were
knocked over, night images and all images from day 1, to avoid disteirdaors We performed data

cleaning and sorting iR(R Core Team 20283ing functions provided {{iRowcliffe 2023a)

z

LY 2NRSNJ OFftOdzt FGS RA&GIYyOS&a FNRBY F OFYSNY G2 &
focal length to sensor size ratio) were first estimated using images of a pole of known size at several
known distances from an LS987 camera with a 5 Mutsio Camel captures were extracted from

usable camera trap images (Tab®) and digitized using Animal Tracker open softdagzco 2023)

Each animal detected was digitized with 2 points, one at the ground/foot and one at the shoulder
(Figure 3.2)Camel shoulder height was estimated as the minimum average measured on Bactrian
camels(Lamo et al. 2020yiven body measurement data is not available for wild camels. Camera
calibration and camel distance calculations were conducted in R $Rudiore Team 2028%sing

package CTtrackirfRowcliffe 2023b)

59



O Digitized points

FORESTCAM 0010 - O

Figure3.2: Exampleof camera trap image digitition. Points weraligitizedby handusing Animal Tracker open software
(Varzco 2023)Each animal detected was digitized with 2 points, one at the ground/foot and one at the shoulder.

3.2.5Staged: Distance data

Distance sampling analysis was conducted(R Rore Team 202@8%ing package Distan¢ililler et

al. 2019) Effort data (determined as number of timelapse images per camera trap per survey season,
multiplied by the camera field of view30/360- stage 4a)was then combined with distance data

(distance from camera to animalstage 4bYi 2 3IA GBS | aFE L GFAESEé F2NJ &dzo a

conducted with pooled data from all 5 survey periods.

3.2.6 Stage Fitting detection functions

Detection functions were fitted to camel distance data, describing the relationship between probability
of detection and distance, from which probability of detection within the covered region can be
calculated. First, distance distributions were visudlite assess outliers, suggesting a reasonable

truncation distance of 0.3 km, beyond which data were discarded. Alternative point transect detection
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function distributions were then fitted to the truncated data and comganéhe detection function

wasestimated by fitting the following models to the data:

1. Halfnormal distribution with cosine adjustment terms of order 2. Order 2 was chosen as best
fit after trialling 05;

2. Haltnormal distribution (with parameters set as above), but separating effort into summer and
winter seasons to determine if there was seasonal variation in camel detection;

3. Hazard rate distribution with 3 cosine adjustment terms; and

4. 4: Uniform distribution with 3 cosine adjustment terms.

Akaike Information Criteria (AIC, Akaike 1998) wWemeused to select the best supported model. The
distribution function with the best fit was further tested for goodness of fit with visual inspectien of Q

Q plots and Crameéron Mises (Chiu and Liu 200R)e best fitting model was used to estimate average
density across the entirety of the GGASPA, excluding areas above 1500m which camels cannot access,
and population size was estimated by multiplying density by the area of this study area (38)000 km
Standard errors (SE) were calculated empirically based on variation in encounter rate between camera
locations and the variance in detection probability. Coefficients of varianae SE\expressed as a

proportion of the mean) were calculated to measureanainty in the abundance estimate.

3.3Results

Eighty four percent of cameras placed produced useable data for at least part of their deployment.
From these, a total of 3,777,494 images were used in analysis. Acrosstloatsixsurvey periods-A
E (Table8.1), 1034 wild camel captures were recorded. For cameras with captures, the mean number

of wild camel captures per camera was 19 (range 1 to 373).

Across survey periods, the mean percentage of cameras with at least one camel capture in that period
was 13% (range-B57%) (Tabl8.2, Figure 3). 56 cameras (31%) in total had at least one capture across

all survey periods (Talkd). Of these, the majority (77%, 43 cameras) had captures in just one survey
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period. 16% (9 cameras) had captures in 2 survey periods, 2% (1 camera) had captures in 3 survey
periods, 5% (3 cameras) had captures in 4 survey periods and 0 had captures across all 5. One camera

had 35% of total captures, 29% (N=304) of which wererieD alone.

Ho: 2F GKS G201t OFYSNYa 6A0GK OF LIidz2NBa oMol ¢ SNB
odzi 2yte wmm: 2F OFYSNIa ogSNB av2dzyialAyé LI I OSYSy
OF LW dzNBR O YSfaX gKAES 2 ik Captues waeFfocdsddfatound theOl Y S N.
central mountainous areas of the park, and thimtial pattern was reasonably consistent across

seasons (Figures3and 3.4), showing greatest captures along the mountains of the central and

Northern GGASPA.

5SLX 28!yl f&: 2F [9G2NI/ F YSN: LYF3S/FYSE/IYSE
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Table3.2: Camera survey deployment information and initial analysis. Analysed cameras show the number of cameras that
produced useable timelapse images. % of grid working is the overall grid that worked in that survey. Effort shows the number
of useable timelapsenages produced. Cameras with captures is the number of cameras that had at least one camel capture,
% is the percentage of overall cameras in that survey that had captures. Images with captures is the number of images in that
survey that captured camelfSamels tagged are the total number of camels tagged in images. Camel capture rates (per mil)

is the rate of camel captures across that survey period per million images.
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Figure3.3(a): Variation in encounter rates and locations across the 5 survey pexje@3:gncounter rates for each of survey pericls @ach marker represents a location where at least 1 encounter occurred within

that period; marker size is proportionate to number of encourBetsom right Variation in total capture rates across all cameras for all survey perioflsvith:& LJG dzZNBa & L)X A4 Ayd2 .aFftl
Each markerepresents a camera placement where at least 1 camel captwerésyecorded across all survey periods; marker area is proportionate to number of captures at that placement
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Figure 3.3(b): Summary of all encountacsoss the 5 survey periods:-(@) Each marker represents a location where at least 1 encounter occurred; marker size is proportionate to number ofsei&me
O2yG2dzNJ f AyS AyOf dzRSRZ 06St2g GKS t Ad@nelasNE aFtl G¢ OF YSNI &z 62@0S GKS tAYyS INB aY2dzyidl Aye

64



CVv
AIC Average P N EDR
Half normal | -2752 | 0.05 0.06 0.03
Hazard rate| -2693 | 0.05 0.06 0.02
Uniform -2744 | 0.04 0.05 0.02

Table3.3: AIC and CV values for detection moddkf-normal key function, truncation = 0.3 to and with cosadgustment

term of order 2. Hazard rate, truncation=0.3 and Uniform truncation=0.3. Model with the best fit is Half Normal, with both
the lowest AIC value and largest effective detection radius. AIC = Akaike information criterion. CV =coefficienof variat
P= the proportion of wild camel captures missed in fulP86én camera. N = proportion of the region covered. EDR =
proportion of the effective detection radius.

Thehalf normal detection function was clearly the best supported of the three shapes (€steld
3.3)half normal, hazard rate and uniform AIC values respect®#,-2693,-2744).This is supported

by the evidence rati(Burnham, Anderson, and Huyvaert 2011; Howe et al. 20183t the half normal
compared to the next best supported model (Uniform) is 54.6, whereas the evidence ratio of the half
normal against hazard rate is 6.48X¥1The haKnormal detection function showed no significant lack

of fit to the data (Figur8.4), and yielded an effective detection radius estimatgldf m (SE 2.8)
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Figure3.4: Left: Detection function of calculated distances for wild camel (Camelus ferus) with Half Normal function with a
truncation of 0.3 km and with cosine adjustment term of ordeRight Q-Q plot of empirical against fitted cumulative
distribution functions for the hatiormal detection function. Goodnes§fit testing for the haknormal model showed that

the empirical habhormal distribution did not differ significantly from the maédistribution (Cramevon Mises test, T =

0.38, p=0.08).

As we were able tdetermine that the half normal detection function with two cosine adjustment
terms provided an acceptable fit to the empirical distribution, we proceeded to estimation of
abundance using this model. Across all survey periods, we estimate mean wild cendahab in the
GGASPA as 664 (CV = 0.26, 95% confidence intentdl@@O0Abundance estimates per survey ranged

from 246 (CV = 0.71; 95% CiSBY) to 1157 (CV = 0.61; 95% CI-38a8 (Table 34, Figure 3.5).
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Figure3.5: Abundance estimates per survey period including 95% confidence intervals.

Survey N CVv 95% CI
A 315 0.4 147-675
B 610 0.48 246-1512
C 246 0.71 79-867
D 1157 0.61 381-3508
E 991 0.36 495-1986

mean 664 0.26 400-1100

Table3.4: Abundance estimates (N), Coefficient of variations (CV) and 95% confidence intervals (95% CI) survey period A
and mearacross pooled data set.




3.4Discussion

34.1 Wild camel abundance in the GGASPA

We used camera traps to estimate wild camel abundance in the GGASPA, obtaining a final estimate of
664 individuals (95% confidence intervals-4Q00). This is the most precise estimate of wild camel
abundance in the GGASPA to date and provides a comptrige only previous estimat&985 95%

Cl=413 to 3557) (Reading et al. 199@ne in 1997. Our updated population estimate, with improved
precision, provides a measure of abundance essential to understanding extinction risk faced by this
criticallyendangered species, and to serve as another point estimate against which future conservation

efforts can be measured.

34.2 CTDS Timelapse.

We used a novel method of distance sampling using camera traps in timelapse functiam. To
knowledge, this was thiirst CTDS wildlife abundance estimation that used timelapse camera traps
anywhere globallyNot only does the abundance estimate produced allow for improved conservation
management planning for the wild camel, but trialing the method provides opportunities for other
remote, low density and threatened species in open halitaspite there being a number of available
methods for determining pecies abundance, including traditional sampling approaches like aerial
counts or capture mark recapture (Harris et al. 2020), these can be expensive, logistically difficult,
generate bias if model assumptions are not met (Harris et al. 2&&Dyause increased disturbance.

For the wild camel it was important that any estimate obtained wasm@sive, both due to the low
presumed population number (meaning every individual may be necessary for species survival), and
because the specieskisown to be ery sensitive to human disturbance (Kaczensky et al. 2014). Camera
traps offered a noinvasive method for wild camel abundance estimation. Timelapse function allowed
for the detection of camels at greater distances than would be detected by triggerechsaageshown

by our peak of captures at around 100 meters. This was particularly advantageous in the open terrain



of the GGASPA, as it allowed for a far greater detection range than would have been achievable using
triggered camera traps (in this study we were able reliably to detect camels as far as 300m distant,

whereas trigger mode is generally <20m).

3.4.3 Distance sampling

Distance sampling is asfage process with assumptions that need to be met at both stages in the
model to accurately estimate abundan@uckland et al. 2001ytage 1 aims to estimate the number

of camels in an observed area, namely the camera trap field of view. Stage 1 assumes that the
observation process is a snapshot in time and caaneldetected at their initial location, prior to any
movement in response to the observer (Buckland et al. 2001; Thomas et alVZ81@ve minimized

the violation ofthis assumption as we used camera traps, not observers. We also used the timelapse
images, so the observation process indeed presents a snapshot in time. Stage 1 also assumes that
detections are independent. This is not the case in our data set, as someés cstay in site of the
camera for multiple captures. This is considered a less important assumption as: it is violated in most
studies(Howe et al. 2017)especially using camera trafisfhomas et al. 2010jt can be mitigated
against by bootstrappin@iowe et al. 2017)and its violation has been shown to have little impact on

the accuracy of abundance estimai@uckland et al. 2001; Thomas et al. 20¥%¢. were able to
maximise the precision of our estimated detection probability within the covered area by pooling data
across survey periods to maximise the number of captures used to model the detection function. We
also minimized the risk of bias at tlsimge by finding a robust detection function model with no

significant lack of fit to the data.

Stage 2 of distance sampling combines the estimated number of animals in the effeotreedd area

with the size of that area to estimate density representative of the entire study area. Stage 2 assumes
that cameras are located according to a systen@ticandomized survey design, so that the entire
GGASPA is represented, independent of camel loc@tiowe et al. 2017)If camera placement was

not representative but focused on areas of the GGASPA where camels were more likely to occur, then



estimates would be biased. We placed points independent of camel locations by predetermining
camera placement locationte ensure systematic coverage that was comprehensive, representative
and random.Added to this was the accurate placement by rangers in the GGASPA to those pre
determined points (Figur8.1). For a successful abundance estimate, stage 2 also requires a large
number of camera pointdN=151)and a minimum of 60 animal observatighNs=1034) both ofwhich

we achieved.

34.4 Improving abundanasstimates: survey design.

As this is thdirst robustpopulation estimate gained since 1997, being able to repeat the survey in the
future will allow for comparable abundance estimates to follow population trends. The cameras and
methods have been trialed and have been proven to work, even in the extrerties @bbi. If the

survey were to be repeated, some improvements could be made to reduce variance in the estimate. At
times batteries were the limiting factor, running out before SD card collection. This can be improved by
only usng quality batteries and replacing batteries at each collection. Placement of cameras should be
stricter in terms of placement direction as some cameras placed into the setting or rising sun produced
images with too much glare and consequently had toxmuded from analysis. Some cameras had
errors in settings, such as being set to trigger mode, time and date errors or timelapse time scale error.
This all led to a decrease in the number of images available for analysis, reducing the efficiency of
surveys Increased training and improved dissemination of methods for field staff could reduce these
errors and so improve efficiency. There are some issues in camera placement that cannot be mitigated
for, such as theft, damage by animals or failure of individameras. Further improvements can be
made in the image analysis stage by either image tagging being conducted by one member of staff (as
this will keep image tags consistent throughout the survey period, though would be subject to
systematic bias of aysd f S NI { S NI dephdany multigfaater 2alyding \ith overlap to
determine interrater reliability in tagging (which would permit assessment of reliability of sisgte

visual inspection as a means of identifying target species in camera trap data).



3.4.5Improving abundance estimates: analysis

Although this method hgzroduced a sensible and reasonably precise abundance estimate overall, the
survey specific estimates (TaBl8) are extremely variable and imprecise. Abundance estimates range

from 246 B5%Cl= 79867) to 1157 §5%CI=3813508) depending on survey pericthe CV value,

which depicts the amount of uncertainty (standard error expressed as a proportion of the estimate),

was 0.26 for the overall density, close to the target value 0.2 often recommended for acceptably precise
estimationof wildlife abundancéCappelle et al. 2021However, individual survey CVs ranged from

0.36 to 0.71. Clustering of camels at cameras could be the cause of this, as clustering gives high
variance. We see camels clustering at some cameras. All but one camera (373 captures) had fewer than

100 capturs, with 66% having fewer than 10 captuleswering the timelapse rate (and so allowing
FYAYFfa adZFFAOASYdH GAYS G2 Y20S lgle& FNRBY I+ OFY

potentially reduce clusted captures.

Some additional analysis could be conducted to potentially reduce variance, such as adding spatial
information to the modelAs we know where each camera is, we know habitat type, ruggedness,
altitude, distance to water and distance to human settlement. All of these factors may influence how
camels are using the GGASPA. Our results shothé¢haiajority of the captures are in the central area

of the park, which confirms previous indications that this is the core area for the species in Mongolia
(YadamsurenDaria, and Liu 2019Modelling spatial patterns of abundance would give a better
understanding of habitat preferences amdght allow us to improve the precision of the density
estimates. Given the apparent preference camels showed for mountain canyons, and the vastly lower
coverage of these canyons across the study site, precision and accuracy of the abundance estimates
mogk +Ffaz2 o6S AYLINRGOGSR o0& adNIGATeAy3d (RBthis yIf&aa
reasonthe current results should be seen as preliminary until this stratified analysis is irap desy;

mayimprove accuracy, and give a different result in so doing.



Abundance estimates could also be impacted byidmeistification of camel species in the GGASPA.

Wild camel and Bactrian camel are morphologically similar so misidentifi@tapters 2 and)4

especially at distance or in poor quality images, is possible. We were confidently able to identify wild
camels from Bactrian camels in clear images to approximately 100 to 200 meters. Truncation of the
data, by removing those captures over 300 metshguld have helped remove many of those that

gSNBE Of StNI@dzn Of 2B ARSY(IAFAIOES (G2 &aLISOASaAd CdzNI
estimate to species misidentification through multiple independaitgrs tagging of images and

evaluation of interrater reliability.

3.4.6 RedList Assessment

The wild camel is classed as critically endangered under the IUCN RedList asgi$SiNeRedList

2022) onthe grounds dfJ2 LJdzf G A2y NBRdAzOGA2Y 6 wWSR[ A&l ONRGSNR
aA1T S NBRdzOGAZ2Yy 2F i tSFad ym: 20SNI 6KNBS 3ISy SN
estimate we have produced for Mongolia is 664 (95% C114400). When weompare this to the last

robust estimateof 1985 (95% Cl=413 to 3595Reading et al. 1999n the intervenin@®6 years, ar

mean etimate, relative to the mean of the previous estimatehile falling within95% confidence

intervals couldrepresent gpopulation decrease &7% These preliminary results suggest a population

size lonenough population to warrant conceamd an update of the RedList assessment to determine

extinction risk is vital.

3.4.7 Conclusions

This is the global first CTDS study to use camera traps in timelapse function to estimate wildlife
abundance. This novel technique allowed for data to be captured across the entirety of the GGASPA
and we believe the estimateroducedto have relatively high precision ahds the potential to be

accurate given our efforts to avoid assumption violatidhe vast dataset collected in this study could



be utilised to estimate abundance of other important and endangered species within the GGASPA, such
as the khulan (Asiatic wild agsjuus hemionuand the goitred gazell&azella subgutturosaésuch
estimates would support landscapeale conservation efforts, complementing our shsplecies
focus.We can also extend the use of this method to estimate the abundance and distribution of the
Bactrian camelCamelus bactrianus the GGASPA, in order to inform conservation management of
hybrids (Chapter4.). Rnally, our abundance estimate highlights the continuledv wild camel

population size, something that will be of concern for conservation managers.

3.5Appendices

Appendix $.1 Camera trap test images in tidapse mode.

Ltl Acorn O 050F 010C 11/25/2018 12:11:03 Ltl Acorn O 050F 010C 11/25/2018 12:11:03

Acorn cameras, tested in timelapse mode in the UK, detected horses to more than 200 meters and

sheep to 150 meters.



CAMERATRAP-2. photos12036570 CAMERATRAP-3, PICT0131

02/12/2018 10:26

Primos andgypointcameras tested in timelapse mode at the wild camel breeding centre. It was not

possible to mark distances accurately for safety, but it is thought that camels can be detected to 150

meters.

Wide angle scouting camera tested in time lapse mode in Mongolia. Building at 56 meters away.



Appendix 3.2 Mapping of mountainous areas.

Mapping gullies using the 1500 boundary line gives 461197 meters.

Figure3.6: All canyons mapped by hand in ArcGIS using Basemaps and the polyline tool.

Figure3.7: Close up of central mountains to show canyons mapped by hand in ArcGIS using Basemaps and the polyline tool.



Appendix 3.3Camera trap placement protocol

Camera traps should be placed within 500 meters from thedarmined grid cerdinate. Within

this area, where possible, placement choice should take the following into consideration:

71 Direction Cameras should be placed where possible facing North. If north is not possible then
place facing either North East or North West. Placingémeeras to face north avoids glare
from the rising and setting sun.

1 Visibility Cameras should be placed with the maximum possible field of view. They should not
be placed directly behind anything that would obstruct the image such as cliff faces or thick
vegetation.

1 Height Where possible cameras should be placed at a higher elevation to the surrounding land

eg on top of a hill or rise. This is to gain maximum visibility from the image.

All cameras are to be set on a post at 1.5 meters high.

Posts should be placed securely so that they do not move in the wind. Cameras should be strapped to
the post tightly so that they do not move in the wind. The strap should also be tied so that there are no

loose ends.

Cameras should be set to tidepse mode. They should take 1 image every 20 minutes from 5am to

8pm.
Make sure the date and time settings are correct.
Camera trap patrol protocol

Both when cameras are placed and on subsequent visits to cameras the following data should be

collected:

- Are there visible camel signs (such as scat, hair or footprints)



- Does the location look to be suitable camel habitat.

- Were any animals were spotted in the area.

- Collect behavioural datge.g.,group size, GPS location, age class, sex, feeding behaviour,
mortality) of camels encountered.

- Collect faecal sampleSee protocol for sample collection.

A data form will be provided to fill in.

Appendix3.5.4Method design.

Survey design ardicision making

To determine wild camel density in the GGASPA we considered three options: 1) using camera traps
in time-lapse mode, 2) using camera traps in triggered mode and 3) using drones to capture images.
Calculations comparing these methodialfle 3.5.1determined that time lapse gave the greatest
number of camel records. Added to increased captures, timelapse was also chosen because of:

9 Cost The monetary cost of purchasing camera traps and equipment was estimated as less than
either the use of drones or conducting an aerial survey. It also allows for the use of cameras in
future projects.

1 Effort The human effort involved in setting traps and collecting SD cards is less than that of a
drone survey.

1 Reduced disturbaneeCamera traps are currently used widely in the GGASPA, especially at
water points, therefore animals in the GGASPA have already come into contact with them.
There was potential disturbance when cameras were initially placed, but as SD card collection
wasconducted during ranger patrelsy trained and experienced rangers, excess disturbance
was reduced.

1 Additional data collection Using camera traps allowed for the collection of additional data.
This includes population demographic and movement data of wild camels in the GGASPA. In
placing cameras in a grid across the entirety of the GGASPA it allowed for the collection of
geneic samples widely across the park, with reduced effort. Theltipge method also allows
for population estimates to be made on other species, such as the goitred daaeita
subgutturosalUCN Vulnerabl@UUCN RedList 202&hd the khulan or Asiatic wild aggjuus
hemionugIUCN Near threatene@dJCN RedList 2022)

1 Increased ranger patrotsBy funding the collection of SD cards it allowed for increased number
of patrols by rangers into the GGASPA. This itself is positive to the park management as
increased patrols may reduce illegal movement and destruction of the park.

1 Ranger training The project allowed for increased ranger training.



TIME LAPSE

Input Unit Value
Survey area km2 45,000.00
Camels n 350
Camera radius km 0.15
Camera angle radians 2.268928028
(degrees)
Placements n 250
Photo rate per day 72
Days n 180
Photo size Mb 3
Card size Gb 32
Intermediate calculations
Camel density per km2 0.007777778
camera zone area km2 0.02552544
Total photos n 3240000
CAMEL RECORDS n 643.2410958
TRIGGERED (REM)
angle 2.268928
radius 0.008
day range 20
camera days 45000
density 0.007778
CAMEL RECORDS 76.09515
DRONE
Area km2 45000
Camels n 350
Density per km2 0.007778
flight range km 50
camera angle radians 2.268928
(degrees)
height 0.2
strip width km 0.857803
flight rate n/day 2
days n 200
total flights n 400
total area covered km2 17156.06
% area covered % 0.381246
CAMEL RECORDS n 133.436
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Table3.5.1Example calculations comparing the titagse, triggered and drone image collection for number of camel
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Survey design

Wild camels occur at a low density with large home rafi§eszensky et al. 2014)he survey was
designed to optimise use of cameras and camera trapping days. Initial survey design considered the

following:

9 Number of cameras available.

1 Type/model of cameras available.

9 Area covered. This is estimated using camera range of sight and field of view.

1 Area of the GGASPA to be covered.

1 Time lapse specifications including multi photo, field of view, detection, model, time between

traps, distance between traps and length of study.

Camera specifications

Time lapse function was used in this study as it allowed for greater capture of animals at distance

and does not rely on the sensitivity of the camera sensors.

This range of sight (timelapse) and the field of view of the cameras (130 degrees) give the area in
which each camera monitors. This gives the area of the park monitored and so this estimate is then

used in the model.

Tests were made on both camera batteries and SD cards previous to study. These tests showed
that 25000 frames filled a 32Gb SD card. Both the filling of an SD card and the lifespan of batteries
at this capacity is approximately 6 months. Suggesting timaera were required to change

batteries and SD cards once eveipnénth period.



Calculation requirements for camera placements.
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Table3.5.2- Calculation requirements tdetermine camera trap number. These are: Survey-anesa of open landscape.

Wild camel population estimate uses last population estimate of 350 animals (Tulgat 2002). Camera radius and angle taken
from the ZSL camera. 1 image every 10 minutes for 1ZhoidP images per day. Photo rate was decreased in deployment

to 45 images per day (Every 20 min from 5am to 8pm) after advice from rangers on camel activity.

Placement method considerations

Monitoring within the mountainous areas of the GGASPA is difficult, due to the inaccessibility of

the terrain to both the animals and the rangers. But as species access the mountainous areas; to

cross them, for water, food and shelter, it is necessary they were monitored. Camera
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were created using a contour line as a boundary. This boundary was either above either the 1400m
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line was chosen as the boundary.
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cameras in inaccessible places. Instead, gullies were mapped as a polyline by hand using ArcGIS and

then ground truther by rangers who know the terrain. This line was then used asrarsect in

placing the cameras.
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Table3.5.3 Estimated camel captures with different numbers of camera used compared against the two options for
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flat and surveyed using the grid. ThBOO-meter line requires a grid that covers 38000km2.
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Figure3.8- Mapping of the gullies using ArcGIS polyline tool. The 1400 rigitade line (grey) gives a combined transect
length (green) of 754168 meters. The 1500 meter contour line (black) gives a combined transect length (pink) of 461197
meters.



Appendix3.5.5Camera Trap Pilot study

From April 2019 to October 2019 a pilot study was initiated that aimed to use camera traps to study

the wild camel Camelus feryspopulation in the GGASPA. The initial findings from this first six

months of monitoring was used to determine method viability and to determine for improvements

for project continuation. Ninety cameras were used, split between the two different metiiods o
systematic random placement 1 Ol YS NFlag ANWBIKES oy R mn Ay @ ff S

LI F Ay & obubtkirk yehgifigre 30

@ Flat Cameras 2019
(© Mountain Cameras 2019

= GGASPA Boundary with 1500m contour

N

A 0 25 50 100 km

Sources: Esri, USGS, NOAA, Sources; Esri, Garmin, USGS, NPS
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Table3.5.5 Camera trap specifications. Two camera models were used: Crenova ModeSHINGE Forestcam 987 as both
had timelapse function and wide angle.

Initial Results

From the 90 cameras set, 78 produced images suitable for analysis. Images were checked for
presence of animals by a student in Mongolia. From these 78 cameras there were 221 wild camel
detections, 50 khulan and 90 goitred gazéltem the 78 cameras that worked only 15% contained
camel captures and of these 79% were captured at just 2 cameras. This proved the method to be
valid, but results show high variance and therefore any density estimate made with this data will

have a highelvel of uncertainty.
Trap rate variance

In order to evaluate the degree of statistical error likely to arise in ultimate density estimates, trap
rates were calculated for each point. Then the mean, standard error (SE), coefficient of variation
(CV), and 95% confidence intervals were calculaisidg bootstrapping either with or without
stratification by habitat to estimate errors (TaBl&.6. Trap rate was calculated as the number of
animals counted per 10,000 tind@pse images taken. Coefficients of variation were around 50%
for all speciesyith only marginal gains from stratification. There were accordingly wide confidence

intervals.



Confidence interval (95%

Species Stratified Mean SE % CV Lower Upper
wild No 4.17 24 57.6 0.55 9.65
camel Yes 2.28 54.6 0.57 9.15
Gazelle No 1.7 0.8 47.3 0.38 3.51

Yes 0.81 47.5 0.38 3.52
Khulan No 0.94 0.54 57.6 0.14 2.18

Yes 0.54 57 0.15 2.17

Table3.5.6Initial statistical results for camera trap pilot study

Improving Study DesigR020

The 2019 trial showed the survey design to be valid, but due to high variation between captures
across points, any density estimate produced using this data would have high variance. Substantial
improvement in precision was required to increase in the ramal points sampled. In part this

could be achieved by increasing the sampling effort from 78 cameras back to the intended 90. The
reasons for failures at planned points include faulty cameras (almost all 20 Crenova models had
issues in resetting. Appraxately 20% of images were lost in these cameras due to these problems)
and human error in programming and placing cameras. Precision could also be increased by

increasing sampling effeiihcreasing the number of cameras used.

A smoothefrunning set up of the 2019 study design would help to some extent, but increasing the
number of cameras set would be necessary to achieve acceptable precision. To explore the
potential impact of increasing sampling effort on precision, analgsigepeated with increasing
numbers of points sampled, simulated by replicating the existing camel records up to ten times
(780 points). Trends in coefficient of variation and confidence interval against number of points
(Figure3.10) shows a gain in priston up to approximately 300 points, with limited improvement
thereafter. It takes approximately 250 points to get CV below 30%, and 500 points to approach

20%.
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Figure3.10Sampling effort simulationdop = percentage esfficient of variation against number of camgpaints used.
Bottom = mean trap rate against number of camera points used.

The 2019 pilot survey demonstrated that the survey design had essentially worked and that with
an increase in effort, the precision of a density estimate could be increased. There are two ways in
which this improvement was conducted. The first was to awgion errors in the 90 cameras to
increase 78 working cameras to the full 90 by; replacing the 20 Crenova cameras wiBHthEL

models, improvements in the setup of the camera grid and training of rangers. The second strategy



used was to increase the number of cameras in the survey grid by doubling the number of cameras

used from 90 to 180.
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Chapter 4 Surveillance of genetic diversity and Introgression using non
invasive sampling of both-gitu and exsitu Populations of Wild
CamelCamelus ferusm Mongolia.

Prevalence in the wild camel of introgression of DNA from domestic Bactrian camels is extensive, whilst
genetic diversity and inbreeding levels are comparable in both -#i iand essitu wild camel

population.
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Abstract

One of the main threats to extinction risk of the critically endangered wild c&aeleluderus is
hybridisation with Bactrian camé&lamelus bactrianughe last remaining stronghold of the wild camel

in Mongolia is the 45,000 square kilometre Great Gobi A Special Protected Area (GGASPA), where this
rangerestricted threatened species comes into contact with the globislyibuted domesticated
Bactriancamel. Norinvasive sampling combined with genetic monitoring, using a combination of
nuclear and mitochondrial DNA markers, has allowed us to gain a greater understanding of the extent
and saurce of introgression and levels of genetic diversiamelus ferysn both the wild population

and the captive insurance population in Mongoftaur results show evidence of both nuclear,
mitochondrial and historic introgression of Bactrian camel genes i@.tferugpopulation across the
GGASPA, and in some individuals within the captive herd. We also show that heterozygosity is reduced
and inbreeding is increased in the wild population, and show that these levels are represented in the
captive herd.Our findings illustrate that, whilst an acceptable level of introgression is largely
determined by thresholds adopted by the global conservation community, a detailed genetic
perspective is crucial in increasing our understanding of the hybrid problera andmportant first

step towards identifying options for conservation management.

4.1 Introduction

| & 6 NR R A the pliokeBsytfrekdingtagether animals or plants of different species or varieties to
produce aybrict (Oxford Dictionary 2028) L ¥ (KA & &h&lBoS8dmany dl gedkticdnat&ial o
from one unit into the gene pool of anothéBohling 2016)hen it is classed as introgression and if it
can occur between both units, then it is classed as admixture. Whilst hybridisation is a naturally
occurring evolutionary process, important in the facilitation of both adaptation and speciation

(Alendorf et al. 2001)it can also be an extinction threat for endangered spéCimdesco et al. 2016)
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activity (McFarlane and Pemberton 2019These novel distributions, exacerbated by habitat
destruction and climate change, accelerate the rate, frequency, and extent to which species or
populations interact that would not otherwise do so, which in turn increases opportunities for

hybridisationMcFarlane and Pemberton 2019)

Hybridisation can cause extinctioifinot directly then as a contributing fact@hymer and Simberloff

1996) and in as few as five generations by outbreeding depression and genetic swénipifg
Takebayashi, and Rieseberg 20@ytbreeding depression, in which hybrid offspring show reduced
fithess compared to either parental species, can further increase extinction risk by demographic
swampingWolf, Takebayashi, and Rieseberg 2081gn outbreeding depression causes reduction in
population growth rates. Genetic swamping occurs when hybrid individuals, with higher rates of
populationlevel fitness, exceed tiéB LI | OSY Sy (i NJ -tySrid opulatiok, and'¢anidadsS Q v 2 y
devastating consequences for a threatened species, such as loss of localised adapiddisco et al.

2016) Both outbreeding depression and genetic swamping are especially problematic for those species
with very small populations, which are already threatened with extinction from other genetic and
ecological driver@Willi et al. 2022) Conversely, hybridisation, by increasing genetic diversity of small,
isolated or threatened populatis, may aid in adaption and survivathis periodof biodiversity loss

and rapid environmental chang®utbreeding depression too can be a positive, with the increase in
phenotypic variability allowing for population adaptation. Hybridisatiooutbreeding depression

could allow for genetic rescuaf populationsvia the increase of heterozygosity asdbsequent
enhancement of adaptive potenti@Chan, Hoffmann, and van Oppen 20¥)brids could allow for

the conservation of parental genetic materialeyhcan fill important niches and now with modern
genetic techniques allow for the eventual recovery of the threatened parental speaweson et al.

2023)



Within a conservation context, hybridisation is challenging. In highly threatened species, endemic
genetic diversity may already be reduced and hybridisation could reduce diversity further by risking loss
of locally adapted or specialised traits and patdht contributing to population extinctioiRhymer

and Simberloff 1996However, hybridisation also has the capacity to conserve unique genetic diversity
by increasing heterozygosity and contributing to hybrid vigour (heterosis), thereby enhancinlg overal
population fitnesgTaylor and Larson 2019; Draper, Laguna, and Marques. Z62dgtic diversity
underpins adaptive potential in populations, which is increasingly important in many systems
undergoing rapid environmental change. Threatened populations are often small, isolated, genetically
impoverished or inbred, and therefore inoping future population trajectory with other genetic
conspecifics is not always possible; in these instances, hybridisation might be considered beneficial, as
a form of geneticescue: an increase in population fitness due to the contribution of genetic material
from immigrants. As well as using hybrids to increase diversity, hybrids themselves can be conserved
as a reservoir for the genetic material of a threatened parentaispés has been proposed in grey
wolf/dog admixturgPilot et al. 2018)or for performing a necessary ecological func{Bteiner et al.

2017). It mayalsonow be possible to use captive breeding programmes and whole genome sequencing

to identify and emove hybrid segments of DNA from populatifiresvson et al. 2023)

Detectionof hybrids can be difficult. Until the 1960s, hybrids were identified through morphological
phenotypes alon€Allendorf et al. 2001)ut hybrids can express a range of phenotypes that are not
necessarily intermediate between parent species, especially after several generations of backcrossing
(Rhymer and Simberloff 199@2henotypes of hybrids are not easily predictable: they can display
morphological characteristics intermediate between parents, as indadific coral species (in which

F1 hybrids shovintermediate morphology relative to their parent spec{€sikami et al. 2019)
alternatively hybrids can be cryptic, like the pine speiegs uncinatand sylvestriswhose hybrids

are morphologically similar to the maternal spediéd a Aet al.] 2010) or they may express
phenotypes unlike either parent, illustrated by the hybrid backcross offspring of hummingbird species

Heliodoxa gulariandbranickiiboth of which have pink throat feathers but which together produce a



hybrid with a golden throafEliason et al. 2023 herefore, phenotype can be a poor predictor of
hybridisation which creates challenges for conservation, as has been shown for the Scottish wild cat
(for which pelagic scores alone are insufficient, requiring molecular techniques for more accurate

assessient(Senn et al. 2019)

Genetic analysis allows for the monitoring of hybridisation across populations through time and space,
regardless of phenotype, and is an important tool for managing populations of threatened species.
There are a variety of methods available to monitopgression, using both nucle@enn et al. 2019)

and mitochondrial DN£Silbermayr et al. 201.0However, like phenotypic traits, using molecular data

is also not straightforward. Most often, extent of introgression within a population of individueats vari
across a hybrid spectrum, meaning there is no consensus as to what is an acceptable level of genetic
I RYAEGdINBE GKIG R2S8S& y2iG O2YLINBYA&AS S@2ftdziAaz2yl NE
(Allendorf et al. 2001 Much of this uncertainty is because hybridisation occurs most often between
closelyrelated species and so the reliability of any comparison is dictated by the quality of the reference
genome and the markers used. Furthermore, evolutionarily distanichgbcestry can be difficult to

detect with traditional methodg¢Taylor and Larson 2018)ich as phenotype or fragment analysis.
Despite these challenges, it is important for conservation practitioners to monitor hybridisation in

populations to understand whether threats posed by introgression are chronic or manageable.

The critically endanger€dtUCN RedList 202&2)d camelCamelusferus a 2 y 32 f A I kifavtgap ™ _ t =~

Chinese: ,ye luo tud is the last remaining truly wikpecies ofCamelini(Burger 2016)The

extremeGobi Desergnvironment in which they live is threatened by climate chdHga, Dai, and Gu
2021) The wild population is estimated to be ¢.950 anirfal€N RedList 2028stricted to four
fragmented populations, three in northwest ChijfBurger 2016)Taklamakan desert, GashGobi
Desertand Arjin Mountains in the Lop Nur Lake region) and one in tB@@Square kilometre Great
Gobi ASpecial Protected area in Mongolia (GGAGBEN RedList 202@hapter 3)A single captive

population ofapproximately36 individuals is managed by the Wild Camel Protection Foundation



(WCPF) in Mongol@WCPF 2023)Chapter 5)The wild camel is a separate species to the globally
common Bactrian cam@amelus bactrianusaving diverged from a common ancestor approximately

1.1 MYAMohandesan et al. 201{Chapter 2)but the two species can hybridise. The Bactrian camel,

a domestic species, is abundant, with over 450,000 in Mongolia(@emenett et al. 2023 hapter 2

Due to the close relatedness of the two species, hybrid offspring are viable and back crossing is possible,
leavingC. ferusat risk of genetic swamping. Introgression fr@mbactrianusias previously been
documented in theC. ferugpopulation(Burger, Ciani, and Faye 2018jng mitochondrig|Silbermayr

et al. 2010)nuclearBurger 2016and Y chromosome DNPelkel et al. 2019put its populatiorwide

extent and conservation implications are unknown.

C.ferusand C. bactrianusexemplify the hybrid problem: one is a rangstricted, highly adapted
criticallyendangered species on the brink of extinction; the other is a glabsiijouted domestic
species. Although there are morphological differences between the two spediegishgre often
cryptic and the small population size@fferusand remoteness of the wild camel habitat means that
identifying hybrids phenotypically is difficult. In this study we appliedm@sive sampling across the
45,000 saquare kilometre GGASPAKaczensky et al. 2014nd a combination of nuclear and
mitochondrial DNA markers to (i) determine extent of nuclear introgression in both the captive and
wild populations; (ii) evaluate the prevalence of this introgression based on hybrid threshold estimates
currently adoptedby the conservation community; and (iii) identify hybridisation patterns in
mitochondrial DNA and compare them to patterns of nuclear introgression to identify drivers of
hybridisation; and (iv) quantify pojation genetic diversity and structure across the wild population

distributed throughout the GGASPA and the captive herd in Mongolia.

4.2 Methods

4.2.1 Sampling and DNA extraction
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Anthropology and Conservation Research Ethics Advisory Board. From September 2018 to October
2019, AJ, AY, alad National Park Rangers collected samples from across the Great Gobi A Special
Protected Area (GGASPA), Mongolia (Figiie To ensure minimal disturbance to wildlife and the
ecosystem we employed a nomvasive sampling protocol; samples included faeces, hair caught in
vegetation and tissue taken from carcasses. Samples were collected during systematic camera trap
placement(Chapter 3).For each sample, we recorded collection location on a Garmin GPS using the
Universal Transverse Mercator (UTM) camatk grid system. We used this location data for spatial
analysis of genetic diversity using ESRI ArcGIS map and Ard&8Rpi2023)Ve stored samples dry

with silica beads, as required by the UK Animal and Plant Health Agency (G&RtPAR02d)efore
authorized transportation to the UK (import permits from ARd#orisation number ITIMP21.1842

and export permits from Customs General Admission of Mon@ddiaD2231060279). A registered
veterinarian collected tissueamples from 34 captivbred wild @amels C. feru¥ in October 2022
(permission granted by the Wild Camel Protection Found@tiePF 20233uring standard veterinary

ear tagging procedures (using DALTON-RNXA ear tagéalton 2023) Further faecatamples were
collected from known domestic Bactrian camélsl{actrianusin herder inhabited areas surrounding

the GGASPA. Combined with both DNA extractions from samples previously collected from known
domestic, wild and hybrid Bactrian caméBlbermayr K et al. 2010; Silbermayr et al. 2@1@)
genotype data (n=59) scor&B atthe University of Veterinary Medicine Vienna, Austria, this resulted

in a total of416 samples.

Depending on sample type, we extracted DNA using either a QIAGEN DNeasy blood and tissue kit
(tissue, blood, hair) or QIAGEN Qiamp fast DNA Stool Mini kit (f6@b&&EN 2023We included
extractioncontrols in each batch of extractions, replacing samples with double distilled water (ddH20),

to monitor for the detection of cross contamination.



4.2.2 Analysis of nuclear genetic diversity

We used gtracted DNA tamplify 16 autosomal polymorphic microsatellite markers (Appehtljx
Table4.4) previously shown to amplify in bo@ ferusand C. bactrianugSilbermayret al. 2010;
Silbermayr K et al. 201ppendixd.51); and four sekinked markers; three of which were previously
validated(Felkel et al. 2019ut sequenced in this study, whilst one was newly validated (Appendix
4.52).0Of the four sesinked markersthree usedpolymorphismgor sexing and one was designed only
to amplify in males. We amplifiedl 20 markers using the multitube approach to minimize error caused
by allelic dropout (potentially more likely in lowgrality samples obtained neénvasively)Taberlet

et al. 1996)with each PCR repeated 3 times and a negative control (ddH20) included in each plate. We
performed5 m volume PCRs thithe following reagents: @ DNA, Im of primer mix (23 Low TE
(10mM TrisHCI (pH 8.0) and 0.1mM EDTA (pH)810ji forward and I reverse primers (both at 5
uM) and 1M QIAGEN Multiplex PCR Master Mix (supplied with the QIAGEN Multiplex @&tR Mt,

/ 1D: 206145)PCR protocols are described in Appeadii.

We scored genotypes using GENEMAPPER v5.0. Of the 416 samples, 198 (48%) (5 blood, 105 faecal, 45
hair and 43 tissue) amplified successfully at a minimum of 75% ofithesatellite DNA loci and so

were included in downstream analydicrocheckefVan Oosterhout et al. 200d/as used to confirm
absence of null alleles across the 16 l@ée combinedthis data set with previous microsatellite
genotyping data that used the same I{8ilbermayr et al. 2010; Chuluunbat et al. 20¥4dh three
samples included in both datasets for harmonizing allele lengths between laboratories. The final data
set used for downstream analysis comprised 260 individuals genotyped at 16 microsatellite loci
(Appendix 4.1, Table 4.4jhese 260 genotype profiles were assumed to be from different individuals,
but when probability of identity P(ID)Vaits, Luikart, and Taberlet 20@1as calculated using CERVUS
3.0.7(Marshall et al. 1998; Kalinowski, Taper, and Marshall 2@4i)a minimum loci for match=2,
mismatch=0), three pairs of individuals were closely matched (P(ID)=<0.0001). On checking these

AYRAGARdzZEtaz 2yS LI AN gl & FNRBY | NBLSIGSRte aly



was confirmed, whilst the other two pairs were all collected from the same family group &ure

After accounting for these matches, the final data set comprised 257 indivilafdse analysis we
presumed the full data set of 257 individuals to comprise: 47 samples from known Bactrian Camels (
bactrianug; 188 samples fronwild camels . feru¥(from the WCPF captive breeding center (n=47)

and presumed wild camels (n=141) from the GGASPA); and 22 samples from known Bactrian X wild
camel hybrids, &#sed on verified breeding history, collected from camel herders both in Mongolia and

China

4.2.3 Analysis of mitochondrial DNA

Using mtDNA, we performed a PR&striction Fragment Length Polymorphism (RERP) (Silbermayr

et al. 2010) to determine whether hybridisation had occurred on the maternaWlaeedesigned a
mitochondrial primedeveloped by Silbermyer et al 2010 (Silbermayr et al. 2010) to amplify a shorter
length fragment that would be more suitable for amplifying mtDNA from degraded faecal samples. We

dzZaSR (GKS dal .. wmMyp 0 GET CAINIGYSAVICGEE CCRAGAIT 2 R NEERS MHS p
CTCTTCCCTGAGTCFOIA® AY Hn>[ @2fdzyYS t/wa (G2 FYLXATFE |
the single nucleatie polymorphism that is diagnostic for eitl@rferusr C. bactrianuskReactions used

GKS FT2ft26Ay3 NBIFIISYyliayYy o>[ 5b!3s noén>[ F2NBI NR
R2dz0f S RAAGATE SR 41 GSNI YR n>[ RXSAzEBS R G.SRAA yp3p>{[ S
distilled water). Negative controls, weeDNA was replaced with dgB were included in each plate.

After a PCR protocol (92°C for 8 min, 45 cycles of: 95°C for 30 seconds, 52°C for 45 seconds, 72°C for
45 seconds and a finextension of 72°C for 10 min), PCR product was digested with: 1 Ximt|dfOx

Buffer B (with BSA) and double distilled water at 37°C for 1hr. This digestion was either analysed by gel
electrophoresis or sequenced following the Macrogefs&g protocol for purified PCR product of less

than 300bp. For gel electrophoresis, theeggnce of two bands at 60bp and 120bp indicatzd

bactrianusmaternal lineage, whereas an uncut single band of 185bp indicatdferusmaternal



lineage. Using DNA sequence to verify maternal lineage, the base motifs differ between species, with
6@ ¢! ¢ D! @ bactfaBuRly B ¢! ¢ D! @.férusFhas RMitochondrial analysis was successfully
amplified in 184 (93%) of the 198 available samples used in this analysis (the full microsatellite data set
of 257 samples included genotype data from 59 individuals. that we were unable to access the for

mtDNAanalysis). 14 samples did not amplify with the mtDNA marker.

4.2.4 Population summary statistics

We used CERVUS 3.(Maarshall et al. 1998; Kalinowski, Taper, and Marshall 201¢5timate the
following measures of genetic diversity: number of alleles per locus; deviations from Hardy Weinberg
equilibrium; estimation of null allele frequencies; observeg) @hd expected @ heterozygosity
(Table4.3). The presence of heterozygotes in known males and females of both species confirmed
these markers as autosomaVetested for normality using the Shapindlk test, and thenested for
significant differences betweervldnd Hg A G K | t{TastaR S (RB@dio Team 2022 the

Hardy Weinberg test (Table 4.8) determine that any difference betweer &hd Hwas not due to

chance alone.

We used Bayesian clustering methods to determine shared ancestry proportions, identify potential wild
and domestic Bactrian camel hybrids, and determine population stru@®uitehard, Stephens, and
Donnelly 2000) This method is appropriate as it uses matius genotype3% of the 16 loci were
successfully amplified across all 257 samplet) to infer population structure and assign individuals

to populations using allele frequencies, without the need for prior classification. As our samples were
predominantly nomk Yy @ aA @S> Ald 6l a AYLRNIIFIYyd GKIFIG OfFaaars
visualization. We ran STRUCTURE 2BBitthard, Stephens, and Donnelly 2086jtware with

correlated allele frequencie® detect distinct populations that are closely relatéor 1000000



iterations, with a burAn of 500000 and 10 iterations, varying numKerf clusters between 2 and 10.
We then used STRUCTURE HARVESArERhd vonHoldt 201and CLUMPAKopelman et al. 2015)

to infer the optimal clustering solutioK)(and to plot the results.

We assessed levels of introgression of domestic Bactrian camel DNA into wild camels using a
predeterminedK= 2, clusters representing each species. As known hybrids are present, admixture was
assumed. Due to the close relatedness of the two spé€Bikermayr et al. 201®e initially allowed

for up to 5% of ancestral alleles (qi>0.95) shared between the two species, and considered individuals
with more than 5% (qi<0.95) as hybrids. However, threshold values in other comparable hybrid studies
(Kingston ad Gwilliam 2007use a gvalue of 0.10(Vah& and Primmer 2008y a conventional
threshold for distinguishing between pure and hybrid individuals. Given that our genotype data does
not include associated phenotype values for individuals, and in the absence of a standard threshold

used by previous studies for cameis, report both threshold values (Taldld, Figuret.2).

We used a threshold value of gi=0.10 to identify hybrids from parental sggéba and Primmer

2006) We removed all pure domestic (gi> 0.95) and hybrid camels (qi¥@&@@ and Primmer 2006)

for the subsequent analysis of wild camel population structure and summary statistics. We used the R
LI O1 F 3S §ADEBRGEMNETY2628k 20X8aprincipal component analysis (PCA) and to generate

inbreeding coefficient (§ values.

Analysis of Molecular VariancAMOVA) was used tpartition proportions of genetic variation
between populationgpopulations determined as:- bure (gi>0.95) WildCamelus ferys2- pure
(qi>0.95)BactrianCamelus bactrianus3- hybrids(gi >0.95)and 4 captive wild camels)between
samples within populations, and within samples. AMOVA and &®Tmeasured uisig GenAlEx

(Peakall and Smouse 2006)
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4.3 Results

4.3.1 Population structure and introgression in wild camels

Initial STRUCTURE analysis of the full genotype data set suggested a predominant structuring
comprising the two species (K=2): wild car@alnelus feruand domestic Bactrian cam&amelus
bactrianus When Bactrians and hybrids were removed the analysis indicated comparatively weak
structure of K3, but this structuring could not be visualized when mapped across the GGASPA

(Appendix 4.5 %

Population structure with an assumid?2 allowed for classification of individuals of each of the two

pure parental species and of the hybrid individuals along a continuum of introgression4Byéie

a threshold for introgression ofi=#.95, 58 (28%) of the 204 wild camel samples are shown to be
hybrids; across the full sample set (n=257), 146 are wild (57%), 53 are Bactrian (20%) and 55 are hybrid
(22%). At a threshold for introgression ¢f@90, 20% of the wild camel (202) samples are hybrids;
across the full data (n=257) 161 (63%) are wild, 55 (21%) are Bactrian and 41 (16%) are hybrids. To gain
a better representation of the wild population of the wild camel, we removed known hybrids (samples

of known hybrids collected from domestic herds) (n=22) Bactrian camels (n=4Teaving a total of

189wild and captive animd@ls g KA OK 2y &l YLIX S O2f t Sahihese1§9 av S NB

gi=0.95 19% are classified as hybrid and=2.§0 10% are classified as hybrid.

Of the 47 samples from captibeed wild camels used this analysis @of which are current surviving
members, which comprises 5% of the Mongolian populatio€.deruschapter5), two sampled
individuals (of which one is a current herd member) show introgressida@®g and five (of which

three are current herd members) show introgressioniad®5.



PCA of Wild (WE), Bactrian (DC) and Hybrid (HY) Camels

Eigenvalues

PC1=27%, PC2=5 5% ﬂ|_||_||_|r1l_ll_lﬁ

Figure4.2(a): Principalcomponent analysis including all 257 samples. Discrete colours relate to presumed species on sample &¥lGoividd:camel, Camelus feridG= Bactrian camel, Camelus bactrianus
andHY= hybridsPC1 represents 27% of variance and PC2 represents 5.5% of vddigmeeproduced in Adegenet R
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Figure 4.2(b)Top:Principalcomponent analysis (PCA) including all 257 samples. Discrete aelatesto known captive populatiolCaptive)

and populations determined after STRUCTURE analysis using a Qi value of 0.95 to determine hybrids. Wild camel, Céwiidiis ferus
Bactrian camel, Camelus bactrian&a¢trian) hybrids Hybrid. Bottom: Principal component analysis (PCA) including all 257 samples. Discrete
colours relate to known captive populatiocBgptivg and populations determined after STRUCTURE analysis using a Qi value of 0.90 to
determine hybrids. Wild camel, Camelus fekfd); Bactian camel, Camelus bactrianiactrian) hybrids Hybrid. PC1 represents 27% of

variance and PC2 represents 5.5% of varidtigere produced in Adegenet R
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Figure4.4: STRUCTURE results (K=2). Each pie chart represents an individual sample, plotting the propoitieasaotestry(qi) fromwild Camelus ferus allelesd Bactrian Camelus bactrianadieles.Pie
charts are plotted at the location where the sample were collected. This allows for monitoring of introgression geograghicalithe GGASPA.
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Figure4.5: Mitochondrial introgression across the GGASPA. Each pie chart represents an individual sample, showing tb&Adeeaed proportions of ancest(ygi) from wild Camelus ferusnd Bactrian
Camelus bactrianus alleles. The outlhodourof each pie chart represents mtDNA evidence for maternal introgre$&miharts are plotted at the location where the sample were collected.



Presumed |Results §0.95 Results g-0.90
Wild (incl. captive) (191 146 161
Bactrian 47 53 55
Hybrid 22 58 41
Total 260 257

Table4.1: Total number of samples in the data set according to presumed species identification on collection and
genetically confirmed species identity after structure analysis with a threshold@B§ and §0.90. When g=0.95 the

presumed sample species show an increase of 6 Bactrians and 36 hybrids.i¥ot@hrgsults show an increase of 8

Bactrian and 19 hybrids. Of the 22 presumed hybrids, 20 were hybrid, 1 (cHyb17) was above both our thresholds and so is
Bactrian, one was above our gi=0.90 threshold (Chybd is Bactrian. Results show that genotype STRUCTURE data can
determine species and hybrids from Aamasive, unidentified animals. This can be visualized in figure 4.4

4 3.2 Mitochondrial introgression

Combining both nuclear DNgenotypes with mitochondrial DNA can help identify the source of
introgression|If a microsatellite genotype profile suggests a sample comes from a hybrid specimen but
MtDNA indicate€. ferusthis implies theC. bactrianugenetic material is of paternal origin (paternal
introgression). Conversely, if a microsatellite genotype profile suggests hybrid and mtDNA assay

indicatesC. bactrianusit implies maternal introgression.

Of 41 hybrids initially identified using microsatellite dgtaQ.90), 36 amplified successfully using the
mitochondrial technique (Tabk2, Figuret.5). The mtDNA results indicated that 17 were maternally
inherited, and 19 paternallfsex information, obtained using the dmked markers, identified that of

the 17 hybrids that showed maternaihyherited introgression, 10 are female and can therefore further

pass on Bactrian mtDN@f the 58 hybrids determined using the qgi thresholdie.95, 52 amplified



successfully using mtDNA. These results suggested that 32 are paternally inherited hybrids, whereas 20

are maternally inherited; of these 11 are female and so can pass on Bactrian mtDNA.

9AIKEG &l YLX Sa Ay AQlferughi£0®0) annyckedr R<BINIAMR onitheldedB @f their
collection location in the GGASPA, show introgression in their mtDNA4A2abigurel.5). The extent

of nuclear introgression within these mtDigved individuals ranges frotn947 to 0.994. Only one of

these eight individuals would be considered hybrid at the 0.95 thresBivien that mtDNA provides a
longerterm picture of evolutionary ancestry, in these cases where introgression is obserhed in t
YG5b! 3Sy2YS 2F ydzOf SI NJ WLIZNBQ AYRAQGARdz f & (KS@

This result can be visualised in the family group in Fgbire

All of the captived NE R OF YSf & & K 2idcldng thase vithiRriucledr inGolgression.



YRR R IEE A

SamplelD qi=0.30Spp Result qi= 0.95 Spp Result % Wild % Bactrian mtDNA Spp Result Sex
AWC110 Wild Wild 0.934 0.006 Wild njz
AWC111 Wild Wild 0.99 0.01 Wild M
AWC112 Wild Wild 0.996 0.004 n/a M
AWC113 Wild Wild 1 n/a n/a

AWC114

Wild

Wild

wid

Wild

wid

wild

n/z
Wild Wild Wild M
Wild Wild Wild M
Wild Wild Wild F

Wild Wild Wild n/a
Wild Wild Wild M
Wild Wild Wild F
F

Wild

Wild

Wild

Wild

Wild Wild Wild M
Wild Hybrid Wild n/a
Wild Wild Wild F
AWC136 M

PRRRRAWAIA AR B

Figure4.6: Hybrid analysis wild camel case stul§.samples were collected from one herd of wild canSzsple ID=
AWC110AWC136). After observing the hewdthout disturbing them we went to the location (map insert) where they had
slepd a. SRa¢ gboddh) withac!@ek &tedmiin the sand where camels had lain and areas wet with(phio® R)
Samples were collected fro?6 individual beds. P(ID) determined 2 matcfmsnge AWC115AWC127and
AWC129AWC139% suggestng the herd consisted of 24 individua?d individualssuccessfully amplifieid the nuclear
markers allowing for further analysiSTRUCTURE analysis (K=2, % wild and % Batstem)ined alR1to be wild with

the gi=0.®threshold(qi=0.90 Spp resultWith the gi=0.95 threshold us€gi=0.95 spp resultpne individual is considered
hybrid (AWC132yellow). Of the 21, mtDNA amplified in I:tDNA spp redt). 18 of which showed wild, 1 showed
Bactrian Red AWC134). The 1 showing mtDNA of a Bactrian had nuclear value of 0.96, so would not be determined a
hybrid in either of our thresholds. Suggesting historic introgression. Of the 21, sex markers amplified in 15Sar))és
which 10 were male and 5 were female.



Sample ID Nuclear (g 0.80) Spp Result mtDNA Spp Result Sex (sex marker data) % Wild % Bactrian Intogression inheritance Location

Camelus ferus- historic intogression

Wi
Wi M
Wi F
Wi F
Wi M
Wi
Wi
Wid F

Hybrids, paternally inherited

id Wik F 0
id Wik M 0
id Wid F
id Wik M

Wik F

Wid F
id Wik M
id Wik M
id Wid M

Wik F

Wik M
id Wid M
id Wik M
id Wik M
id Wik M

Wik M

Wik
id Wik M

Wil M

Hybrid, inhe rited

GFEEEEEEREERGEREEE| FEREEEEEREEEEEREEREEE

M na

M na

M na

M na

F na

F na

na

F na

F na

F na

F s

Camelus ferus

Wi Wid na
Wi Wik M na
Wi Wik M na
Wi Wid M na
Wi Wik na
Wi Wik M na
Wi Wik M na
Wi Wik F na
Wi Wik na
Wi Wik M na
Wi Wik F na
Wi Wid F na
Wi Wik F na
Wi Wik M na
Wi Wid M na
Wi Wik na
Wi Wik F na
Wi Wi M na

Table4.2: MtDNAResults. Table includes all available data for Bactrians, hybrids and historic introgressed C.ferus, plus
example selection of Camelus ferus AWG136. Species determined by=).90. Nuclear species result determined my
microsatellite testing (gr0.90), mitochondrial DNA species result determined by mitochondriaRRCR or sequencing



analysis, Sex determined by the dimked markers and introgression inheritance being the direction of inheritance
presumed from maternal mtDNA.

4.3.3 Heterozygosity and inbreeding

Across the 16 autosomal microsatellite loci, rAnged from 0.03 to 0.85mean=0.39 standard

deviation= 0.21 (Appendix 4.5.1, Table A\R)Il alleles were not present in any of the 16 Idtie

estimated null allele frequenck)(ranged from0.0016 to 0.179 calculated in CERVUS (Appendix 4.5.1,
Table480 @ 2 S OF f Odzf F SR LR LIz F GA2y adzYYFENE adl dArada
sampled in the strictly protected area of the Gobi A (n =111 depending on hybrid threshold) after

removing the data derived from individuals from the WEfve breeding center and the detectable

hybrids (>10% domestic Bactrian cameledleThis partitioning of the data ensured that analysis of

genetic composition was not distorted by either mixing data from individuals of two different species

or by inadvertently including data from closely related captive animals, thereby enabling more
appropriate comparisons of genetic diversityCinferusAlleles per locus ranged from 3 to 16 (Appendix

451, Tablet 8).

Analyses of genetic diversity revealed that the only population to deviate significantly from HWE was
the full data set (unsurprising given that it contains both parent species and hybrids). All other
populations did not deviate significantly from HWE i@ 4l8). However, when a threshold of 10%
shared ancestry was applied, this resulted in a significant difference betweesahd Hin the wild
population {-test p value: 0.03). This result suggests that although in H&WEgrusis showing a
difference in observed heterozygosity that is not due to chance alone, and is showing lower levels of
heterozygosity than expected. This result is supporteds bgliées suggesting more inbreeding than
expected at random in all populations other than the captive population. The captive population shows
less inbreeding thawe predicted for a captive esitu population(Rs=0.04). Tht theinbreeding value

was highesin the BactriangFis=0.1395% CI#9.01-0.24) could be explained by the small number of

related Bactrian individuals used in this study (70% coming from a single herd). Indeed, the wider



Mongolian population of Bactrian camels has been shown to have evidence of inb(Eédilginbat

et al. 2014) Given that we included the Bactrian camel in this analysis only to identify hybrid individuals
amongst theC. feruspopulation, the small data set of related Bactrian camel individuals does not
impact further analysigillelic richness is greater in the wild populaiforedian 10compared to the

captive populatiorfmedian=6) (Unpaired Mann Whitneg-value = 0.0005igure 4.7), aesult likely

due to both the largesized wild population that is spread over a vast geographic area in comparison

to the captive herd which originates from a small numbeeletedfounders, and is therefore likely to

have been impacted by effects of random genetic dré#suRs also suggest there is no significant
difference between the inbreeding coefficiersTrioML) for the captive herd when compared to the

wild (Unpaired Mann Whitneyild/Captive p value=0.51p&iguret.7). There isiowever a significant
difference between the inbreeding coefficien&s TrioMLUnpaired Mann Whitneywild/Hybrid p

value = <0.0001, Captive/hybrigzalue = 0.000)%0f all other groups which suggests that despite allelic
richness being greater in the wild compared to in captivity, the genetic composition and extent of
inbreeding observed in the wild population is no different to that in the captive population.

Analysis of molecular variance AMOVA showed that the greatest variance was within individuals (75%),
then among populations (21%) and finally among individuals (1%) (Appéi)ixThis reflects the

overlap between all these populations. As expected, the largest FST values are between the two species
C. bactrianusand the captive population (FST=0.397), with wild and Bactrian showing similar
(FST=0.372). Hybrids show higher FST when compared to Bactrian (FST=0.165) than wild (FST=0.074)

or captive (FST=D5).



i=0.95

Mean F (TrioML)

Population N Mean Hobs| Mean Hexp | hw mean p value t. test p value | FIS Comb
Full data set 260 | 0.45 0.57 0.0013 <0.0001 0.21(0.130.27) 0.23
Wild (including historic captives) 118 | 0.39 0.42 0.45 0.05 0.08(-0.01-0.16) 0.24
Wild only 106 | 0.39 0.42 0.42 0.05 0.09(0.01-0.18) 0.25
Wild and captive 149 | 0.39 0.41 0.52 0.09 0.06(<0.0%0.15) 0.24
Bactrian 53 0.5 0.56 0.26 0.06 0.13(0.030.24) 0.29
Captive (2022) 34 | 0.38 0.35 0.63 0.96 -0.08(-0.16<0.01) 0.2
Captive no hybrids (2022) 31 | 038 0.34 0.64 0.97 -0.11(-0.20--0.02) 0.2
Captivestotal 48 | 0.39 0.37 0.64 0.92 -0.04(-0.09- 0.03) 0.2
Captive no hybrid total 43 | 0.39 0.36 0.63 0.96 -0.08(-0.15-0.02) 0.21
Hybrids 58 | 0.57 0.60 0.39 0.1 0.06 (<0.0%:0.13) 0.14
gi=0.90

Mean F (TrioML)
Population N Mean Hobs| Mean Hexp | hw mean p value t. test p value | FIS Comb
Full data set 257 | 0.46 0.58 0.001 <0.0001 0.21 (0.120.27) 0.23
Wild (including all captive) 161 | 0.39 0.42 0.43 0.04 0.07 (0.0070.15) 0.23
Wild only (no cap, no hyb) 116 | 0.4 0.44 0.38 0.03 0.07 (0.020.15) 0.24
Bactrian 55 | 0.5 0.56 0.18 0.06 0.13 (0.010.24) 0.29
Captive total 47 | 0.39 0.37 0.65 0.91 -0.04 ¢0.1-0.04) 0.21
Captive no hybrids total 45 | 0.38 0.36 0.61 0.94 -0.04 ¢0.09-0.02) 0.21
Hybrids 41 | 0.62 0.61 0.46 0.56 0.0075 {0.1-0.08) 0.1

Table4.3: Populations determined using STRUCTURE data as well as sample collection data. Mean and expected
heterozygosity of populations, HW mean (Null hypothesis is that the population is not deviating from the HWE), t.test and
FISncluding 95% confidence intervél3eviation of Hobs of an individual relative to the expected heterozygosity under
random mating FIS>0 more, FIS=0 No inbreeding, FIS<0 Less) gained all gained in R Studio. Inbefédiagt co

((F)Probability of 2 homologous genes in an individaaididentical by descent)) gained using Coancestry (TrioML).
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Figure4.7: Boxplots. Top: Comparing allelic richness between populat@askalWallis chisquared = 20.097, &f 2, p
value = <0.0001, suggesting significant difference between populatimpsired Mann Whitneyild/Captive pvalue =
0.0005378, Wild/Hybridpalue = 0.479, Captive/hybridyalue = <0.0001. Bottom: comparing population (F) inbreeding
coefficients (TrioMLKruskalWallis chisquared = 35.975, df = 3,value = <0.0001, suggesting significant difference
between populationdUnpaired Mann WhitneywVild/Captive p value=0.5158, Wild/Hybridsplue = <0.0001,
Captive/hybrid pvalue = 0.0007. Plot arsfiatistics R studio



4.4Discussion

Norrinvasive sampling combined with genetic monitoring has enabled a greater understanding of the
extent and source of introgression and levels of genetic diversitanmelus ferusy Mongolia. This
genetic perspective is crucial to understand the hybridisation problem and is an important first step
towards identifying options for conservation management. We show evidence of both nuclear,
mitochondrial, and historic introgressionB¥dictrian camel genes in tkie ferugpopulation across the
GGASPA and in some individuals within the captive herd, the true extent of which is determined by
which thresholds of introgression are applied. Our results have also revealed reduced hetayozygosi
and increased inbreeding in the wild population of wild camel in the GGASPA, and shown that these

levels of heterozygosity are present in the captive herd.

Introgression in nature is a common occurrence, with at least 25% of known plant species and 10% of
known animal species (Mallet 2005) showing some level of hybridisation. Detection of hybrids depends
on monitoring, and monitoring is difficult if hybride aryptic, widespread or are associated with highly
elusive threatened species. If hybrid traits are maladaptive, cause decreased survival rates or remove
traits important for survival in the wild, then hybridisation can be detrimental to the survigal of
threatened speciesFundamentally, diversity is required for adaptation, but genes important for
survival can be lost due to swamping from a domestic specibgbgdisation is of particular concern

when domestic animals come into contact with rare species (lacolina et al. 2019). This scenario may be
that facing the wild camel. In Mongolia the wild camel is raaggicted to the GGASPA, a 45000km
closed National Park established to protect this species. Despite the vast size efahitedrpark ad

the estimated 600 wild camels that live in it, we see introgression throughout. Introgression in
threatened species from domestic species is usually due to range overlap (lacolina et al. 2019). Climate
change is causing increased desertification andghrin the Gobi, and this combined with overgrazing

and an increase in human activities such as mining (Han, Dai, and Gu 2021) is increasing competition

for resources and therefore range overlap betwé€erierusandC. bactrianusLocal nomadic Bactrian



herding practices also increase frequency of contact, and therefore probability of mating is more likely.
Exacerbating this problem is the small population sizé. éérughat restricts mate choice, and the
compatible breeding behaviours between the two species. For these reasonshgbridisation was
anticipated in the wild camel population. Furthermore, we confirmed Bactrian camel presence across
the GGASPA by capng images of them in approximately 9% of our camierabapter 3 This study
confirms that hybridisation could be a risk to thesitu population of wild camel if introgression erodes

S@2ft dzi A2y I NBE (NI AGa Aevigdr)NJallinghé will.2 NJ G KAa &ALISOASAEAQ

Exsitu populations are often managed with the aim of preserving taxonomic integrity and providing a
potential future source of individuals for reintroductigvilian-Garcia et al. 2015$0 understanding

the true conservation value of these populations is important. Prior to this study, genetic diversity,
relatedness and hybridisation values for the captive herd of wild camels were unknown. We have shown
that allelic richness is greatir the wild than in the captive population, a result likely due argek

sized wild population that is spread over a vast geographic area in comparison to the captive herd which
has come from a small number of founders and has cap#isggciated problems such as random
geneticdrift. Our AMOVA results show a slightly higher variance between the Bactrians and the captive
individuals, than Bactrian and wild. This could be due to the captive population showing recent genetic
drift, with allelic differences being more pronounced in thetigagopulation when compared tbe

wild population This is supported by the allelic richness and inbreeding results previously reported.
Initial results suggest there is little population structuring in the Gobi other than between species, but
more samples from the Chinese populatiev@uld be required to determine this result definitively.
Encouragingly, our results suggest that the extent of genetic diversity and level of inbreeding observed

in the wild population is reflected in the captive population.

Our analysis also allowed us to identify three individuals showing introgression in the captive herd. As
none of the captive herd show evidence of introgression from their maternal mitochondrial DNA, this

introgression has come from the paternal line &.domestic bull breeding with a captive femalag



wild camel essitu population i€losed;breeding is determined by animals being added to or removed
from the populationThis allows for breeding managing that maintains diversityhghdds can be
easily isolated frorbreeding. As this captive population is considered an insurance population (Chapter
5), monitoring hybridisation and genetic diversity in thaiexherd could help to evaluate population

integrity and inform species recovery.

5STAYAYI 'Yy AYRAGARAZ f & | GaK@ONARE o0& LINELIRNIA
¢KS LINRPLRNIAZ2Y 2F FRYAEGINB LINBaSyd Ay | LR LA |
arbitrary, set by the perspective and interests of those managing the population; furthermore, accuracy

of admixture measurement will depend on the quality of DNA extracted, sensitivity and diagnostic
ability of markers used, and other species information available. In some cases, previodusipgork

determine threshold, like with the sik&ervus nippgnand wapiti deer Cervus canadensithat

compares to putatively pure populations and uses diagnostic mitochondrial regions to confirm species
(Smith et al. 2014)whilst in other cases phenotype data is uggchrey et al. 2007 the wild camel

we have neitkr previous data to work with nor phenotypic data. Therefore, we set both a 10%
(gi=0.90) threshold and 5%i€0.95) threshold. We included the 10% threshold as this a frequently

cited modelled threshol@vaha and Primmer 2008)at is widely used in other studi€Barilani et al.

2007) The 5% threshold as a lower estimate that we considered more realistic. These differing
thresholds generate different extents of hybridisation, ranging from 10% to 22% of the wild population.
Further complicating the defiiA 2y 2 F & LJdzNB £ n AsyKRAAYD A RSz ® IR o ALYNR QIS y
possibility of historic introgression which we were able to infer using mitochondrial DNA. When we
compare our nuclear results to mitochondrial results, eight of our samples show no introgression at a
nuclear level, but doh®w introgression in mitochondrial DNA, suggesting that this introgression could

be historic. This finding has been observed in other species including other cdAlsiathen et al.

2016)and in the Canadian brook trouBalvelinus fontinaligs K SNB y dzOf S| NJ KI LJX 2 ( & LJ

whereas mitochondrial haplotypes were shown to be associated with ArcticSelaglinus alpinus



(Allendorf et al. 2001)t has also been seen in the wild camel that the mtDNA haplotype is wild, but

the Y haplotype was Bactrifirelkel et al. 2019)

Mitochondrial data gained in this study allowed us to observe hybridisation patterns and the potential
drivers producingthenh ¥ G KS LI GSNYIFffeé& AYyKSNAGSR K@oNARa oy
samples collected from either the GGASPA or China. This finding suggests bull Bactrian camels are
entering the GGASPA and mating with female gdldels.Our krvalues back this up, with results
showing that hybrids are closer in variance to the wild population thaBdh&ian. Conversely, the

majority (82%) of the maternal hybrids are from Bactrian herds in China, suggesting a wild camel bull
mating with captive Bactrian femal€samels are a rutting species, with one bull holdimd) fighting

for a number of females, so these results make both ecological and circumstantial sense: the
introgression that we detected could be originating from bulls travellifigddemales: Bactrian bulls

into the park and Wild bulls out of the park. This is a scenario exacerbategdrk that is unfenced,

and unlikely to be fenced due to its scale, local practices of nomadic herding methods, compatible

mating behaviours and increased competition for resouf8sermayr et al. 2010)

Hybridisation is considered an extinction risk, via loss of parental species and outbreeding depression.
Yet of the 939 extinct species or extinct in the wild reported on the IUCN RedList, only 11 mention
hybridisation in their report§Draper, Laguna, and Marques 2021 )populations are already small,

then other issues may cause extinction before outbreeding depression can have an impact; there is in
fact more empirical evidence of inbreeding depression than of outbreeding deprd€Xian,
Hoffmann, andvan Oppen 2019%enetic diversity is unlikely to be maintained without gene flow; and
without diversity, populations are unlikely to be able to adapt and survive to chamgiingnments.

Current conservation practices need to be able to conserve species during this period of extensive
biodiversity loss and rapid environmental change, and biodiversity managers need to understand
whether or not their conservation efforts fattie the rate of adaptation to keep up with these

changes. Genetic diversity can be lost via hybridisation, but it can also be gained. In some small or



isolated threatened populations, with low genetic diversity and inbreeding depression, successful
restoration of the original population genetic variation may not be possible using traditional population
recovery methods, in these cases, genetic rescympdilations may be required. As we have shown

for the wild camel, hybridisation can increase heterozygosity and it is possible that this may enhance
adaptive potential of the populatioChan, Hoffmann, and van Oppen 20Mhile extinction is

forever, hybidisatoncA ¥ A 0G0 Fff2ga | &ALISOASAQ 3ASySiéddan RA BSNEH
02y aSNBS LI NI 2F (GKS LI NByd 3ISyNbraSSINIA20A NGB 42 Tl KISKNS
ISy SiA O (GhaniHbidanhnf abdvan Oppen 20@)rids should be protecte@hese hybrids

could be of value themselves, but full genome sequencing techriquiekbe used tinform captive

breeding programmeto remove hybrid segments of DNA, with the aim of eventually recovering a

species threatened witgenetic swampinf.awson et al. 2023)

As well as safeguarding a genetic reservoir, hybridised species can also fill an important ecological
function. The TakhEquus ferus przewalsiiit 1 ¢ IwildhdrdeXissknown to have up to four domestic
horses in its founding populatigBer Sarkissian et al. 2015paved from extinction by captive breeding

and release, this species now survives in Mongolia as an introgressed conservation success story. In the
case of the New Zealand grey dudknas superciliosséhe population shows complete admixture so
conservation of hybrids is the only optigNlendorf et al. 2001) The American Chestn@astanea

dentate was pushed to near extinction by blight, but now following a system of hybridizing with a
blightresistant Asian chestnut species and repeated backcrossing, the American type is almost
recovered and the restoration of this keystone species is within (8aeiner et al. 2017)ybridisation

can also lead to new adaptive traits, which may allow for expansion into new niches andCaages
Hoffmann, and van Oppen 20189 ability that will become increasingly important as environments

change.

Managing hybridisation is a challenge. As climate change, habitat loss and degradation increase, the

opportunity for anthropogenic hybridisation also increases. Considerable time and financial investment



are required to monitor for and then manage this hybridisation. The red, @alfis rufuss now
O2yaARSNBR aO02yaSNII A2y ,cdbis latriangsihe Digg&sttirdddiaRtisa | G A 2 y
species. Considerable resources have been invested since the 1970s to prevent this extinction; these
efforts have successfully limited introgression, enhancing the recovery progr@ese et al. 2015)

In species for which outbreeding depression threatens their genetic integrity and adaptive potential,
limiting introgression is especially important. In threatened species with small populations,
management is especially difficult when a hybridising species (including domestic species) outnumbers

the rare species. This scenario is true for both the wild tantethe Scottish wild catelis silvestrjs

(Senn efal. 2019) in that introgression from an abundant domestic species risks swamping the wild
genome. The wild cat population in Scotland is now considered a hybrid swarm, the population being
made up of genetically intermediate typ€Senn et al. 2019)making effective conservation
management even more complex. Management of hybrids can also negatively impact the conservation

of a speciedn dingosCanis lupus dingaybridisation is both considered a threat to the species and

also a justification for theicontrol (van Eeden et al. 2019ethal management has been shown to
exacerbate the hybridization probleffhis scenario is also truéhen monitoring admixture between

grey wolvesCanis lupusand dogs Canis lupus familiads 5 SGSNX¥YA YAy 3 ISYySGAOlf ¢
ambiguous as admixture is widespread, long term and hard to monitor. Removing backcrosses could
NBY2@S (22 Ylye ag2ft @dSaé¢ | yR (PistletRl 2038) INBI G4SN K& a
Of course, there is a difference between deciding to not actively manage hybrids due to various capacity
problems such as access to resources, staff or funds, versus actively using hybridisation as a
conservation management tool. But as we learn more abgbtidisation, species thresholds and
environmental threats, we are better able to make informed decisions. Hybrids can be considered a
threat, an advantage or a reservoir for threatened genomes. The majority of conservation laws either
neglect hybrids itegislature or consider them a threat, with even the IUCN recommending that hybrids

should not be protecte@Draper, Laguna, and Marques 20Ziscussion around the conservation of

hybrids remains controversial, but if a species, showing introgression or admixture, holds the role of



fulfilling an ecological function, is it not an evolutionary entity, worthy of protection? We know that
genetic diversity is reduced in the wild caitheldo et al. 202@nd our results confirm this to be true

in the GGASPA population. We have increased our understanding of the extent of introgression across
the GGASPA, in nuclear and mitochondrial genomes, and have shown that there are no geographic
barriers stopping tisiintrogression. The wild camel remains critically endangered; whilst we do not fully
understand whether hybridisation poses a threat or an opportunity for conserving this species,

managers will be better informed to make key decisions.



4.5 Appendices
Appendix 4.5.1 Primer brimation

Name Dye Primer F Obs. Allele range (bp)No. Alleles (Full data) Temp PCR Multiplex Repeat Ho/He (wild only 118) F (null) (wild 118) GenBank No./ReferenceSpecies designed from

VOLPO8 6FAM f: CCATTCACCCCATCTCTC 148-178 8 58 Qmix58 1 -0.0083 Gl:10719682 Vicuna pacos- Alpaca
r: TCGCCAGTGACCTTATTTAGA (TG) 0.64 0.63 AF305230

VOLP10 6FAM f: CTTTCTCCTTTCCTCCCTACT 238-268 12 58 Qmix58 1 0.1434 Gl:10719683 Vicuna pacos- Alpaca
r: CGTCCACTTCCTTCATTTC (TG) 0.48 0.65 AF305231

VOLP59 HEX f: CCTTCCTCAGAATCCGCCACC 101-119 11 58 Qmix58 1 0.0151 Gl:10719688 Vicuna pacos- Alpaca
r: CCCGCGCACCAAGCAG 0.49 0.51 AF305236

YWLL36 6FAM f: AGTCTTGGTGTGGTGGTAGAA 141-179 8 58 Qmix58 2 -0.0288 Lang et al 1996 New world camelid. Used in old world- Jainlin &
r: TGCCAGGATACTGACAGTGAT (CA)22 0.46 0.44 Jianlin et al 2002

VOLP32 6FAM f: GTGATCGGAATGGCTTGAAA 254-268 S 56 Qmix56 6 (TG) 0.1874 Gl:10719686 Vicuna pacos- Alpaca
r: CAGCGAGCACCTGAAAGAA 0.37 0.54 (Obreque et al, 1998) AF305234

LCA65 6FAM f: TTTTTCCCCTGTGGTTGAAT 171-191 7 56 Qmix56 6 (TG)12 0.0451 Penedo et al 1998
r: AACTCAGCTGTTGTCAGGGG 0.29 0.32 AF091124 Llama glama- Llama

CVRLO7 HEX f: AATACCCTAGTTGAAGCTCTGTCCT 272-306 6 56 Qmix56 6 (GT)14, (AT)14 0.0063 Mariasegaram et al 2002
r: GAGTGCCTTTATAAATATGGGTCTG 0.48 0.49 AF217607 Camelus dromedarius- Dromedary

KS01 HEX f: TGGCATTTCCTGCAACTGA 125-157 11 58 Qmix58 3 (TG)25 0.0768 GU138968 Camelus bactrianus- Bactrian
r: AGGAAAGGGCTGAATTGCTC 0.49 0.57 Silbermayr et al 2009

KS02 HEX f: TCTCTGCACCACCAGTATTCC 155-197 14 58 Qmix58 4 (AC) 16 0.2735 GU138969 Camelus bactrianus- Bactrian
r: TCAGATATGGGGAGCCTTACA 0.08 0.14 Silbermayr et al 2009

KS03 6FAM f: TCTCCACTGGCTCCTCAAAT 176-222 16 58 Qmix58 3 (CA)24 0.1799 GU138970 Camelus bactrianus- Bactrian
r: CTTGGGATATCTGCCATTGTC 0.11 0.16 Silbermayr et al 2009

KS04 HEX f: AGGGTCAGGTTTCCTCCAAT 240-246 4 58 Qmix58 2 (AC)14 -0.0016 GU138971 Camelus bactrianus- Bactrian
r: GGGTTTGCACCATCTCAGTT 0.03 0.03 Silbermayr et al 2009

KS05 HEX f: GGTCCTAGGAGAGAGGAAAAAGA  229-241 7 58 Qmix58 5 (GT)11 0.0437 GU138972 Camelus bactrianus- Bactrian
r: GGACTAAGGAACCCCAAAGG 0.35 0.38 Silbermayr et al 2009

KS06 6FAM f: GGCATTATGATTAGTGGGGT 182-192 6 58 Qmix58 4 (GT)9 0.0706 GU138973 Camelus bactrianus- Bactrian
r: GAACCCCAAAGGAAGATGCT 0.34 0.39 Silbermayr et al 2009

KS07 HEX f: TCTGCTCTGTATGAGTTTATGCTG 91-127 5 60 Qmix60 n/a (GGAT)5GGA -0.0869 GU138974 Camelus bactrianus- Bactrian
r: GCGCCAATCCACTTATTTATG 0.85 0.73 Silbermyar et al 2009

KS08 HEX f: ATTCAGCCCCATTCTTTCCT 127-153 9 58 Qmix58 5 (CA)16 0.0707 GU138975 Camelus bactrianus- Bactrian
r: TTCCTACCCTCCACATGGTC 0.23 0.28 Silbermayr et al 2009

KS09 6FAM f: CTGCCCACTTTTCAATTGGT 198-223 5 58 Qmix58 5 -0.0384 GU138976 Camelus bactrianus- Bactrian
r: AAACAGTGCACAGCAAAGGA 0.58 0.55 Silbermayr et al 2009

Table4.4 Primer information: Primer name. Fluoro dye used in genotyping. Primer sequences. Observed allele size ranges hubaser gdiedleles from the full data set (h=260). Annealing
temperature of the PCR cycle. PCR cf@Mix56 Incubate at 95 degrees for 15 min, 45 cycles of 94 degrees for 30 secs, 56 degrees for 90 sec, 72 degrees foraf® ae60Idegbees for

30 min.QMix60 Incubate at 95 degrees for 15 min, 35 cycles of 94 degrees for 30 seconds, 60 degrees for 30 seconds,f48eggeesds. Incubate at 72 degrees for 10 @Qrinix58
Incubate at 95 degrees for 15 min, 46 cycles of 94 degrees for 30 seconds, 58 degrees for 90 seconds, 72 degreatsfdn80bsgeat 60 degrees for 30 min. Multiplex primer is included in.
Repeat motif. Observed and expected heterozygositylatatwising the wild only samples with captives removed N=118, to avoid the different species and possible hybridsingsaticg

to avoid including related individuals. Estimated null atiedgiéncies, using the wild individuals only N=118, to the different species impacting values to avoid including iidlzaési BdnBank
sequence accession numbers and references for primer sets.



Appendix 4.5.2 Sex linked marker development and validation and sexing results

Sex Marker Fluro-dye Primer Sequences Allele sizes of the X and Y chr homologs (bp) Sequence from which rparker was designed (GenBank sequency
accession number /Reference)
Hex F: TAGTCTGCAGCTCCTGGTCA _ . " .
coo R: ATTTGCCAGGCTAACAATGE | - 170 No amplification in X chr CBacY1775_contigl57:1502 (170bp)
Hex F:ATATCCCAGGCACTGCTGAA
T X =146,y=144 .
& R: ATTAGCGGATTTCCCTCTGC 6.y CBacY1775_contig185:3779 (146bp)
6Fam F: GTCTTGGTCAGGGATTGCAT
CJE X=181; Y=178 "
R: CTCTTAGCCCTTGCATCTGG ! CBacY1775_contig57:6691 (178 bp)
c1 6Fam F: CACAGACATGTGTGCCATC No amplificaton in Y chr; In X chr. range|
R: AAAGCAAATGGAAGATGCTLC FNRBY Mdy ¢ HH Unpublished

Table4.5: Sex linked marker information. PCR protocol: Incubate at 95 degrees for 15 min, 35 cycles of 95 degrees for 30
seconds, 60 degrees for 30 seconds, 72 degrees for 40 seconds. Incubate at 72 degrees for 4 mins.

Three Y linked primers (COO, CJT, CJE) were used for sexing cameCapsalies fieruand Camelus
bactrianu3. Three primer sets used were taken from Felkel et al #Rel et al. 2019put individuals

were genotyped with fluorescently labelled primers on an ABI3730 DNA Analyzer rather than running
on an agarose gel, as was done by Felkel et al 2019. The use of QIAGEN multiplex master mix also enable
additional previously un detected immlogs to be amplified on both sex chromosomes increasing the
accuracy and utility of these primer sets for sexing (TabJeABlgenotypingevealed that 2 markers

(CJT andJE) amplify in males and females indicating they have homologs on the X and Y chromosomes.
One new sex marker (C11) was designed fromlanked contig isolated from the camel genome. It

was found to only amplify the X chromosome but was variable stoablentify some females (those

that were heterozygous) allowing individuals to be sexed when combined with other Y linked markers.
C11 does not amplify a Y chromosome homolog (Rdt)le

These 4 primers were used initially for testing on known sex individuals. These were 34 captive animals
(19 Female, 15 male). Of these 85% agree with sex based on morphology and none disagreed. After
successful testing on known sex individuals, this metrasdthen used across the full available sample

set (N=163).



4.5.2.1Known sex samples

Methods

34 tissue samples collected from known sex individuals a captive herd of wild Gamedué fergsn
Mongolia. Tissue samples collectgda registered veterinarian using Dalton fi®{A ear tags during
standard veterinary ear tagging procedures. DNA extracted Q&iggn DNeasy blood and tissue kits.
Extracted DNA was used #&mnplify the4 sex linked markers using the multitube approgtitchard,
Stephens, and Donnelly 200@)th each PCR repeated 3 times and a negative control (ddH20) included
in each plate. 3ul volume PCRs were performed with the followmdDMA, I of primer mix (23

Low TEXOmMM TrisHCI (pH 8.0) and 0.1mM EDTA (pH )3.0)1 forward and 1 reverse primers

(both at 0.2 uM) and il QIAGEN Multiplex PCR Master Mix (supplied with the QIAGEN Multiplex PCR
Kit,Cat. No. / ID: 206145)he PCR was incubated at 95 degrees for 15 min, 35 cycles of 95 degrees for
30 seconds, 60 degrees for 30 seconds, 72 degrees for 40 seconds. Incubate at 72 degrees for 4 mins.
Genotypes were scored using the Genemapper softvizzaeh sample was tested with each marker 3

times. For that sample to be scored it must show at least 2 matching repeate anismatches.

1 COGa 170 bp amplicon indicates the presence of a Y chromosome, indicating the individual is
male (the X chromosome does not amplify)

1 CTdJshows a 146 bp amplicon in the presence of an X chromosome, indicating the individual is
female and shows a 144 bp amplicon in the presence of an Y chromosome, indicating the
individual is male.

1 CJEshows a 181 bp amplicon in the presence of an X chromosome, indicating the individual is
female and shows a 178 bp amplicon in the presence of an Y chromosome, indicating the
individual is male.

9 Cltis X AY1 SR 0, OKNRY242YS$S R2SayQi y20 | YLXAT

heterozygote. Males (XY) are always homozygotes and cannot be heterozygotes since males



have only one X chromosome. Females can also be homozygotes, but any heterozygotes must
be female for marker C11. Homozygotes were not sexed, since homozygotes could be female

or male for this marker. All heterozygotes were scored as female.

Results

Used across the 34 known séxdividuals, no DNA s#ping marker results disagreed with
morphology. Only 2 markers are polymorphic in detecting each sex (CTJ and CJE). Of the 4 markers, one
only amplifies in male€Q0Oxnd another marker only detects femal€i () To be confident we only
assigned sex if a minimum of 2 markers amplified. 29 individuals (85%) agree with morphometric sex

for a minimum of 2 sex markers.

ID Known sex COO | CTJ |CJE_|Cl1_ Sex baseq How many| How  many
(based onl Y=170] X=146| X=181| Xlinked on  sex| markers agreq markers
morphology)| Xno | Y=144| Y=178| Y=no amp. | markers | with sex baseq disagree
amp. combined| on

morphology*

El Male Y Y Y Homo Male 3 0
E2 Female X Female |1 0
E3 Female X X Het=Femalg Female |3 0
E4 Female X X Het=Femalg Female |3 0
ES5 Male Y Y Homo Male 2 0
E6 Female X X Het=Femalg Female |3 0
E7 Male Y Y Y Homo Male 3 0
E8 Female X X Homo Female |2 0

E9 Male Homo Unknown




E10 | Female Het=Female Female
E11 | Female Het=Female Female
E12 | Male Homo Male
E13 | Female Female
E14 | Male Homo Male
E15 | Female Het=Female Female
E16 | Male Homo Unknown
E17 | Female Homo Female
E18 | Female Het=Female Female
E19 | Female Het=Female Female
E20 | Male Unknown
E21 | Female Female
E22 | Male Homo Male
E23 | Female Homo Female
E24 | Male Homo Male
E25 | Male Homo Male
E26 | Male Homo Male
E27 | Female Female
Het=Femalg

E28 | Male Homo Male
E29 | Female Het=Femalg Female
E30 | Female Het=Femalg Female
E31 | Female Het=Femalg Female
E32 | Male Homo Male
E33 | Female Het=Femalg Female




E34 | Male Y Y Homo Male 2 0

Table4.6: Results of sex marker testing on known sex individuals from the captive bred wild camel herd

4.5.22 Full data set

Methods

163 samples (faecdbair and tissue) were collected from b&@amelus bactrianuend Camelus ferus

in Mongolia and China (see main teRINA was extractedlepending on sample type, using either
Qiagen DNeasylood and tissue kits (Tissue, blood or hair) or the Qiamp fast DNA Stool Mini kit (faeces).
Extractioncontrols were included in each batch of extractions, replacing samples with ddH20O.
Extracted DNA was used &onplify the4 sex linked markers using the multitube appro@iftchard,
Stephens, and Donnelly 200@jth each PCR repeated 3 times and a negative control (ddH20) included
in each plate. 3ul volume PCRs were performed with the followmdDMA, I of primer mix (23

Low TEXOMM TrisHCI(pH 8.0) and 0.1mM EDTA (pH 8,@ni forward and 1 reverse primers

(both at 0.2 uM) and il QIAGEN Multiplex PCR Master Mix (supplied with the QIAGEN Multiplex PCR
Kit,Cat. No. / ID: 206145)he PCR was incubated at 95 degrees for 15 min, 35 cycles of 95 degrees for
30 seconds, 60 degrees for 30 seconds, 72 degrees for 40 seconds. Incubate at 72 degrees for 4 mins.
Genotypes were scored using the Genemapper softvizareh sample was tested with each marker 3

times. For that sample to be scorednitist show at least 2 matching repeats and no mismatches.

1 COQGa 170 bp amplicon indicates the presence of a Y chromosome, indicating the individual is
male (the X chromosome does not amplify)

1 CTdJshows a 146 bp amplicon in the presence of an X chromosome, indicating the individual is
female and shows a 144 bp amplicon in the presence of an Y chromosome, indicating the

individual is male.



1 CJEshows a 181 bp amplicon in the presence of an X chromosome, indicating the individual is
female and shows a 178 bp amplicon in the presence of an Y chromosome, indicating the
individual is male.

1 Clrtis X AY1 SR ¢, OKNRBY2azY$S R2S8SayQd y20 FYLX AT
heterozygote. Males (XY) are always homozygotes and cannot be heterozygotesatsce
have only one X chromosome. Females can also be homozygotes, but any heterozygotes must
be female for marker C11. Homozygotes were not sexed, since homozygotes could be female

or male for this marker. All heterozygotes were scored as female.

Results
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Table4.7: Results from marker testing across full available samples (N=163). Samples include Wild camel Camelus ferus,

Bactrian camels Camelus bactrianus, and hybrids. Samples are a mixture of faecal, hair and tissue.

Of the 163 samples, 142 (87%) wetecessfully scored to suggest a sex (minimum 1 marker with 2
successful repeats in each, with no markers disagreeing). Of those 142, 61 (42%) are female and 81
(57%) are males. 15 were not possible to score as they did not amplify to the required nreeats.

6 had disagreeing scores between markers, which may be a result of what contamination during the

PCR process. Therefore 21 (13%) cannot be used to determine sex of that sample.



If we consider accurate determination of sex requiring a minimum of 2 agreeing markers then 94 (57%)

samples can be sexed.

Considering those samples only from the GGASPA (N=115) 45 are female (39%) and 70 are male (61%).
This result, showing more male than female in the GGASPA, is probably an artifact of poor amplification

of the polymorphic markers in poor quality sampleseWiised on DNA extracted from tissue samples

in known sex individuals of the captive herd this sex discrepancy is not seen. In the 163 samples, the 21

alF YLX Sa GKIFIdG RARYQO YL ATFEe gSNB Ittt SAGKGBENI FI SO
2T GKS FISOFt alyYLXtSa RARYQO IYLXATFE YR wmp: 27
disagreed, 3 were faecal and 3 were hair. Faecal (63%) and hair (28%) samples make up the majority of

the sample set (91 %) See tabl@ 4.

{FrYLXS delb2o {I YL Sa |b2 GKIG RARY:
tf22R P n n
Cl SO ¢ M 1 O M M M
I A NJ np T Mp
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Table4.8: Amplification of markers useddifferent sample typesncludes type of sample, the number of each type tested,
2F (K2aSx GKS ydzYoSNJ GKFG RARY QG FYLXAFTE FyR GKSy GKFG ydzy



Appendix.5.3Sex ratio demographics

To determine the sex ratio in the wpgdpulation we used only the 2 markers with fixed size X and fixed
size Y homolog that differ in size: CJE and CTJ. This allows a comparison as both markers can determine

either male or female, whereas COO and C11 determine only male (COO) or female (C11).
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Table4.9: Sex determined in each population in either one or both polymorphic markers. In the captive pQiutztibe,

34 were scored with at least one sex markdE(or C)T28 were scored in both8 female(64%), 10 male (36%) and 2 were
scored in only sex marker. In the full available data set 133 out of the 163 were scored in either one or both markers. 69 we
scored in botiCJE and CTIfemale (4%), 66 male (96%) and 64 in only sex matkiEmale (80%), 13 male (20%). In the
captive herd, overall, 19 were scored as female (63%) 11 scored as male/lig#943 true when compared to known sex.

When looking at the full available datet overall 41% female, 59% mé@lensidering only those salepfrom the GGASPA

N=107, 38 are female 36%, 69 are male 64%.



Appendix 4.5.4Population Structure K=3
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Figure 4.7 Population structure (K=3Qusters(K)mapped geographically across the GGASPA



Appendix 4.5.AMOVA and FST Tables
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Table4.10 Summary AMOVA table with degrees of freedom (df), Sum of squared deviation (SS), Mean sum of squares
(MS), Estimated Variation (Est.Var) and percentage variance (%).
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Table4.11 Pairwise FST Analysis. FST Values below the diagonal, p values above.
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Chapter5 Does our insurance cover extinction?sid populations of
highly threatend mammals

Exsitu populations provide widely variable contributions to mitigating a taxon's extinction risk which is

inadequately assessed in conservation.

To be submitted for publication with proposed authorship as: A.M Jemmett, D Sthiiroombridge

and J.G Ewen



Abstract:

Anexsitu captive population forms a key component of present efforts to maintain species survival of

the wild camel. For many other critically endangered speciesirtdividualsmaintained in essitu
OFLXGAGAGE INB LRGSYUGALfte ONHzOALFE G2 GKS &aLISOAS:
to happen in the wild, it is important for managers to be confident thaftexpopulations represent

adequate insurance agmt outright extinction. Available guidance on best practices in population
managementpopulation size targets and conservation planning could help ensure they can provide

this. To compare the exzitu wild camel population both to existing practice for other critically
SYRFY3aASNBR aLISOASas YR 3AFAyad y2NXNIGAGE WoSal
characterised critical factors to assess théiegk (1 dz LJ2 LJdzf A2y a 2F (GKS 62NI RC
taxa as determined by the IUCN Red List as either critically endangered (N=291) or extinct in the wild
(N=2). We found that dhese 293 mammal taxa, approximately a quarter (69) are represented in ex

situ care, almost double the number reported on the Red List. Worryingly, almost all (91%) of these are

held at population sizes below 500, with 44%-2@Juding the wild camefalling below 50 individuals.

Although 67% show genetic monitoring through pedigree analyses, only 10% are monitored
demographically. We conclude that despite their proven conservation potentisitugxopulations

constitute inadequate insurance polieagainst extinction for many of the most threatened mammals.

5.1Introduction

We are in the midst of a largely human caused global biodiversity (@&mllos et al. 2015)
Mammalian decline is a welhderstood illustration; we have Iagbproximately 770 111 species since

the 1500s, between 369 since 190QCeballos et al. 2015pfthe 5973 mammal species assessed by
0KS L! / b@ENRedBifR0R)ALB4A (22%) are threatened with extinction and 4% are classed

as either critically endangered (CR) or extinct in the wild (EW). In 2022,(COP15 2022pmmitted



the global conservation community to halting hunriatiuced extinctions and to maintaining and

restoring genetic diversity. Howevarsole reliance on-isitu management could be insufficient or too

late for species on the very brink of extinction (Smith et al. 2028)some species, there may be

increased need for esitu management (Pritchard et al. 2012) in institutions like zoos and captive
ONBSRAY3I FILOATAGASA G2 | OG | & INIKghaf dasIconge@agiont 3| A y 2
efforts for the wild camel in Mongolia have sought to include management of-situgpopulation,

the stated rationale being thatvith so few captive animals, the whole species could be wiped out if

their natural habitats in China and Mongolia are destroyed. It is therefore important to breed enough

FYAYFfa Ay OFLIAGAGE (G2 Ayada2NB F3IFAyald GKAA Ll2as

The wild camel is far from the only-gixu population of critically endangered mamme:situ
populations are diverse, designed to meet a range of objectives including entertainment, education,
financial incentives and conservation (Conde 2013dme essitu populations were founded by
removing individuals from the wild purely to save the species from extinetoptréd wolf,Canis rufus

(Gese et al. 201p)while others were historically collected for fascination, with these populations
becoming crital long after individuals were firstken into exsitu care €.g.,Dama gazelleNanger
dama(Senn et al. 201%)Other conservatiomotivated exsitu populations comprise animals rescued
from the pet or food tradeg.g.,Sunda pangolinManis javanicgZhang et al. 201y or that were
established for educational and entertainment purposeg.(grey shanked douc languPygathrix
cinerea(ASAP 202B)Some are important in the study of individuals isiex populations to inform
conservation of wild counterpartsliranda et al. 2023y he® motivations in part follow societal trends
(Carr and Cohen 2015) and often species charisma is more important to visitors than extinction threat
(Colléony et al. 2017). Collectively, these drivers have resulted in a varied and fascinating collection of

ex-situ management of species.

Regardless of why @itu populations were founded, their existence may provide important insurance

against extinction for species highly threatened in the wild. For examdiy e&are was a component



in the management of 9 out of the 16 (56%) mammals whose extinction was prevented by conservation
action since 1993Bolam et al. 2021)in the extreme, exitu populations have prevented overall
extinction following the total loss of wild populations for seven mammal species since 1950, five of
which subsequently regained wild status following conservation action, with black footed ferre
Mustela nigripes(Santymire et al. 2014yed wolf (Gese et al. 2015nd European bisgrBison

bonasus(Smith et al2023)providing iconic examples.

However despite their obvious importance in enhancing species persistenséueopulations are

not considered in RedList assessments of extinction risk. How much they might influence extinction risk
is also variable given-situ population managementisnotd y I OSI A G K @F NAIF GA2Yy 7
utility. Success is determined by management of both thstexpopulations themselves and the wild
places and/or populations into which they could be returned. Outright failure is not the onlyaisk to

situ populations. Holding speciesstu is precarious, with risks including: physiological risks such as
stress and disease; behavioural risks such as habituatiorstimexare(Conde et al. 201Bnd genetic

risks such as inbreeding depression, loss of genetic diversity through genetic drift, and genetic
adaptation to exsitu environments making individuals less suitable for survival in theRualbrt

2009) These risks have led to the development of a range of management and monitoring practices
such as studbooks, survival plans or population viability analyses, to ensiitepapulations remain

viable. Despite this, there is no unified protocol with which to assess the conservation potential of these
populations, so we have limited underafimg of how comprehensive the insurance is thakiex

populations provide.

Following from the work by Smith et al 2023, that analgsea on extincin-the-wild plant and animal
speciesand assessd theirrisk andrecovery potentia{Smith et al. 2023)e use similar methods to
assess the insurance potentialtbé ex-situ wild camel population, and compare it to otheesitu

populations focussing on CR and EW mammal lthera. ve focus on mammalspt onlybecause it is

the class to which our focal species, the wild caaehelus ferybelongs, butlso because it &class



especially well represented in conservation research and wheséuepopulations exist for many
specie§Conde et al. 2011; Martin et al. 2014; Miranda et al. 20283)use this class assess the use

of exsitu management as a conservation insurance tool against outright extinction. To do this we (i)
identified which CR/EW mammals havesig populations, (ii) assessed the status of theisitex
populations in terms of size, numbefr holders and number of founders, and (iii) characterised how
theseare being monitored, managed and planned for future recovery. Overall, we show that there is

substantial variation in how current-situ populations cover the risk of extinction.

5.2 Materials and Methods

5.2.1 Identification of egitu populations.

We extracted the assessments of all CR (235 species, 56 subspecies) and EW (2 species) mammal taxa
from IUCN Red List version 2E2UCN Red List 2022). Each species on the resulting list of 293 taxa
was checked for whether or not an-gitu population gisted using a variety of publicly available

sources. Systematic checks (T&hle for exsitu populations of these 293 taxa were done within:

A The IUCN Red List (IUCN Red List 2022). The page for each species was searched for mention
ofexd Alldz LI2LJz | GA2ya YR GKS a/2yaSNBlFGaAz2y ! O
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A TheZIMSdatabase on Species360 (Species360 2023), is a database which gives real time
information on the holdings and studbooks of over 1300 zoo and aquarium institutions. We
crosschecked against this database to identify any taxa with reporstlieare.

A 91 %l Q& O09dzNRBLISIFY | aaz2OAl-§ith grofrardnie oveRina(EAZA R | |j
2023)
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A Internet searches using Google, Google scholar (Google Scholar 2023) and Web of Science

6286 2F {OASYOS wnuoo FyYR G6AGK GKS &S8FNDK
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each search following and reading relevant links.

Searches were conducted in the UK in June 2020, with 2023 updates, for spdisitesiup critically

endangered (IUCN Red List 2022), conducted in February 2023.

To avoid double counting,enonly included subspecies in which the parental species was not itself CR

or EW. If it was, we only assessed at the species tleégalemoved 6 subspecies (but retained species

level assessments) from analysis (Black and white ruffed Idanacia variegata variegat&astern

black rhino,Diceros bicornis ssp. micha&gstern lowland gorill&orilla beringei graueriVestern

lowland gorillaGorilla gorilla gorillaNorthwest Bornean orangutaRpngo pygmaeus pygmaeasd

Southeastern black rhinoDiceros bicornis minor. S £ a2 NBY2@SR *lIy RSNJ
Propithecus decketiiom our analysis as we could not verify the captive population mentioned in the

G/ 2yaSNBIFGA2y ' OGA2ya Ay 5SilFAté¢ aSOGAz2y 2F GKS
removed the African forest elephahbxodonta cyclotifrom our assessment because a recent

reclassification meant that available data have not yet been updated against this new species

classification.

5.2.2Population sizes and number of holders.

We determined wild population size using the IUCN RedlUBN Red List 2022)here are wild
population estimates available for 31 species. We estimated the number of institutions holding each
species and total esitu population size using th&MSdatabase in Species 36Bpecies360 2023)
AlthoughZIMSis the most comprehensive and widely used database of zoological institutions, we
acknowledge that there could be further populations, or individuals heditiethat are not monitored
by Species360. We looked for information on number of founders &br pepulation using internet

searches (Table.1) using Google, Google scholar (Google Scholar 2023) and Web of Science (Web of
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reading relevant links.

5.2.3 Management of esitu populations.

To determine how well esitu mammal populations are meeting recommendations that will better
allow for species recovery, we assessed if globsit@yopulations are monitored and managed both
genetically via a pedigree, using a studbook or survivalapldrmemographically using a Population
Viability Analysis (PVA). Studbooks are used to monitor individual animals and their genetic relatedness
across institutiongWAZA 2023)A survival plan or action recovery plan, are programmes which act
O22LISNY GA@Ste | ONrPaa AyadAaddziazya G2 YIylr3asS LkLI
t £ I ¢@afan BAZA uses-Bitu programmes EEPSSP AZA 2023; EAZA 20R®As use current

data and models to assess the likelihood a population will go extinct over a certain time frame. They
allow for the use of current species knowledge to project future population trajectories and identify
conservation priorities (Beissgrgand McCullough 2002).

We also attempted to determine if these populations are used for planning future recovery in the wild
using an action recovery plan and whether there has been releasesitd édividuals, as evidence

of release suggests that-eitu populations are oa recovery pathway.



Data source Search Criteria
2.2 Population size and number of holders.
ZIMS Species360 Population search by species hame
Ex-situ Population (N) Internet searches Scientific name, common name and "ex-situ captive". Search restricted to the first page.
Number of Holders (N) ZIMS Species360 Population search by species hame
Wild Population (Mature individuals) IUCN Red List Advanced search by species hame
Founders (N) Internet searches Scientific name, common name and "Founder number" criteria. Search restricted to the first page.
2.3 Management of ex-situ populations.
IUCN Red List Advanced search by species name
ZIMS Species360 Population search by species name
AZA By species hame
EAZA By species name
Studbook Internet searches Scientific name, common name and "studbook". Search restricted to the first page.
Internet searches Scientific name, common name and "Species Survival Plan" criteria. Search restricted to the first pal
AZA By species name
EAZA By species name
Species/action plan IUCN Red List IUCN Redlist category "Action Recovery Plan"
AZA Population search by species hame
EAZA By species name
PVA Internet searches Scientific name, common name and "Population Viability Analysis”. Search restricted to the first pag
Internet searches Scientific name, common name and "Reinforcement/ Reintroduction" criteria. Search restricted to the firg
IUCN Red List IUCN Redlist category "Successfully Introduced"
Releases ZIMS Species360 Releases- ZIMS

Table5.1: Sources and search criteria used to assessteyopulations. The IUCN RedList is the standard resource used to categorise risk of species (#4@idtied List 2022). TZdMSdatabase by

Species360 is a global database used by animal collections to mondibn @opulationgSpecies360 2023). This database contains stud books and informatiossitun gopulations. It allows the monitoring of
species across multiple countries and institutions. It also maintains genetic information acros$ ihsgity & &2 ONBIF GSa | I3t 2061 € LR LIz I GA2Yyd | %l 61 a2 0A
5FaGFolasSé gKAOK K2f Ra ol il HWWHONH DA 9K S R 0B zZNB2ISH FO i RARDOA-A X idh @&y LIRF I RIZ EES | 368 pafyrarBnded (BEEPR)@ANIAINE RIdZOF
populations in EAZA collectiofiSAZA 2023). Internet searches were conducted using the following search engines: Google, Goodleamiiel&cholar 2023) and Web of Sciéiéeb of Science 2023). For
intery 80 481 NDKSas (GKS aSFNDK AYRAOI(i2NR-aded R OSNEX 0BOWSY 64 RO® I €S NBAZ WK DY SR ¥& (KRB FABEG LI



5.3 Results

5.3.1 Population size and number of holders.

Of the 293 CR mammiaxa, 26% (77) currently have-giiu populationsOf the 77 taxa with egitu
populations, 6 subspecies (as they are reported at species level) and 2 species were removed from
analysisOnly living populations are included in this analysis, biobanks are not inclinedives a

final data set of 69 taxa (55 species and 14 subspecies) which includes 23% of all CR mammal taxa plus

two species which are EW.

We find that the number of CR and EW mammal taxasitexare (69) is almost double that reported

on the Red List (36). 66 of the 69 (95%) are oZthtsdatabase (Species360 2023). The 3 species not
onZIMSare the; Wild cameCamelus feryshe Western Giant Elan@iragelaphus derbianus derbianus

and the Northern White Rhin@eratotherium simum cottanthe wild camel (Silbermayr K et al. 2010)

FYR GKS 2SaGSNY DAFYyG 9tFyR o6Y2tt 6120t SiG td wuy
time of writing were not included in Species360. The entire Northern white rhino population consists

of 2 females and so is functionally extinct (Ryder et al. 2020). We included only the wild camel as

additional in our analysis giverisithe focus of this PhD. The other 2 species are not included in further

analysis and main results and figures are restricted to the wild camel and species on Species360.

The 67 species included in this analysis cover 12 orders (Figure 5.2 a@f §2)12 orders, the
number of species representatsreange from 137, with a mean of 5.5The IUCN Redlist divides
mammal species into 25 ordefUCN RedList 2022herefore 48% of mammal orders have
representatives in insurance populations. The most commonly held ofeleémiates(55%), followed

by Artiodactyla(14%) All other orders included have under 6% each.

There is variation in number of individuals held isiax populations, from 1 individual (3 species;
Eastern gorillaGorilla beringeiWestern ringtail possur®seudocheirus occidentaisd Western long

beaked echidnaaglossus bruijiiio 6967 individuals for the EW Scimitar horned ddyxX dammah)



The median size of an-siku populationn)is 73 double that of the wild camel (36A total of 44% of
populations (29}; including the wild camehave fewer than 50 individuals and 91% (60) have fewer
than 500. Only 3 populations have over 1000, (Fi§i®eand only the scimitar horned oryx exceeds

1500 individuals (Figugel).

The number of holding institutions varies (Figa®); while 14 species (21%) are held in only a single
institution, the cotton headed tamariBaguinusedipuspopulation is held across 294 institutions, the
mean number of holders is 35, the median is 9. Population sizes increase with the number of holding

institutions (Figur®.2).

Where data exist for comparison (29 species), our results show that-8itigopulation can make

up a substantial proportion of the estimated global population. For the African WilcEdass
africanusthe exsitu population is 90% of the global population (Figb®. Furthermore, the
availability and size of the wild populations are not correlated with the size of-8iigopulation,

such that there are numerous cases where critically small wild populations have substantially-larger ex
situ popuation sizes. Of the 15 species with wild populations under 250 individuals, 8 show an overall
population increase of over 50%, whersity populations are considered. For some the size difference

is considerably largee.g.,the addax,Addax nasomaculatusverall population increases by 3427%
when exsitu individuals are considered). These findings are not directly comparable with each other as
WSR[ A& FaaSaavySylua 2yteée O2yaAi RBNSrétdtal podakdbn A Y RA O A
size, but despite this the numbers reveal the substantial potential -eftieypopulations in global

conservation of some taxa.
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66 EW Oryx removed for scale) whith 500 and 1000 thresholds marked. 44% of populations (29) have fewer than 50 individuals and (60) 91% have fewer

than 500. Only 3 population have over 1000. Omavhich the species belongs is visualised by coltnr wild camel has an -&itu population of 36.

Figureb.1: Exsitu absolute population siz&8MS(N
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Figure5.2: Number oZIMSinstitutions holding each specid$<67) Orderin which the species belongs visualised by colthe.67 species are across 12 orders. 55% of the species are in the order Primates, 14%

are Artiodactyla. All other orders included have under 6% €eHoa.wild camel is held in only 1 institution.
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Figure5.3: Proportion of overall populations in wild and-siiu populations. Population numbers (N) included on bars, feiteypopulations this is total recorded populationMS(Species360 2023, 36®or

wild population this is mature individuals, as recorded by the IUCN R¢iJOBLE Red List 202Bopulations are ordered from left to right by increasing total wild populationHimeexsitu population of wild
camel represents 4% of the global population.














































































