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ABSTRACT

Catastrophic population declines threatéme understudied andEndangered Indochinese tigePénthera

tigris corbett) with extinction. Thailand now plays a critical roletlie conservationof the Indochinese
subspecieE AA PSY FSg (y26y ONBSRAYI LR2LIzZ I GA2y &Khay 20K
Yai forest complex (DPKY) is recognisedigeidandscge of national importancgthough it has been largely
understudied A lack of information on the status, ecology, and conservation of tigers in this landscape
undermires effectivemanagement andendersanincompletepictureof its role in the conservatioof tigers

in the region.

The goal ofthis thesis ig0 assess thecology and conservation statustajers inthe Dong PhayayekKhao
Yai Forest Complex. Specificalypugh this thesis, | aim td) Asseskger presence, persistence, breeding,
and ppulation density 2) Exploreimportant associations with habitat, prey, and threats that influetice
population; 3) Investigate longerm habitat connectivity and population viabilitand (4) Conduct novel

assessments on methods commonly used in eco#gesearch.

In Chapter 1 | contextualize the research conducted in this thebis providng an overview of the
conservation history and status of tigers in Southeast Asia and Thaildnsl chapter alsdighlight

prevailing methodologicatendsinvolved in such research.

Chapter 2of this thesigepresents the fist dedicated longterm study on tigers across DPK¥re, Idescribe

heterogeneity in the distribution of tigers across the landscalgentify potential prey species, and
document longterm persistence of individuals. Importanthgsultsconfirm breedng at the site, establishing
DPKYasone of the few remainingpreeding populatios of Indochinese tigers globalgnda tiger landscape

of global conservation significance

In Chapter 3 | investigate the degree to which scaland functional form (shapg-optimization affect



performance of habitat selection models for tigensd conducta firstof-its-kind assessment of optimization
approaches in modelling specibabitat relationships.Importantly, results confirm the importance of
optimizing such models for spatial scale while optimizing for functional fdisnnot improve model
performance.These resultseinforce the importance dbroad-scale protection of core tiger habitat in DPKY

aspart of a landscapscale management strategy.

In Chapter 4, | evaluate the degree to which prey, human presence, and environmental factors explain tiger
presence in DPKNoth independently and collectively found that iger presence hadtrong, positive
associations with wild bogiSus scrofppresence and prey richness, and strong negative associations with
human settlemens, public roads and poacher presence However, @vironmental characteristi¢s
particularly confounded with human factorbest explainedvariance in tiger presencesuggesting these

factors could aid imodelling potential tiger occurrence where other data may be lacking.

Chapter 5of this thesisrepresents the first dedicated peeeviewed study to estimate tiger population
density in DPKYmportantly, | utilize simulations to aid in theevelopment validation, and implementation
of an effective survey desigmn approach which may be beneficial for similar studies of-dewsity
carnivore populationswWhileestimateddensity 0.63 + SE0.2®.32¢1.21] tigers per 10kn¥) and population
(20 [14¢33]) were relatively low, thesekey metric provide acrucial, reliable baselinefor evaluating

population changes over time.

In Chapter 6 | simultaneouslyS @I f dzZ 4GS GKS LRGSYyaGAlt F2N 5tY, Qa
potential habitatand assesshe sensitivity of onnectivity models to changes in key parametédtigre, |
demonstratethat landscape connectivityjodels can béighly sensitive to parameter values with significant
interactions and relative strength of effects varying by timestgigpersal abilitymortality risk and their
interaction dominated predictionsunderscoring the importance of incorporating these factors in a spatially

and temporallydynamic framework. Results from this stuslyggest reasonable dispersal potential of tigers



to Khao Yai Natiaa Park in DPKtfiough dispersal and persistence within and beyond the landscape could

be drastically undermined bncreasedmnortality.

In Chapter 7 lutilize an individuabased, spatialkexplicit populationmodelling approach to evaluate the
effects of landscape change scenarios and mortality risk on the probability of tiger persistence iasDPKY
well as model sensitivity tonortality risk, resistance surface transformation, and population density
Mortality risk dominated predictions of population persistenvegh resultsindicatingstrong negative effects
resulting fromroad expansion and construction of dariibe high sensitivitgpf modelsto mortality risk and

high variability in population trajectoriesiggest this population isxtremely vulnerable to extinctian

Lastly,in Chapter 8 | summarizeand synthesizdindings from previous chapters. Herediscussthe
implications of this research for the management and cong@wmaof tigers in this landscape, offer
perspectives on methods of research in this field, apdtextualize results within the broader rearof

conservation in Thailand and Southeast Asia.
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Introduction



Chapterl
Introduction

Few species havimspired human imagination, fear, and reverence like the tiggamthera tigris,
Linnaeus 1758 Across a history spanning two to three million ygaxso et al. 2004; Davis et al. 20,10)e
tiger has lecomeentrenchedin the consciousness and culturepsopleliving with the specie@Paddle 2003;
Thapar 2004)The tiger ipervasive in human culturdgecoming arguably the most recognizable, admired,
and charismatic species in the wofldacdonald et al. 2015; Courchamp et al. 2018; Albert et al. 2018)

Apex predators, such as tigers, are believed to exert an importandéeyn influence on the
ecological systems in which they are embed¢fedine 1980; Luo et al. 2010; Terborgh and Estes 204t
there is a paucity of tigespecific studies relating to trophic cascades resulting froeirttemoval from an
ecosystem, available studies of other apex predators, such as w@eess lupus document farreaching,
complex, and potentially unforeseen ecosystem impdotkowing extirpation (Ripple and Beschta 2004,
Ripple et al. 2014)

In threatened ecosystems, tigers can effectively serve as flagship species to attract funding for
conservation effortgSergio et al. 2006Pue to the large home range size of the ti¢@anquist 2010)such
efforts may result in benefits to a wide variety of other species within the local ecosyBemmpecies that
lack scientific research, recognition, or perceived charisma, the tiger may serveféactimeecological and
conservation umbrellar ambassadospeciegSergio et al. 2006; Wikramanayake et al. 2@ickman et al.
2015; Macdonald et al. 2017)

While protection of tigers for their own sakedgguably convincingn its own right, the role of tigers
in an ecosystem can also have significant angdaching economic benefits. A single protectedaawith
tigers may generate substantial local benefitarough tourism, forest products, and community forestry
(Heinen and Mehta 2000; Wikramanayake et al. 2010; Badola et al..20dDgctly, these ecosystems have
largerscale benefits sth as carbon sequestration and maintenance of watersti€dgter and Hean 2010;
Bhagabati et al. 2014yhich underpin economic security for millions of people in tiger range cmsivith
potential incomegeneration opportunities vipayment for ecosystem services initiativ@inerstein et al.

2013)
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1. The Global Decline of Tigers

58SaLIAGS GKS NRftS 2F GAISNR Ay Odz GdNBsx SO2aeal
collective consciousness, the species is no longer pervasive within the forests éfigtsiacally, tigers once
ranged throughout Asi@_uo & al. 2004) However, botthe tigerQ@nge and population have been subject
to catastrophic declines, particularly over the past cent{ialston et al. 2010b)This has been driven by
signficant human pressure, including direct killing, loss of prey, and loss of habitat, compounded by habitat
fragmentation(Dinerstein et al. 2007; Goodrich et al. 2015; Sandom et al.&2@).7Such pressures have
arisen in part from rapid increases in human population i Ashich tripled in size from 1950 to 203N
DESA 2015¥riving accelerated groth in resource demands and infrastructure. The result has been an
estimated 96% loss it K S  (papal&ididaad a 93% loss in habitat since the start of the 20th century
(Sanderson et al. 2006; Walston et al. @0 Habitat loss has been particularly acute in South and Southeast
Asia, with a 41% reduction between 1996 and 2(B&nderson et al. 200@nd an estimated forest loss of
71,134knd in priority tiger conservation landscapes (TCLs) from 2001 to @obhi et al. 2016)

Of nine currently described subspeciegigér (Luo et al. 2004; Goodrich et 2D15) three are now
classified as extinethe Bali tiger Panthera tigris balicathe Caspian tigePanthera tigris virgatp the Javan
tiger (Panthera tigris sundaigaand a fourth, the South China tig&tanthera tigris amoyensiss likely to be
extinct in the wild(Tilson et al. 2004; Goodrich et al. 201Bemaining described subspecies extant in the
wild include the Bengal tigelP@nthera tigris tigris the Sumatran tigerRanthera tigrissumatrag, the
Malayan tiger Panthera tigris jacksohi the Amur tiger Panthera tigris altaicg and the Indochinese tiger
(Panthera tigris corbetfi. Currently, @proximately 2,154,159 individualgre believed to occur in the wild

across their gibal ranggGoodrich et al. 2015)

L Kitcheneret al. (2017)assert thatPanthera tigris jacksoniy K & y 204 06SSy yI YSR Ay | 002 NRI
ICZN ands anomen nudurgd @

2 A task force of the IUCN Cat Specialist GrgGifthener et al. 2017)roposed a revision dPanthera tigrisand its
subspecies, which included reclassification of tiger taxonomy into two subspecies: a mainland tiger subspecies
(Panthera tigrigigris Linnaeus, 1758) and a Sunda island tiger subspdeatliera tigris sundaicd,emminck, 1844).

At the time ofthis writing, the IUCN Red List has not yet formally adopted this reclassifi¢@tmarich et al. 2015As

such, prevailing IUCN Red List classifications are used in this thesis.
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Tigers havebeen subject to considerable funding, research, and management efforts in order to
understand and recover populatior($Valston et al. 2010b)Such investments appear to be generating
positive resilts, as evidenced by theecent announcements of a rise in global tiger numbers, though not
without debate(Karanth et al. 2016; WWF 20164, b; Harihar et al. 200ai)tion should be taken in viewing
global population increasessaindicative of the current state of tiger conservation ovendlalston et al.
(2010b)documented only 42 source sites with confirmed breeding thraugkih G KS G A I3 SN A  NJ
covering 90,000kAE. 2 NJ I LILINREA Y| GSt & pod: 2 F(SanderSon étm3az®aena Oc
Even marginal population increases in tiger range stetassupport larger numbers of tigers may obscure
catastrophic declines ismaller populations elsewhere. This is most starkly illustrated in Southeast Asia,
where recent declines may represent national extirpation of tigers and, consequently, a reduction in the

number of current range states with wild tigers, severely consimngiglobal recovery efforts.

2. Tigers in Southeast Asia

The Indochinese tigerP@nthera tigris corbeftiwas historically distributed througiut most of
mainland Southeast Asiduo et al. 2004Fig. ). Historical range states included Cambodia, P&R
Myanmar, Thailand, Viet Nam and southern CHiognam 2010)Now classified as Endangered under the
IUCN Red List, the subspecies has followed a similarly catastqogpulation trajectory as its counterparts
(Lynam and Nowell 2011; Goodrich et al. 201Gbscuring this decline has been a paucity of reliable
population data in current range countries, suggesting this may be one of the least understood subspecies of
tiger (Lynam and Nowell 2011)

The most recent IUCN Red List assessment of the Indochines@ tigam and Nowell 20115 cause
for concern. Government estimates cited in the assessment estimate a total wild population of 352
individuals in Cambodia, LR Myanmar, Thailand, and Viet Nam, though these figures are noted &g bein
speculative. At the time of the assessment, reviewers expressed particular concern about a lack of confirmed
records of tigers in Cambodia and Viet Nam as well as low figures in one site in Myanmar.

More recent informatiorhas cast further doubt on theaus of tigers in Southeast Asia and further
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reinforcesthe suggestion ofLynam and Nowell (201%hat the subspeciesould qualify for Critically
Endangered statudUCN 2000) Potentially three range states have lost viable populatibrnisao PDRNam
Ett K2dz [ 2dzS& bl GA2ylFf tNRPGSOGSR ! NBIF gl a O2yaiRSNS
individuals(Walston et al. 2010aPespite previous evidence of a viable breeding populdtiohnson et al.
2006; Vongkhamheng 2011) is nav believed that tigers have been extirjgal from this site(Rasphone et
al. 2019) In 2016, the Cambodian governmeteclared tigers extict in their country ad is pursuing
reintroduction (AFP 2016; Gray et al. 20, a decision met with scepticism by so@onnor 2017; Miguelle
et al. 2018) Lastly,Viet Nam remains a country without a confirmed tiger recordritore than20 years
(Lynam and Nowell 2011)

It is possible that the only remaining source sites for the subspecies are in Myanmar and Thailand.
a e | y ¥ hahidnatltiger population estimate is 85 individuals though records supporting this estimate are
scarce(Lynam and Nowell 2011Pne population estimate for Hukuang Valley Tiger Reserve, the largest of
its kind in the world, ranged considerably from 7 to 71 individ(lajsam et al. 2009 later study byNaing
et al. 2015)reported low and declining detection rates of tigers in the reserve over nine ywaike an
interview-based study on community hunting practices in an adjoining protected area reported a likely
decline and possible extirpation of tig€RRao et al. 2010More recently, atudy in the Htamanthi landscape
documented seven individua(®laing et al. 2019y hile another in the Tanintharylandscape near the Thai
border documented at least fiviadividuals(Aung et al. 2017)Tigershave also beedocumented in Karen
state, but numbers of individualsave not been publicldisclosedMoo et al. 2018)In 2016, a tiger from
Thaland crossed theborder into Myanmar and was killed by villagers, indicating transboundary movement
along the shared Tenasserim mountain landsd&eith and Saunter 2016rotection of tigers in Myanmar
is likely undermined by ongoing civil unrest, mining, infrastructure development, and hunting of tigers and
prey (Lynam 2003; Lim et al. 2017 urthermore, rampant trade in tigers and other felids in border markets
appears to continue unabated, representing a looming threat for tigers that ref@swell 2010; Nijman

and Shepherd 2015)
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Fig 1 Estimated extant and likely extirpated range of the Indochinese tiger (Panthera tigris; adaptetldmost al.
2004; Panthera 2015)Given recent evidence, this range map may overestimate current range in somg(layeam

and Nowell 2011; DNP 2016; Rasphone et al. 2019)

Severe declines are also observed in another big cat in mainland Southeast Asia, thingsgoch
leopard Panthera pardus delacodiriA study byrRostreGarcieet al.(2016)found the subspecies likely occurs
in 6.2% of its histrical range with only 2.4% of areas with confirmed preseitds now likely that only two
strongholds remairin the region,Peninsular Malaysiand the Northern Tenasseriforest ComplexMany
of the factorsdrivingi KS RSOf AyS Ay (GKS NB3IA2yQa fS2LJ NRaZ
are drivers for the decline in tige(Binerstein et al. 2007)he likely extirpation of leopards from large parts
of the region, including functional extinction in Viet Nam and Lao (R@RireGarcia et al. 2016; Rasphone

et al. 2019) appears consistent with the available evidence for tigers.

3. Tigers in Thailand

a dz(
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3.1 Historicalcontext

Historically, much offhailand was covered in fore@louhot 1864; Johnston 1975Accounts from
Mouhot (1864) suggest thatinteractions between tigersand communitieswere relatively common.
Phylogenetic data indicates the Indochinese tiger population lstericallycontiguous(Luo et al. 2004)
suggesingthat tigers were widespread throughowvhat is now, modern dayhailand.

A policydriven expansion of agriculture, particularlyce cultivation to capitalize onemerging global
markets, resulted in the deforestatioof lowland areas in and arourntl K | A fcényfaRChdo Praya basin
(Molle 2005) Much of the basin had relatively intact forest up until the 186@shnston 1975When
agricultural expansion accelerated. By the 1970s, much of central Thailamgéadonverted to agriculture
or other uses by human activiti¢slolle 2005)

Combined with human activities in other areas of the country, forest cover is believed ¢odealined
from an estimated 75% in 1913 to 25% in the 19@0msawat 2016)Iin the 1980s, Thailand had the highest
rate of annual forest loss in the regi@Hirsch 199Q)A national logging ban natural forests in 1989, put in
place following higtprofile natural disasters and public pressiiirsch et al. 1989had mixed effect@Durst
et al. 2001; Lang 2002While forest cover stabilized and increased slightly {bast (Klinsawat 2016)
encroactment into forested areas continug@urst et al. 2001; Lang 2002)

The conversion of largerestedareas in Thailand during the 2@entury resulted in a restriction ithe
tigerQ @ange in Thailand into fragmented forest landscafBsnhikorn et al. 2004Many of these wereni
protected areas, which were establithfollowing the declaration of Khao Yai National Park in the 1960s
(Emplandhu and Chettamart 2013 heseprotected areas weréargely gazettedn mountainous areas that
were typically unsuitable for traditional farming, prior to improvements in accessifiitgch et al. 1989;
Kalyawongsa et al. 1997; Molle 2009}his has resulted in a lack of representation of lowland forest and
20KSNJ) F2NBad deLlSa Ay gHKisudt200y)RyRestartIbRhE Z5@én&iny, it isNB | 3
likely that tigers occurred almost exclusivelyhin these protected area systeniBisdamkam et al. 2010

b2d 2yfe& RAR ¢ KabitafdurifgRiee 20 dedudyStheEcountrg alss lost two potentia

prey species. The Schomburgéed Rucervus schomburgKikely became extinct in the 193(Buckworth
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et al. 2015)and BRQa R&& WS eddiiis likely extirpated from Thailand, save for a handful of
reintroduced individual¢Gray et al. 2015)The loss of these species was likely a resutietonversion of
their preferred open lowland habitafDuckworth et al. 2015; Gray et al. 201Bpbinowitz (1989)suggests
four of six cervid speciga Thailand which typically account for a large proportion of tiger diets range wide
(Sunquist et al. 1999)are rae or extinct.9f aSHKSNE Ay GKS GA3ISNRa NI y3s
associated with prey density and prey sfgaranth et al. 2004; Sunquist 201®hile tigers are considered
habitat generalists, the availability of preferred habitat of prey species is a sigtlfioéimg factor(Sunquist
2010) Rabinowit21993)cited lowland forest mosaic habitat as optimal habitat for tigers and (Beyquist
et al. 1999) asserting that the loss of such areas may have been a significant contribtier ltss of tigers
in Thailand, now restricted to stiiptimal, mountainous areas.

Exacerbating declines in tigers from range restrictions may have been a potential increase in poaching
and trade in tigers in the early 199(Bay 1995)though poaching stistics specific to Thailand from this
period are lacking. The period was marked by an increase in poaching and trafficking globally, primarily for

end markets in China which had depleted stockpiles of tiger products for traditional mediMiissand

Jackson 1994)

3.2 Thailand tiger ssessments anaction plans

QAGAYlIGSa 2F ¢KIFIAfFIYRQAa GAISNI LRLMzZ I GA2Y Ay
a2adSYFOGAO FOAGSYLIW Fd ljdzr yiATEeAY I ¢ RabmdwitzfI308a NB Y|
survey that ran from 1987 to 1991. At the tiniRabinowitz(1993)estimated the population to number no
more than 250 adults, differing substantiafigm previous rough estimates raimg from 400 to 600 as cited
in Lekagul and McNeelt977) LengEE(1979)and Jacksor{1990) Later,Smith et al(1999)estimated that
Thailandhad a potential national breeding populatiaf approximately 500 tigerin 15 populations an
estimatederived fromtrack and sign surveys.

CKIFAfIFYRQa FANBRO Y(Tuihka@ry ¢t fal. 2006H0Snt providlé & 2ipdatedJt |y

population estinate, but noted that tigers had declinedibstantially (Fig. 2Authors of the plarmoncluded
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that tigers occurred almost exclusively in protected areas, specificallyétapopulations across 50
protected areas.

The status of tigers in the country wagdn updated in 2010 with the Thailand Tiger Action Plan
(20102022 Pisdamkam et al. 2010)n addition to updating management goals, the plan provided an
estimate of 196250 tigers in the countryFig. 3) The number of protected areas in which the tiger was
believed to have occurred was also revised, reduced from 50 to 25 protected areas. These protected areas
were grouped into ten conservation landscape®sl metapopulations

LY HnanmcI ¢KFEAflIYRQa 5SLI NILIYSyd 27F bl (rddacgdat t I N
20-year plan for tiger managemefPNP 2016)While no official population estimate was included in the
NELIR2NIX AYRAGARdIZ £ LJ2Ldz | G A 2 yes & ddsdribed & r@porf (BigNKB) ¢ K | A f
totalled only 101128+ tigers in four metapopulations (though inclusive of a vague upper boiimtiis
recent population range igeasonablyaccurate, this would constitute a much lower estimate than cited in
the most recent [IUCN Red List Assessment for the subspggiaam and Nowell 2011Futhermore, the
plan also suggested that there may be as few as one otityeos in two previously establishethd priority
tiger landscapes, Kaeng Krachan Forest Complex (3,002kmdl Phu Khiedlam Nao Forest Complex
(2,546kn%; Pisdamkam et al. 2010FEffective atirpation o tigers from these two landscapes would be
considerably damaging to theonservationprospects oft K I A £ | y,Re@ving tivd\ rén&iNiigotential
strongholds the Western Forest Complex (25,0060krand the Dong Phayayé¢hao Yai Forest Complex

(6,155km).

3.3Currentthreats

Tigers that remain in the wild in Thailand continue tdlireatenedby a number of human activities.
Poaching and trade of tigers continues in the couf@gwell 2010; Pinitwong 2015; Pongrai 2015; Stoner et
al. 2016) one of the most prolific tiger poachersyethai Diawcharoermas been arrested and released on
multiple occasionsHersonal Communidan, T. Redford 20)7In a recent, higiprofile case, a poacher was

arrested after having travelled from Viet Nam, specifically to poach tiémngruang 2013)This highlights
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Tiger Presence (2004)

[ Tigers Not Present

Il Tigers Present

I Tigers Present at Low Density
[ Tiger Status Unknown

[ Forest Cover

Fig. 2Estimated ange of tigers in Thailand in 200k the nationaltiger action plan in which this range map was
featured, no population estimate was given, but tigers were believed to have occurred in 15 metapopufatiodmg:

(i) the Dong Phayayelihao Yai Forest Complex (DPKY), and (ii) the Western Forest Caviple2@M). Adapted from
Tunhikorn et al(2004)with forest cover fromHansen et al(2013)

10
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¥ , Tiger Presence (2010)
R [ Tigers not present
‘ I Tigers present in high abundance
[ Tigers present in moderate abundance
[ Tigers present in low abundance
[ Protected area without surveying

iy

0 100 200 300 km

[ Forest Cover

Fig. 3 Estimatedrange of tgers in Thailandn 2010, with population estimation of 18252 wild tigersin 10
metapopulations including (i) the Dong Phayay&ihao Yai Forest Complex (DPKY), and (ii) the Western Forest Complex
(WEFCOM). Adapted froRisdamkam et a(2010)with forest coverfrom Hansen et al(2013)

11
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Tiger Presence (2016)
[ Tigers not present
I Tigers present

[ Status unknown

200
[ Forest Cover

100

Fig. 4Estimated ange of tigers in Thaita in 2016with a population estimation of 16128+ wild tigers in four
metapopulationsincluding (i) the Dong Phayay&thao Yai Forest Complex (DPKY), and (ii) the Western Forest Complex

(WEFCOM). Adapted frodNP(2016)with forest cover fromHansen et al(2013)

12
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that some poachers are willing to travel large distances and that the loss of tigers elsewhere in the region
mayinexorablydrive an increase ipoaching pressure oremaining Thai populations

While tigers are believed to occur primarily in protected arémgje scale intensification of human
activities, habitat conversionand large nfrastructure projects couldhreaten the integrity of these
landscapes(Pisdamkam et al. 2010 heincreasing economic development of Thailand may facilitate
additional growth of urban areas and transnational economic corridors in and around tiger habitat
(Kobayashi et al. 2017; Wongwuttiwat and Lawanna 20i8jurn, this could facilitate increasing pressure
to expand or develop roads in, and in close proxiniityremaining tiger habita{lUCN World Heritage
Outlook 2020) In addition, populatia growth and climate change is driving concerns over water security as
a considerable socieconomic challengéMarks 2011; Seeboonruang 2016; Manorom 20ZlHis may
prompt increasing pressure for additional dams and reservoirs at major rivers originating in protected areas,
projects that could potentially inundate parts of tiger habi@J/CN 2015; IUCN World Heritage Outlook
2020)

Longterm genetic viability of tiger persistencis also a concern, given the high degree of
fragmentation of tiger populations in the countr@nly one population in the countmpay begenetically
viable over the next 100 yearKlinsawat 2016)Others may be subject to the effis of inbreeding
depression and genetic drift, which may leave them vulnerable to environmental and demographic
stochasticity(Kenney et al. 2014)

While population figures remaiobscure, it is certain that tigers have declined substantially over the
past several decades and are now extremely vulnerable to extinction. If Thailand hosts the majority of
remaining Indochinese tigeras evidence may suggestis represents a criti¢guncture in the conservation

of tigers in Southeast Asia

4. Tigers in the Dong Phayayéthao Yai Forest Complex
4.1 Overview

The Dong Phayaydfhao Yai Forest Complex (DPKY) is located approximately 160km northeast of
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.hy3121 0SGsSHygom@lk IR w2 m dinis rapdnarily Xoresteu dandaca®@ Df
approximately 6,155kd extending along an eastest orientaton along part of the Phnom Dongrak
escarpment for approximately 200km. It is situated within the jurisdiction of six provinces, Saraburi, Nakhon
Nayok, Nakhon Ratchasima, Prachinburi, Sa Kaew and Buriram. To the east, it partially borders the
internationalboundary between Thailand and northwest Cambodia. Its terrain is relatively mountainous with
elevationsranging from 100m to 1,351m a.s.l.

DPKY consists of five protected areas, four national parks and one wildlife sarfEXN&2004)The
first park established was Khao Yai National PENNP2,168knf0 = G KS yI GA2y Qa TFTANARDG
followed by Thap Lan National Pafk.NP2,236kn?) in 1981 and Pang Sida National PR&NP844knT) in
1982. Ta Phraya Manal Park TPNP594knt) and Dong Yai Wildlife Sanctuab¥Y(WS313kn¥) were both
designated in 1996.

DPKY contains all major forest types in Eastern Thailand, but primamngysts oimixed evergreen
and mixed dipterocarp/deciduous primary and secandforest(DNP 2004)It also contains grassland/scrub
areas, some of which are anthropogenic in origihe climate of DPKYd&tated by¢ K I A ftHrey Raa
seasonsvhich runfrom mid-May to midOctober (Rainy dvlonsoon Season), mi@ctober to midFebruary
(Cool Season), and mikbruay to midMay (Dry or Hot Seasokhedari et al. 2002Annual rainfall in DPKY
ranges from 1,000mm to 2,270mm, mostly occurring during the rainy se@dR 2004)characterized by
almost daily rainfallThistransitions into a relatively dry period with lower temperatsria the cool season.
The dryor hot season is characterized by high temperatures and little rainfall; severe droughts and
widespread water scarcity are common during this sea@éimedari et al. 2002) Theaverage annual
temperature for the complex is 2@(UNEP 2011)

5t Y, Qa SO02t23A0Fft aA3IYATFAOIYyOS KIFLa 0SSy 6ARST:
blFGA2ya 9RdzOFGA2Yy Lt X { OASy (iCOFWoOd Herjfalge Listdzhdérdattdridh X h N2 |

for its outstanding natural and conservation valigNESCO 2017Among the characteristics cited in this

3 &Contairjs] the most important and significant natural habitats forsitu conservation of biological diversity,
including those containing threatened species of outstanding universal value from the point of view of science or
conservatiore 0 | b-8t{p://whc.unesco.org/en/criteria)
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RSOA&AZ2Y ¢ & 5t andfauma, iacuding® fantraly, 892 Birtis2 200 reptiles/amphibians,
and 2,500 plant speci®NP 2004)

The landscape also has considerable economic significance. DPKY is a source for a number of major
rivers in fivewatershedg(DNP 2004)This includes the Mun river, which actsaagibutary of the Mekong
These rivers are also the source of a number of reservoirs around the compédfedty the complex is a
significant soure of water for Northeast Thailand, underpinning an agricultural industry which provides the
SO2y2YAO FT2dzyRIFiA2y F2NEH&a2@NCKI AfFYyRQa LIR22NBai

The complex also supports a substantial tourism industry. Protected areas in Thailand designated as
national parks permit tourism activities within their boundaries; however, wildlife sanctuaries are not open
to tourists (UNEP 2011)Due to its proximity to Bangkok, parts of the complex attract large numbers of
tourists, particularly Khao Yai National P&itam 20032007, Khao Yai National Park averaged approximately
904,845reportedtourists per year, increasing during that petiat a rate of 6.94% per annufRhumathan
20100 ¢ KAda NBLINBaSyida ' airA3ayAaATFAOryid &2 dzZNIB&her®14;NS5 ISy
Bangkok Post 2(&).

DPKY is situated withinpimarily humandominated landscape ofiuman settlements, agriculture,
industry,and silviculture. Major crops include cassava, rice, corn, and sugar cane. Large forest plantations
primarily consist of eucalyptus, rubbemd, to a lesser degree, oil palm. The area around the complex also
supports industrial actities such as sugar processifigere are no recognized indigenous communities living
within or around the complefUNEP 2011)

Managemet and oversight of the complex falls under the Department of National Parks, Wildlife
FYR tflyd /2yaSNBlFGA2Y 05bt 03 ntlahdNWatura? Fesotrées (MONRE;R Q &
DNP2004p 2 A0KAY GKS 5btX 5tY,Qa ylraAz2ylf LI NJa | NB :
Yai Wildlife Sanctuary is governed under the Office of Wildlife Conservation.

5tY, Qa LINRPGSOGSR | NBF NI y3SNEA rcdmenddperatich§(suchSad | £ |
patrolling) and detain individuals suspected of breaking protected area laws. Legal cases are most often

transferred and administered by the Royal Thai Police (RTP). Enforcement may bai@agoyeother units
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within DNPsuch asgts Protection and Suppression Divisiamn,the Royal Thai Army (RTA), Border Army, and
other agenciegAsh 2015p wl YyISNAE O2y RdzOG NB3IdzZ I NJ LI GNRBf & Ay E
depending on the park and resources available. There are no official buffer zones in DPKYiedsbglefi
Dudley (2013) Some areas of foresilong or near park boundaries are directly adjacent to farmland,
NELINBASYdGAy3a I aKIFINRE 02dzyRIFNBE® LYy o62dzyRIFNE | NBI &
are denuded by human incursions into parks, forest land undergoes a more gradusdidran

DPKY, in recent decades, was subject to a number of significant human pressures which may have played

a major role in shaping the current state of wildlife conservation in the area. Up until reckhtiy Yai
National Parkvas home to a number ofillages in what is currently the park headquarters gtgmam et al.
2006) InThap Lan National Parthe area was subject to occupation by a contingent of communist insurgents
in the 19709Ash 2015; Stokes 2017hevicinity of DIKY was also home to a large number of Cambodian
NBFdzASSa Ay GKS mMdptTnd YR SINI@ mpynad ¢KAA AyOf dz
refugeesnear Ta Phraya National PgiRussell 1987)Site Il was renowned for its lawlessngbsrmand
1990)and anecdotal evidence suggests that the hunting of large maswad rampant. The area also
supported a training camp for Khmer Rouge sold{gsgiam et al. 2006)Some parts of the complex also
attracted sport hunting in the 1980s and earl99Ds(Lynam et al. 2006).0gging concessions were also
present in some parts of the complex, particulaflgap Lan National Pafkynam et al. 2006)National
highway route 3462, was constructed in 198889 along a nortisouth orientation through the middle of
TLNPand Pang Sida NRsh 2015)The road remained unpaved following its construction in 1988 ard
was closed to the public in 20@RJCN World Heritage Outlook 202This history ohumanpresenceand

infrastructurelikely resulted irconsiderablepressure on local resources and wildlife.

4.2 Potentialthreats in the Dong Phayaydé¢hao Yai Forest Complex
While all protected areas in the complex have shared borders, the complex is only partially contiguous.
Major roads split the complex in twareas along national highwakoute 304 between Khao Yai National

Park and Thap Lan National Park, and nationdivwey route 348 which splits parts of Ta Phraya National
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Park and Dong Yai Wildlife Sanctuary. Both highways are a potentially significant source of anthropogenic
disturbance and barrier for effective wildlife migratigwilcox and Murphy 1985; Forman and Alexander
1998) Route 304 is the main road transportation link between northeast Thailand and a major shipping port
in Laem Chabang, resultingsabstantialvehicle traffic(Ash 2015)UNESCO has highlighted this as a source
of concern and has requested Thailand to mitigate the effects of these highfi®&iESCO 2013, 2014
highway expansion project along Route 304, which includes various structures to allow movement of wildlife
has been completed thougits effects are uncertain. dNsuch crossing structes have been planned for
Route 3491UCN World Heritage Outlook 2020)

Humanencroach®@y i Ay (2 5t Y, Qa LINRPGSOGSR I NBlFa KIFa 0SSy
and agricultural land have claimed approximately 21.5%LMNRUNEP 2011yith an estimated additional
10% considered denuded or heavily imgtby human activitysuch agattle grazingAsh 2015)This, along
with encroachment irKYNPand DYWShas been subject to a lorginning encroachment crackdown by
authorities in recent year@arukatat 2014; Praiwan 2015)

While legally protected, certain infrastructure projects have been permitted inside DPKY. Notably, this
includes the constructiomwf tourist facilities, particularly itKYNRUNEP 2011)The construction of dams
have resulted in the inundation of some parts of the complex, most recently the Huay Samorig Dam
Naruebodindrachintaeservoir,which has inundated small parof Thap Lan and Pang Sida national parks
(IUCN World Hesage Outlook 2020)

Border areas of DPKY are subject to human disturbance in the form of villagers collectindrém-Ps
timber forest productspndwildlife poaching (Ash 2015)Wildlife poachingdpy local residentss reportedto
be relatively common near park boundaries that are moceessible to villages. Most poaching is believed
to be for subsistence rather than for trade purposes and is often indiscriminate. Rangers report species
poached are often smaller species such as munijfun{iacus vaginalis mouse deerTragulus kanchjl
squirrels, civets, and other rodents, but may also include larger species such as wilSumscrpfp bears,
sambar deer Rusa unicolgr or serow Capricornis milneedwardyiilllegal logging has been an ongoing

source of concerpparticularly for osewood Dalbergia ssp. The high value of rosewood has attracted large

17



Chapterl
numbers of armed poachers in recent years @donsidered a major threat to both rosewood and wildlife
species ilDPKYAsh 2015)
DPKY, as a World Heritage Site, has come under close scrutiny by UNESCO in re(eNE8a0 2013,
2014) The UN agency has expressed concern over a number of issues, including illegal logging, cattle grazing,
roads dams and other potential infrastructure projects. This has prompted UNESCO to comssigmation
of DPKYo its List of World Heritage in Dangerhich has been avoided in recent committee sessions

(Chanatinart 2013UCN World Heritage Outlook 2020)

4.3Tigerresearchin the Dong Phayayelkhao Yai Forest Complex

Prior to the research described in this thekinpwledge @ the status oftigers in DPK¥as been
incomplete While there have been a number of tigtudies conducted in other parts of Thailand, including
2y3A2Ay3 Y2YAG2NAY3A 2F GAISNE Ay ;Sikdhakoer eyak ZDA7, 20833 G S N.
Duangchantrasiri et al. 2016bhis is not the case for DPKRfior to this thesis,ere had been o major
publications released, specific to DPKY, in which tigers the focal species of interestnsight into tigers
in DPKY have primarily been the resafligeneral assessments of faunal communities, other carnivores, or
speculation based on interviews or personal communicat{bgaam 2001; Kanwatanakid et al. 2002; Lynam
et al. 2006; Jenks et al. 201Eurthermore these previous studies wefflecused orkKhao Yai National Park
which suggested tigers were, at best, present in low numbers.

A personal communication cited keynam et al(2006) claimed four to five tigers were present in
Khao Yai National Pddkda K S| Rj dzI NJi-B8EH ynan{@B01)photggraphdxiiwo tigers within 400
cameratrap nights CTN) in KYNP between 1999 and 2000. The same study estimated low numbers
elsewhere in the complex (4.8 tigers were estimated to occufhap Lan National PgrkNo tigers were
photographed in a later study iKhao Yai National Pariwhich was conducted amss 6,260cameratrap
nights CTN from 20032007 (Jenks et al. 2011)

A study of birds and mammals in DPKY_yayam et al(2006) combined camerdrap surveys with

track/sign data and interviews. Cametrap surveys were conducted from 192800 inKhao Yai National
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Park Thap Lan National Parka Phraya National PadndDong YaWwildlife Sanctuarythough surveys were
notably more geographically expansive in KYNP. Catraggaelative abundance indices (RAI; detections per
100 trap nights) for tigers iikhao Yai National Pankere relatively low. No tigers were photographeditrap
Lan National Parkra Phraya National Parar Dong Yai Wildlife Sanctuatphough tracks were reported in
Thap LanPang Sida National Pankas not included irthese cameratrap surveysand authors speculated
that prey densities were insufficient to support tigers Ta Phraya National Pade Dong Yai Wildlife
Sanctuary These results were also included in a natiestalle felid study bigoprasert et al(2012) Lynam
(2010 OAGAYy3d (GKSaS NBadzZ Ga yR LISNE2Z2YIl f HaggvoodziA OF G 7
ones alR (i ¢graughélower thanpreviouslysuggestedSmith et al. 1999)Evidence from these studies,

particularlythose in later years, suggest that tigerskhao Yai National Pavkere disappearing and may

have been extirpated.

5. Methods in Tiger Ecology and Conservation

Given the precarioustatus of the tigetin Southeast Asiand Thailand, a comprehensive review of
the status and ecology of the tiger in DPKY, a population of potential importance, has been overdue. Tools
available for studying vulnerable species such as tigers are diverse, enabling quantitative and qualitative
assessments of demographic traits, habitat use, and behavioural patterns necessary for developing
management strategiedNorris 2004)However, there are a number of aspects of tiger ecology and behaviour
that merit careful consideration in conducting research on tigers.

Application of research tools for tigehas been the subject of exteive discussion and revision
(Karanth and Chundaw@002; Karanth and Nichols 2012} the sitelevel, the tigeris inherentlydifficult to
monitor. It is notably elusive, ranges over large areas, and may be present in extremely low dentsises
factorscreate logistic and resource constraingd ntroduce distinct methodological challengésaranth
and Nichols 2010; Sunquist 2010)

Tools such as cameteaps can be helpful for answering fundamental questisush as where tigers

occur (presence/absence), minimum number of individuals, potential prey, threats, and breeding. Placement
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of cameras may be opportunistie.¢.,ad hoc, lacking broadcale organization) or targeted (part of broader
placement strategybut limited in resources Harihar et al. 2007; Stein et al. 2008; Rovero et al. 2013;
Johnson et al. 2016; Rockhill et al. 2018 is the case for many caradrap based studie¢Burton et al.
2015) If conducted over time, this could contribute valuablesight into tigers and other speciesn
understudied landscapd$tein et al. 2008; Jenks et al. 20aayl provide a foundation for further ecological
enquiries.

With application of specific methodological and statistical frameworks in survey planning,
researchers carnvestigatecritical traits of a tiger population such as estimates of population size and
density. Recently, the use ofameratraps combined with a spatially explicit capturecapture (SECR)
framework (Efford 2004; Royle et al. 2014)as becomea widely accepted method of estimating tiger
densitieswhich can baised tomonitor population change over tim@aranth et al. 2017; Royle et al. 2017)
However,researcheranay face challenges in meeting statistiaasumptionsand ensuring resources are
sufficient to carry outsuchsurveys (Foster and Harmsen 201 articularly for low density or understudied
populations(White et al. 1982; Karanth and Nichols 1998)

Understanding habitat selection is crucial tbe conservation angnanagement of tigers and other
speciesNotably, processes of habitat selection &mberently scalesensitive(McGarigal et al. 203&nd the
relationships between habitat components and their selection by animalg becomplex and nodinear
(Austin et al. 1990)However, few studies have formally evaluatéte effects of scalgMcGarigal and
Cushman 2002; McGarigal et &d1B)and functional response shage. I NJtal aalF R S | f &
2011; MateaSanchez et al. 2015; Devoe et al. 2015; Shirk et al. 201 8)abitat relationshipsThis is
particularlyrelevant totigers and othedlarge mammalsvhich have large home ranges, can disperse large
distanceqSmith 1993; Sunquist 201@nd can be affected by variation in the environment at broad scales

(Krishnamurthy et al. 2016; Reddy et al. 2017; Hearn et al. 20h8gstigations into habitat selection of

‘0 dINDSea dzy RSNLIAYYAYy3I GKS 62N] Ay YdOK 2F GKAa (KS&aAaA
YSSGi GKS RSAONALIIAZ2Y 2F alGlF NBSGSR¢ adz2NwSead C2NJ O2yaAi
G 2 LILJ2 NJi dzy A & (0 hdd éabhera/pladeientin tikeSeNsiveys was conducted as part of a broader strategy to
assess tiger presence with limited resources.
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tigers may benefit fronexplicitly accountingfor scaleandfunctional form §hapg in modelling relationships
with habitat, but, without explicit evaluation on its influence in model performance, empirical evidence
remains scarce.

Along with environmental and habitat considerations, the degree to which prey and human activity
influence tiger presence in an area is similarly import®gyK & SYSNHSR Ay addzRASa
range ashe strongest, or among the strongegtedictors of tiger presenc@Karanth et al. 2011; Harihar and
Pandav 2012; Ngoprasert et al. 2012; Baildleryer et al. 2013 Conversely, studies also report strong
negative associations between tiger presence and anthropogenic disturlfedeyet al.2002; Sunartaet
al.2012) Understanding the degree to which these factors broadly explain tiger presedegendentlyand
confounded could provide critical informatidar the development of protection strategies.

Lastly, igers arenaturallywide-ranging, occur within metapopulations shaped considerably through
dispersal and landscape configuratichK S O2y a0 NAROGA 2y 2F GKS GA3ISNDa
forest across their range threatens to undermine evolutionary psses such as the maintenance of genetic
diversity (Kenney et al. 1995; Vasudev et al. 2017; Thatte et al. 2GF18)her isolation may likelgrevent
restoration of extirpated populations through natural colonizatihinkie et al. 2006; Banerjee et al. 2010;
Thatte et al. 2018)This is of notable relevance to DPKY which is embedded, and potentially isolated, in a
humandominated landsape. Understanding population dynamics, degseef connectivity with other
potential habitat, and how these factors change over tinith potential changes to the landscapeecritical
for developing longerm management and conservation strategiekwever, cevelopment ofsuch models
may be challenging, undermined ncertainty of parameters such as population density, landscape
resistance to movement, dispersal ability, and spatial variation of mortality risklemay be particularly
sensitiveto thesefactorsand their interactions over timenecessitating careful consideration and sensitivity

analysis.

6. Research Aims

Following the suspected extirpation of tigers in Khao Yai National Park, targeted eaapesarveys
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were initiated by Freei R C2dzy RIF G A2y X Ay LI NOYSNBKALI gAGK ¢KIFACf
and Plant Conservation, with the purpose of detecting tigers in other areas of the complex. These surveys,
which began in 2008, included five protected areas (PAs) in.DRKAM surveys documented notable tiger
and prey presence, which provided justification for increased survey effort across DPKY. Evidence from these
surveys suggested the tiger population in DPKY was larger than previously sudggsed 2010and,
potentially, of considerable conservation significantleese surveys have generated valuable data on tiger
presence, prey, threats and other important information, and represtet first dedicated camer&rap
survey oftigers over theentirety of the DPKY landscapé&his has provided a potential foundation for
investigating the status and ecology of tigers throughout DPKY, which is critical for understanding its
conservation importance and developing appropriate management strategies.

Given catastrphic population and range declines elsewhere in Thailand and Southeast Asia,
understanding the tiger population in DPKY is of national, regional,patehtially global importance.
Specifically, | recognize three focal problem statements that guide manesia this thesis

1. The importance of the Dong Phayayhao Yai forest complex (DPKY) within national and

regional conservation paradignimas beenunclear- tiger distribution and densityhabitat use,
prey species, threataand longterm viabilityare rot yet fully understood;

2. Alack of information on tigerbabitat, prey, threats and other factors undermingaanagement

effectiveness; and

3. Previous tiger population surveys by Freeland/DNP have generated significant and valuable

information on tigers, pey, human activityand other areas of conservation importandeit data

is underutilizedand findings are unavailable to the greater scientific community.

To address these problem statements, through this thesis, | aim tan@lyseand describeresults
from these extensiveeameratrap surveys, assesmg the distribution and population of tigers in DPKY)
conduct investigations of the tiger population in DPKY, along lwathtat, prey, and threats that influence

tiger distribution in the landscape;3) evaluate broagcale landscape connectivity, lotgrm population
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assessments on methods commonly used in ecological research.

7. Research Questits
To guide the research in this thesis, each chapter has been developed to answer a specific research
guestion pertaining to tigers in DPKY:
1. What does opportunistic, lonterm monitoring of tigers reveal about the presence of tigers and
conservation sigificance in DPKY?
2. How does habitat selection of tigers explain heterogeneity in tiger distribution in DPKY?
3. How doenvironment,prey, and human factorexplain heterogeneity in tiger distribution within
DPKY;?
4. What is the population density d¢igers in DPKY?
5. Tog KI' G SEGSY(d A& 5tY, Qa a2dzNDOS LRLidzZ a2y 02\
elsewhere in Thailand, and in Cambodia/Pi2R; and

6. What is the potential longerm viability of the tiger population in DPKY and wfeattors affect

this viability?

In addition,some thesis chapters also explaesearch questionpertaining tomethods used in ecological
research, including:
7. To what degree is the explanatory power of habitat selection models affected by spatial scale
and functional form éhapg optimization?
8. To what extent can simulations be used to guide study design for population density surveys?
and
9. How sensitive are population connectivignd viabilitymodels toparametric variationand to

what degree do modelgrameters interact to affeainodelpredictions?
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8. Thesis Overview
| explore the research questions outlined above in six distinct stu@ikeapter 2¢ Chapter J and
provide a summary and syrekis of important findings in a concluding Discussion cha@bafter §. |

briefly describe these chapters below:

Chapter 2 Opportunity for Thailand's forgotten tigers: Assessment of the Indochinese tigganthera tigris
corbetti and its prey with camerdrap surveys

This chapter presents and summarizes results from the first catnapastudy focused on tigers a@w all
protected areas in DPKY from 268817. The goal of this chapter was to assess tiger and prey populations
across all five protected areas of this forest complex, reviewing discernible patterns in rates of detection, as

well as individual persistencevidence of breeding, and presence of other species of interest.

Chapter 3- Optimization of spatial scale, but not functional shape, affects the performance of habitat
suitability models: A case study of tigerBéntheratigris) in Thailand.

The third chapter of this thesimoncurrently evaluates patterns of habitat selection of tigers in DPKY while
providing the first formal assessment of the relative impacts of sgptanization and functional form
(shape) optimizatioron model performance and habitat suitability predictions. This chapter also explores
how the optimization of models influences conclusions regarding tiger habitat selection and spatial variation

of the probability of occurrence across DPKY.

Chapter 4¢ Environmental factors, human presence, and prey interact to explain patterns of tiger presence

in Eastern Thailand

This chapter examines which factors, among prey, human presence, and environmental characteristics, best
explaintiger presence in the Dong Phayay€hao Yai Forest Complex (DPKY). Using survey data described
in Chapter 2 this chapter evaluates the relationship between tiger presence and a suite of prey, human

presence, and environmental variables, using variaraséitmning to discern the degree to which variance
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in tiger detections are explained by these factors independently and confounded.

Chapter 5- Estimating the density of a globally important tigerP@nthera tigrig population: Using
simulations to evaluate survey design in Eastern Thailand

This study highlights the challenges associated with devel@noedust study design capable of generating

a population density estimate for a ledensity population. The goal tfis chapter is to (1) use simulations

to investigate and evaluate spatialxplicit capturerecapture study design, and (2) generate a reliable
estimate of density for a population of tigers in DPKY. Simulations were conducted on different camera
trapping arrays with variations of model parameters. Simulation predictions were then compared with real
world performance to validate this approach. Importantly, this chapter also generates a baseline estimate of

tiger density and population for future evaluatio

Chapter 6- How Important Are Resistance, Dispersal Ability, Population Density and Mortality in
Temporally Dynamic Simulations of Population Connectivity? A Case Study of Tigers in Southeast Asia
Usingspatially and temporallyexplicit simulations, this chapter provides an evaluation of the sensitivity of
population distribution, abundance and connectivity of tigers in DPKY and beyond, to variations of resistance
surface, dispersal ability, populatioremksity, and mortality. Specifically, this study tests the effects and
interactions of these factors on predicted population size, distribution and connectivity, as well as
displacement and divergence in scenarios across timesteps. This chapter proviggs in® how
conclusions on landscape connectivity and persistence of speitighis case, tigers in DPKare affected

by the variation and interaction of these factors.

Chapter 7 - Tigers on the edge: Mortality and tedscape change dominate individudlased spatially
explicit simulations of a small tiger population
This chapter utilizes an individuahsed, spatialkexplicit population modelling approach to evaluate the

relative effects of potential landscape changeesarios and mortality risk on the probability of tiger
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persistence in DPKY. Concurrently, this chapter includes an evaluation of the relative effect of, and sensitivity
of predictions to, spatialbgifferential mortality risk, landscape resistance trangfation, and maximum
potential population density. Ultimately, this study aims to generate insight on the factors likely to affect
tiger persistence for the development of conservation and management strategies in DPKY while highlighting

key considerationor spatiallyexplicit population modelling for other threatened species.

Chapter 8- Discussion

The final chapter of this thesis provides a broad summary and synthesis of the results from the previous
chapters and explorethe implications of these results on the conservation of tigers in DPKY and for methods
in large carnivore researchmportantly, this chapter aims to highlight notable findings for the development

of management strategies and further research, amhtextualizes results within the broader realm of

conservation in Thailand and Southeast Asia.
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Dramatic population declines threaten the Endangered Indochinese Bgethera tigris corbettiwith

extinction. Thailand now plays a critical role in its conservation, as there are few known breeding populations
Ay 20KSNJ NI y3IS O2dzy (i NXKKaa vai Fbriést Gofnplex R eéognizet istan impgoktant: & S
tiger recovery site, but it remas poorly studied. Here, we present results from the first canterp study

focused on tigers and implemented across all protected areas in this landscape. Our goal was to assess tiger
and prey populations across the five protected areas of this foresipéex, reviewing discernible patterns

in rates of detection. We conducted camedrap surveys opportunistically during 20@817. We recorded

1,726 detections of tigers in 79,909 camérap nights. Among these were at least 16 adults and six

cubs/juveniles from four breeding females. Detection rates of both tigers and potential prey species varied
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considerably between protected areas over the study period. Our findings suggest heterogeneity in tiger
distribution across this relatively continuous landscapetentially influenced by distribution of key prey
species. This study indicates that the Dong Phayd#§feao Yai Forest Complex is one of the few remaining
breeding locations of the Indochinese tiger. Despite limitations posed by our study designdngdihave
catalysed increased research and conservation interest in this globally important population at a critical time

for tiger conservation in Soutkast Asia.

KeywordsBos gaurusdistribution; Dong Phayayehao Yai Forest Compjémdochinese tigr; Panthera

tigris corbettj prey abundancgRusa unicolqQiSus scrofa

1. Introduction

The tigerPanthera tigridhas suffered catastrophic declines in its population (96%) and habitat (95%)
over the past centurfNowell and Jackson 1996; Goodrich et al. 2015; Wolf and Ripple. 2didence
suggests only 42 sioce sitesi(e., sites with breeding populations that have the potential to support future
recovery of the tigeroveralargerNB I 0 NB Yl Ay | ONR &a ( KE@G.RISDdugeatQ NI vy
range;Walston et al. 2010Habitat loss has been particularly acute in South and SeasghAsia, with a 41%
reduction from 1996 and 200@anderson et al. 2008nd an estimated forest losg @1,134kn in priority
tiger conservation landscapes from 2001 to 2QJddshi et al. 2016)

The Indochinese tigdPanthera tigris corbetiis one of six extant tiger subspecies and is categorized
as Endangered on the IUCN Red (ligham and Nowell 2011; Goodrich et al. 2016)was historically
distributed throughout most of mainland Sou#tast Asia(lLuo et al. 2004, 2019cross Cambodia, Lao,
Myanmar, southern China, Thailand, and Viet Naynam 2010)Evidence suggests three range countries
(Cambodia, Lao and Viet Nam) have lost viable populations, and the Indochinese subspeciealifigefprqu
Critically Endangered statyéynam and Nowell 2011Pespite previous evidence ofvéable breeding
population in Nam Et Phou uey National Protected Area in Lalmhnson et al. 2006; Vongkhamheng 2011)

recent evidence suggests tigers may have been extirpated from the coiiRdigphone et al. 20197igers
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are probably extinct in Cambodia, prompting plans for reintroducti@nay et al 2017)and, in Viet Nam
there have been no confirmed tiger records in > 20 ydéhymam and bwell 2011) A paucity of reliable
population data in current range countries has obscured these dec{izzam and Nowell 2018nd
information on remaining populations is heeded urgently.

It is possible that the only remaining source sites for the Indochinese tiger are in Myanmar and
Thailand. However, studies in key landscapes in Myanmas Hacumented low and potentially declining
numbers(Lynam et al. 2009; Rao et al. 2010; Moo et al. 2018; Naing et al. Z¥if@ycing the imporance
2T C¢CKFIAfFYR Fa GKS GAISNDRE f1ad adNRpy3akK2tR Ay (K
population was estimated to be 1§R50 individualgPisdamkam et al. 20104 recent, updated government
report included landscapsepecific population estimates of at least 1028 individual§DNP 2016)with
potentially only two viable populations of #gs, in the Western Forest Complex (25,008kand the Dong
PhayayerKhao Yai Forest Complex (6,155km Eastern Thailand.

Although a number of tigefocused studies have been conducted in other parts of Thailand,
including ongoing monitoring in the Wiern Forest ComplefDuangchantrasiri et al. 201,6Jata from the
Dong Phayayeithao Yai Forest Complex are limited. Information on tigers there has originated primarily
from general assessments of faunal communities or other carnivores, or from interviews and personal
communicationgLynam 2001; Kanwatanakid et al. 2002; Lynam et al. 2006; Jenks et al. 2ddé&hce
suggests that tigers may have been extirpated in Khao Yai National Park, but almost no information is
available from other areas in this forest complex. Tio knowledge, there have been no studies focusing on
tigers across this forest complex in its entirety. Comprehensive studies on prey species, an important factor
for tiger distribution and persistengg&aranth and Stith 1999; Karanth et al. 2Q@¥ also lacking.

Given catastrophic population and range declineseehere in Thailand and Souglast Asia,
knowledge of the tiger population of the Dong Phayayé@rao Yai Forest Complex is of national, regional and
global importance. Here, we describe results from the first canteqa study focused on tigers and

implemented across all protected areas in this landscape, conducted during;2008. We aimed to assess
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Fig. 1Survey locations in the Dong Phayayémo Yai Forest Complex, which includes five protected areas: Dong Yai
Wildlife Sanctuary, Khao Yai Nationatl&ang Sida National Park, Thap Lan National Park and Ta Phraya National Park.
Survey locations are depicted as 3km grids and shaded according to total survey effort (number of carram

nights) from 2008017. Forest cover adapted frolansen et al(2013)

tiger andprey populations and to identify any patterns in detection frequencies of tigers and prey species
amongst protected areas. Our findings provide baseline information for tigers and their prey, and also
document potentially important information on other mamal species of research and conservation

interest.

2. Methods
Hodm { GdzRe I NBI

The Dong Phayayefhao Yai Forest Complex (DPKY) lies c.160kmeasthof Bangkok (Fig. 1). To
the east it partially borders the international boundary between Thailand amthagest Cambodia. The
terrain is hilly, with altitudes ranging from 100m to 1,351m a.s.l.. The forest complex consists of five
protected areas: Dong Yai Wildlife Sanctuary, Khao Yai National Park, Pang Sida National Park, Thap Lan

NationalPark and T&hraya National ParlODNP 2004)These parks are collectivehscribed on the UNESCO
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Table { dzNBSe STTF2NI F ONRAaad LINE (S OKaRYailFd&Est Compley duriné 20BBI7) v R Q &

showing camerdrap nights and total number of camera stations (stations with paired camera traps in brackets).

No. of cameratrap nights / camerastations (paired stations)

Year Dong Yai W5 Khao Yai NP Pang Sida NP Thap Lan NP Ta Phraya NP
2008 525/ 22 (3)

2009 2,886 / 89 (5)

2010 126/3 (1) 399/26(0) 4,965/ 151 (9)

2011 6,727 1149 (6) 2,172/36 (7)

2012 1,574 /57(0) 2,402 /38 (0) 5,092/94 (11) 1,804 /16 (7)

2013 1,564 / 38 (0) 3,802 /56 (32) 2,260/14(4) 84430 (0)
2014 2,357 /24 (0) 2,294/23 (1) 3,062/18(4) 4,230/66 (2)
2015 210/6(0) 2,539/26 (0) 4,242/22(3) 3,636/15(5) 690/6(1)
2016 1,455/12 (0) 197/3(0) 5,765/27 (10) 10,784 /75 (71)

2017 68/ 4 (0) 437/15(5) 851/ 28 (26)

Total camerarap nights (%) 4,871 (6.10) 7,621 (9.54) 28,698 (35.91) 32,955 (41.24) 5,764 (7.21)
WS, Wildlife Sanctuary; NRational Park

2 JanuaryFebruary only.

World Heritage LIStUNESCO 2017)

The complex contains all major forest types characteristic of eastern Thailand, but is primarily
covered by mixed evergreen and mixed dipterocarp/deciduous primary and secondary forestctirabsins
grassland/scrub areas, some of which are anthropogenic. These forests have been influenced to varying
degrees by a complex history of human presence and exploitation, including logging, settlements, agriculture
and other activitiegLynam et al. 2006 urrently, the complex is surrounded almost completely by a human
dominated matrix of villages, farmland and infrastructure.

We conducted camertrap surveys during MarchOB8;February 2017. The study design was
opportunistic because of limited resources, and data collection for the five protected areas varied in spatial
and temporal extent (Supplementary Fig. 1, Supplementary Material 1), precluding analysis within an
occupancy framework. We placed camera traps in locations suitable for tigers, to maximize detections. Such
locations included geographical or topographic featueeg.(ridges, river valleys) and access roads or trails
likely to be used regularly by tigefi€aranth 1995; Karanth and Nichols 1998 also used tiger tracknd

sign €.g.,pugmarks, scats), and presence of prey species, to identify prospective camera locations.
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We considered consecutive detections of a species at one camera station to be independent if they
occurred after > 30 inutes6 h Q. NJ& Sy . I8dividualftigers werengivan an alphanumeric identifier to
compile detection histories. gérs not conclusively identified were marked as unknown. We calculated
detection rates of tigers and prey #se number of detections per 100 cametap nights, with cumulative
rates reported for each protected area across survey years. Although sucksnd not reliably indicate
abundance(Jennelle et al. 2002; Sollmann et al. 2018% also carried out a comparative analysis of

photographic capture rates for tigers and prey for all five protected areas (Supplementary Material 1).

owSadzZ Ga

Camera traps were active for a total of 79,909 cartes@ nights (CTN) at 914 locations. Survey
effort varied significantly across protectaceas. Thap Lan National Park (32,955 CTN) and Pang Sida National
Park (28,698 CTN) accounted for approximately 77.3%6%3)of total cameratrap nights and ¢.74.18%
(n=678) of stations. Survey effort by protected area and year is summarized in Table 1.

Surveys recorded 1,726 independent detections of tigers during the study period (Table 2). Tigers
were documented in three of the five protected areas (Thap Lan National Park, Pang Sida National Park and
Dong Yai Wildlife Sanctuary), with Thap Lan Mati®ark and Pang Sida National Park accounting for > 99%
of detections (1,203 and 516 detections, respectively). Tigers were detected in Dong Yai Wildlife Sanctuary
only in 2016 (seven detections). Tigers were not detected in Khao Yai National ParkPdwdyEaNational
Park. Detection rates in Thap Lan National Park were higher than in Pang Sida National Park with cumulative
means of 3.65 (range 0.5418) and 1.80 (range 0.8140) detections per 100 cametep nights,
respectively.

In total, at leastl6 adults were documented: seven females, seven males edgartially identified
adults whose sex could not be confirmed (Table 3). A minimum of 12 individuals were documented in Thap
Lan National Park, nine in Pang Sida National Park and two in DoWglflde Sanctuary, with six being
detected across multiple protected areas. The number of individual tigers detected was highly correlated

GAGK adaNDSe STF2NIP® CADBS AYRADGARdZ £ & ¢SNBSWBO2NRS
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Table 2Qumulative tigerPanthera tigrisdetections and detection rates (detections per 100 cardAeap nights) for
protected areas in the Dong Phayaykhao Yai Forest Complex during 2208.7).

Dong Yai Khao Yai Pang Sida Thap Lan Ta Phraya

Year ws NP NP NP NP
2008 15 (2.80)
2009 30 (1.04)
2010 0(0) 2(059) 27(0.54)
2011 229 (3.40) 78 (3.59)
2012 0(0) 0(0) 21(0.41) 58(3.22)
2013 0(0) 47 (1.24) 90(3.98)  0(0)
2014 0(0) 38(L.66) 220(7.18) 0(0)
2015 0(0) 0(0) 82(1.93) 131(3.60) 0(0)
2016 7(048) 0(0) 92(1.60) 493 (4.57)
2017 0 (0) 5(1.14) 61(7.17)

WS, wildlife Sanctuary; NP, National Park

2 JanuaryFebruary only.

(Supplementary Fig. 2, Supplementary Material 1).

Surveys documentesduccessful breeding in 2015 and 2016, with six cubs/juveniles from four adult
females. One litter of two juveniles were photographed without their mother (who could thus not be
identified). One cub (C1), first documented in 2015, appeared to be indepefdemits mother by 2017.

We documented six potential prey species: gBos gaurusbantengBos javanicusChinese serow
Capricornis milneedwardsiiorthern red muntjadviuntiacus vaginalissambarRusa unicoloand wild boar
Sus scrofaWe considered thse species potential tiger prey based on information from Thailand and
St aSsKSNB ¢ A ( KAKaranihkeSal. 20043 SUNGRist 2000; SteinBetz et al. 204Bput one
potential prey species (banteng) were documented in all five protected areas.

Mean cumulative diction rates of sambar (Supplementary Table 1, Supplementary Material 1)
were considerably higher in Thap Lan National Park (14.70 detections per 100 deapengghts) than in
other protected areas (0.08.67), whereas detection rates of other prey sigscwere comparatively lower
in thispark. Mean cumulative detection rates for wild boar were highest in Dong Yai Wildlife Sanctuary (6.67

detections per 100 camermap nights) and Pang Sida National Park (6.66). Sambar and wild boar were

generally deteatd more frequently than other prey species.
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Although tigers were the primary focus of surveys, we also documented a number of other species
(Supplementary Table 1, Supplementary Material 1), with 947 detections of other felids, including the Asiatic
golden cat Catopuma temmincki{35 detections), mainland clouded leopahieofelis nebulosgd158),
marbled catPardofelis marmorat4d30) and leopard caPrionailurus bengalens{g24). We did not detect
leopardsPanthera pardusWe documented 37 mammal speciadatal, including one Critically Endangered,

five Endangered, 10 Vulnerable, three Near Threatened and 18 categorized as Least Concern.

n®AaOdzaadarzy
This study provides insights into tigers and their prey in the understudied Dong Phd¢agery ai
Forest Complex. Most of our detections of tigers were in Thap Lan and Pang$dal parks, potentially
a result of larger survey effort (32,955 and ZB&ameratrap nights, respectively, of a total of 79,909). This
was the result of our opportunistic study design, which prioritized survey areas based on potential or
confirmed tiger presence. Nonetheless, the absence of detections of tigers or thefr@sigiwo of the five
protected areas, despite reasonable survey effort, suggests higher tiger abundance in thesgks/than
elsewhere in this forest complex. Tiger presence across the complex appears to be heterogeneous, but to an
unknown degree. Ourecords from Dong Yai Wildlife Sanctuary are from an area just outside the formerly
known extant range oP. tigris(Goodrich et al. 2015)The lack of tiger detections from Khao Yai National
Park is consistent with speculation that tigers have been extirpated from this protectedlaneam et al.
2006; Jenks et al. 201, 19lthough our survey effort and coverage in this park was relatively low (7,622 CTN).
Although the numbr of tigers we documented in the complex is not a population estimate, our
results suggest the population may be larger than previously assibypam 201Q)and also document the
longterm persistence of a number of individuals in this area (Supplementary Fig. 2, Supplementary Material
1). To our knowledge, the photaaphs of tiger cubs we obtained are the first confirmed records of successful
breeding in the forest complex since at least 1gBgnam et al. 2003, 2006; Jenks et al. 2@ti) confirm
that the site supports a breedingopulation. Breeding and subsequent dispersal could potentially result in

expansion into Khao Yai National Park, and contribute to overall population recovery.
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The presence of prey is an important factor for tiger distribution, density, and persis{gacanth
and Stith 1999; Karanth et al. 2004)s noted by studieslsewhere in Thailan@Steinmetz et al. 2013;
Simcharoen et al. 2014Thap Lan and Pang Sitional parks both had relatively higher rates of detection
of sambar and wild boar, respectively, two species with which tigers have strong assogidtopsasert et
al. 2012)and that are important pres f & S KSNB A y (Surkqdst et 4. AN BiswashhdySanKar
2002; Hayward et al. 2012However, a dedicated prey study is required to determine the extent to which
tigers in these parks rely on these species. Low prey detection rates in Ta Phraya National Park and Dong Yai
Wildlife Sanctuary could explain the abse of tiger detections in these two areas.

We did not detect leopards, which, given that they have similar behavioural patterns to tigers and
can tolerate some degree of spatial overl@aranth and Sunquist 1995; Andheria et al. 208iggests they
may be absent from the forest complex. The Indochinese leopartherapardus delacourias not been
detected recently in other parts of Southeast Asia, suggesting a decline in its population andRasge
Garcia et al. 2016Abundance and diversitf suitable prey are important for the eexistence of tigers and
leopards(Karanth and Sunquist 1995; Andheria et al. 20B¥%3torical overhunting of prey in the forest
complex could have driven competitive exclusion of leopards by tigers or other carn{jtagbar et al
2011; Volmer et al. 2017pirect hunting by humans may have also driven population declines. However,
given the paucity of reliable historical data, the reasons for the absence of the leopard in the Dong Phayayen
Khao Yai Forest Complex remain ungoméd.

Our data could not be used to estimate tiger occupancy or population size because the study design
would violate key assumptions of the appropriate methdéarmsen et al. 2010; Welsh et al. 2013)
Methodologicallyrigorous study designs should be employed wherever possible in mowgtavildlife
populations, but if resources are constrained an opportunistic study design may be apprdpiaailear et
al. 2007;Stein et al. 2008; Johnson et al. 2018khough conclusions that can be drawn from such studies
are limited, they can contribute important insights into species presence in poorly studied(Steaset al.
2008; Jenks et al. 2011)

At the start of this study, tigers were believed to have disappeared from Khao Yai National Park
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Table 3Individual tiger detections during the study period. Cubs are placed under their mother with the exception of

C5 and C6 whose mother was not confirmBthnk cells indicate no detections.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017*

Adult ID Cub ID

M1 2

M2 8 14 11 110 36 81 98 84 181 14

M3 2 3 1

M4 26 24 61 11

M5 3 5 6 122 2 18 41 4 2

M6 17

M7 1 9

F1 1 8 6 2 1 1

F2 4 7 35 29 3
C1 (M) 3 13

F3 1 1 44 33 18 49 51 154 16
C2 (F) 36 9
C3(F) 33 5

F4 1 1 2 1 7

F6 1 3 9 5
c4 (M) 1 1

F7 2 33 2 19

F8 1

*%
C5 (M) 5
C6 (F) 3

UL1 1

UR1 1

UR2 1

U 1 1 4 25 2 10 4 6 11 2

Detections 15 30 29 307 79 137 258 213 592 66

Stations 19 89 173 169 196 138 128 76 116 48

CTN 535 2,886 5,430 8,899 10,872 8,470 11,943 11,317 18,201 1.356

Detection Rate 280 1.04 053 345 0.73 1.62 2.16 1.88 3.25 4.87

1M indicates male and F female individuals; U is used for individuals for which only one itietwgsaphed, with L and R denoting
whether the left or right flank of the individual was captured (sex could not be determined for these individuals anknibvenu
whether UL1 is the same tiger as UR1 or UR2); U without L or R denotes detectiodentifigdi individuals (poor image quality or
partial photographs).

2 JanuargFebruary only.

(Lynam 2001; Lynam et &006; Jenks et al. 201 lipformation was lacking for other areas arebources

were limited. In these circumstances, an opportunistic study design was suitable to address our fundamental
research question, specifically, to confirm tiger presence. Early findings sugdemsesiwere present in the

area, which enabled us &ecure further funding and improved access to resources such as camera traps that
were later used for tiger density and population estimates. Additional funding also enabled investments in
law enforcement, patrebased monitoring and community outreachogrammes. To build on this work, we

recommend additional analyses to model relationships between tigers, prey, threats and habitat required
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for spatial prioritization of protection and recovery interventions.

Our study provides insight into what is probably one of the most important extant tiger populations
remaining in mainland Soutbast Asia. A comprehensive investigation of the tiger in other understudied
sites in the region is urgently needed to generatea@re accurate picture of their statub order b recover
and double the population of wild tiger&lobal Tiger Initiative 2011; Harihar et al. 2Q1&jditional
resources will need to be allocated to implement robust monitoring in sites where tigers remain.

To our knowledge, our work is the first to assess the tiger population acroSxotig Phayayeihao
Yai Forest Complex and suggests this region is important for the Indochinese tiger, which has lost most of its
range in Soutkeast Asia. Our findings establish this forest complex as home to one of the few remaining
breeding populationsf Indochinese tigers, demonstrate the leteym persistence of some individuals, and
suggest heterogeneous tiger presence across the five protected areas, potentially influenced by distribution
of prey species. Our initial results have catalysed increasselarch and conservation investment in this

landscape at a critical time for tiger conservation in Serakt Asia.
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Supplementary Material 1
Opportunity for Thailand? forgottentigers: assessment of the Indochinese tigeanthera tigris corbetti

and its prey with camerarap surveys

INR O ! aKZX AdisofmdNibdchdiriraiad, Tirh Redford, Prawatsart Chanteap, Christopher Hallam,

Booncherd Jaroensuk, Somsuan Raksat, Kanchit Srinoppawan, and David W. Macdonald

Supplementary Material IComprehensive analysis of the photographic capture rate index for tayats

prey for all five parks.

1. Introduction

The use of photographic capture rates (photographic capture rate index, PCRI; or relative abundance
index, RAI) as a correlate with abundance is controvdfSabone et al. 2001; Jennelle et al. 2002; Harmsen
et al. 2010) notably because it fails to account for detection probabilitlemnks et al. (201hjighlighted that
such rates, while not a true metric of abundance and limited in applications, may be useful for opportunistic
cameratrap studies, which have been common across Asia. This includes identifying areas for conservation
interventions and potatial trends to merit further researcfCarbone et al. 2001; Jenks et al. 20This
method wasemployed previously iKhao Yai National Paikdocument species declines and identify species
hotspots to focus further research or management inquiridenks et al. 2011)f used with additional
analysis, such indices can be useful for comparing detection rates between areas of {{iRayest and Linkie
2015, 2016)In addition to the methods described in the main text, we conducted additional analysis on PCRI
to compare rates across protected areas and survey years. However, as such indicesaaraenateasure
of abundance, results should not be assumed to reflect actual differences in abundance. We feel results may

nonetheless be of interest and have therefore included this supplementary information.
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2. Methods

We define PCRI as the number of species detections per 100 cairagnaightso h Q. NA Sy  Si | f
h Q. NJ& S \and eaicuiated this separately per year for each camera station by dividing the sum of
detections for a species by the total number of camtregp nights divided by 100. PCRI values for prey
species were calculated separately for each species as well as for all species combined, calculated as the sum
of PCRI values for each individual prey sgdNgoprasert et al. 2007)

We conducted individual comparisons among PCRI for tig#ikidual prey species, and combined
prey across parks and years using analysis of variance (ANSDWA; and Rohlf 1981Yo determine
significance of differences in mean PCRI between protected areas and years, we applieth@c pagtey
honest significance difference teffukey 1949)examiningdifferences in PCRI between parks, years, and
the interaction between parks and years. We considered differences significant when P <vénp1,

significant wherP < 0.001, and highly significant when P < 0.0001.

3. Results

Tiger PCRI was generally higheiThrap Lan National Patkan Pang Sida National Patkig. 1).
Results of ANOVA and Tukey honest significance diffetestéor tigers in Thap Lan NP and Pang Sida NP
indicated highly significant ®0.0001) differencegn mean PCRI (Table 1), with Thap Lan NP characterized
by a much higher mean PCRI compared to Pang Sida NP. We also found highly significant differences in PCRI
between certain years and for several interactions of park and year. Particularly, meaoPTRipfLan NP
in 2014 were higher than almost all years in Pang Sida NP. In general, mean PCRI in the latter years of the
study (20182016) were significantly higher in comparison to early years (2010, 2012; Table 2), which are
mostly attributable to Thajpan NP.

Differences between combined prey species mean PCRI (Fig. 2) among all variables were highly
significant. Thap Lan NP had significantly higher mean PCRI for prey compared to Pang Sida NP, Ta Phraya
NP, and Dong Yai WS (Table 3). Mean PCRI folL&hddP in 2015 were higher than most years for Pang

Sida NP. Mean PCRI for Khao Yai NP, particularly for 2014 and 2015, were also significantly higher compared
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to those of Pang Sida NP, Ta Phraya NP, and Dong Yai WS. Similar to tigers, prey PCRANyds gjesrein

the later years of the study (2043016) compared to earlier years (2009, 2010, 2012; Tgble 2

A number of notable significant relationships are evident among prey species (Table 3, Fig. 3). For
sambar, mean PCRI for Thap Lan NP was higlaesignificant or highly significant degree compared to Pang
Sida NP, Ta Phraya NP, and Dong Yai WS across a number of years. Furthermore, wild boar mean PCRI in Par
Sida NP was significantly higher than in Thap Lan NP, particularly in 2016. Foifigaeinceds in mean PCRI
were significant for all variables with Khao Yai NP and Pang Sida NP having higher mean PCRI values comparec

with Thap Lan NP to a highly significant degree.

4. Discussion

The significantdifferences inPCRbetweenthe studiedparksover time provide insightinto this
previously understudiediger population. Large and highly significant differences in m@&RI| occur
betweenThap Lan NBnd Pang Sida NParticularly with substantial survey effofthese differencesccur
despite contiguous forest cover between Thap Lan NP, Pang Sida NP, Ta Phraya NP, and Dong Yai WS. Thi
may imply a heterogeneity in suitability of this landscape for tigers, which merits further investigation.

We documented significantly higher P@RIues overall in later years of study compared to earlier
years for tigers, particularly for Thap Lan NP. Higher overall PCRI values over time may have resulted from
population changes during the study period, however, this cannot be confidently conchefsause of
limitations in the study design. It is possible that detection probabilities increased over time as a result of
AYONBFASR |y26fSR3IS 2F ( KoBimirovar@nstinantztrdh p@fdrmandes € | y
Despite the limitations meioned, we can conclude that conditions in at least some areas of DPKY support
breeding and dispersal of tigers, which could provide a foundation for population recovery and expansion
into areas such as Khao Yai NP.

Given that prey is an important factdor tiger distribution, density and persisten¢garanth and
Stith 1999; Karanth et al. 2004; Chapron et al. 2088hificant differences in PCRI of prey between Thap

Lan NP and Pang Sida NP could be linked to differences in tiger PCRI between these parks. We found that
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mean PCRI for sambar in Thap MNthwas significantly higher than in Pang Sida NP, whereas Pang Sida NP

had significantly higher mean PCRI for gaur and wild boar than Thap Lan NP. Elsewhere in Thailand, studies
indicate that sambar, gaur, banterfBetdee 2000; Prommakul 200&)d wild boarNgoprasert et al. 2012)
FNB AYLRNIIFYyG LINBe &aLlSoOoASa T2N) GAISNET 6KAOK A&
(Andheria et al. 2007; Sunquist 2010; Hayward et al. 20d2xn PCRI for comied prey were generally
higher in the latter part of the study period. Although this could reflect increases in prey populations, it could
also be a result of increased detection probabilities.

Given limitations imposed by the study design, we feel arebfd?CRI, although not ideal, was useful
for examining differences in detections in our study overall and to illuminate potential trends for more
targeted investigation. Our assessments are conservative, given that our study design precludes calibration
of PCRI with independent estimates of density or detection probalfiitghols etal. 2010) Further, we do
not make comparisons across species or studies nor do we recommend this approach over occupancy or
markgrecapture based methods. Methodologicatigorous study designs should be employed wherever

possible in monitoring tigergpulations.
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Scientific Name Common Name I.UCN Red DYWS$ KYNP PSNP TLNP TPNP
List Status

Panthera tigris Indochinese tiger EN 7 (0.14) 516(1.8) 1203 (3.65)

Manis javanica Sunda pangolin CR 2 (0.04) 2 (0.03) 7 (0.02) 9 (0.03)

Bos javanicus Banteng EN 7 (0.02) 11 (0.19)

Cuon alpinus Dhole EN 11 (0.23) 109 (1.43) 147 (0.51) 366 (1.11) 3 (0.05)

Elephas maximus Asian elephant EN 309(6.34) 128 (1.68) 1047 (3.65) 1500 (4.55) 5 (0.09)

Viverra megaspila Largespotted civet EN 3 (0.06) 8 (0.1) 7 (0.02) 53 (0.16) 10 (0.17)

Arctictis binturong Binturong VU 1(0.02) 2 (0.03) 11 (0.04) 9 (0.03)

Arctonyx collaris Hog badger VU 5(0.1) 16(0.21) 186 (0.65) 84 (0.25)

Bos gaurus Gaur VU 119 (2.44) 292 (3.83) 815 (2.84) 422 (1.28) 173 (3)

Helarctos malayanus Malayan sun bear VU 33 (0.68) 21 (0.28) 467 (1.63) 144 (0.44) 17 (0.29)

Lutrogale perspicillata Smoothcoated otter VU 5(0.07) 1 (0.003)

Macaca leonina Pigtailed macaque VU 60 (1.23) 275 (3.61) 292 (1.02) 641 (1.95) 86 (1.49)

Neofelis nebulosa Clouded leopard VU 3 (0.06) 19 (0.25) 83 (0.29) 46 (0.14) 7 (0.12)

Nycticebus bengalensis Bengal slow loris VU 1(0.003)

Rusa unicolor Sambar VU 81 (1.66) 661 (8.67) 56 (0.2) 4844 (14.7) 1(0.02)

Ursus thibetanus Asiatic black bear VU 21 (0.43) 35 (0.46) 152 (0.53) 104 (0.32) 10 (0.17)

Capricornis milneedwardsii  Chinese serow NT 2 (0.04) 9(0.12) 93 (0.32) 47(0.14) 12 (0.21)

Catopuma temminckii Asiatic golden cat NT 2 (0.03) 11 (0.04) 22 (0.07)

Pardofelis marmorata Marbled cat NT 2 (0.03) 10 (0.03) 17 (0.05) 1(0.02)

Arctogalidia trivirgata Threestriped palm LC 1 (0.003)

Atherurusmacrourus Asiatic bruskailed LC 6 (0.12) 3(0.04) 144 (0.5) 12 (0.04) 28 (0.49)

Canis aureus Golden jackal LC 10 (0.13) 16 (0.06) 34 (0.1) 10 (0.17)

Herpestes javanicus Small Asian mongoos¢ LC 1(0.02) 16 (0.21) 9 (0.03) 12 (0.04) 6(0.1)

Herpestes urva Crabeating mongoose LC 7 (0.14) 15 (0.2) 152 (0.53) 144 (0.44) 1(0.02)

Hystrix brachyura Malayan porcupine LC 97 (1.99) 181 (2.38) 770 (2.68) 804 (2.44) 22 (0.38)

Lepus peguensis Siamese hare LC 5 (0.07) 1 (0.003) 25 (0.08) 1(0.02)

Macaca fascicularis Longtailed macaque LC 1(0.02)

Martes flavigula Yellowthroated LC 7 (0.14) 4 (0.05) 62 (0.22) 182 (0.55) 3 (0.05)

Muntiacus vaginalis Northern red muntjac LC 177 (3.63) 461 (6.05) 691 (2.41) 724(2.2) 160 (2.78)
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TABLEL continued.

Scientific Name Common Name IUCN Red

List Statud DYW$ KYNP PSNP TLNP TPNP
Paradoxurus hermaphroditus Common palm civet LC 11 (0.23) 74 (0.97) 261 (0.91) 224 (0.68) 25 (0.43)
Prionailurusbengalensis Leopard cat LC 20 (0.41) 51 (0.67) 271 (0.94) 369 (1.22) 13 (0.23)
Prionodon pardicolor Spotted linsang LC 4 (0.01) 9 (0.03)
Rhizomys pruinosus Hoary bamboo rat LC 7 (0.02) 7 (0.02)
Sus scrofa Wild boar LC 325 (6.67) 398 (5.22) 1911 (6.66) 1522 (4.62) 199 (3.45)
Tragulus kanchil Lesser mouseeer LC 49 (1.01) 28 (0.37) 287 (0.1) 40 (0.12) 10 (0.17)
Viverra zibetha Large Indian civet LC 16 (0.33) 114 (1.5) 424 (1.48) 584 (1.77) 9 (0.16)
Viverricula indica Small Indiarcivet LC 4 (0.08) 14 (0.18) 43 (0.15) 198 (0.6) 2 (0.03)
Cameratrap nights 4,871 7,621 28,698 32,955 5,764
Number of Species 27 30 35 33 26

ICR, Critically Endangered; EN, Endangered; VU Vulnerable; NT, Near Threatened; LC, Least Concern.

2DYWSDong Yai Wildlife Sanctuary; KYNP, Khao Yai National Park; PSNP, Pang Sida National Park; TLNP, Thap Lan Natioial Plarkyd Risffignal Park.
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Table 2ummary of Tukey honest sidicance differenceest results comparing differences in mean tiger PCRI values

for and their significance among the interaction between protected areas and years. Only Thap Lan NP and Pang Sida

NP were included because of low or no detections of tigers in other protectbsar

— o~ ™ < ITo) © ~ o — a\] ™ < n © N~
= 4 3 3 3 94 9 3 3 3 33 3 73 @ 7
= = = = = = = = a a a a a a a a
TL10 25 -19 -45 80 3o 32 02 27 04 -04 -12 -16 -1.1 -0.3
TL11| 2.5 06 -19 -38 -1.4 -15 -06 24 -01 29 21 13 09 15 22
TL12| 1.9 -0.6 25 44 20 -21 -12 18 -07 23 15 07 03 09 16
TL13[ 45 19 25 18 05 04 13 43 18 41 33 28 34 42
TL14 38 44 18 23 22 31 61 36 5.1 6.0
TL15{39 14 20 -05 -2.3 01 08 38 13 35 27 47 29 37
TL16 15 21 04 -22 01 09 39 14 37 29 24 30 38
TL17(32 06 1.2 -13 -31 -08 -0.9 30 05 36 28 20 15 21 29
PS10| 02 24 -18 -43 -61 -3.8 -39 -3.0 25 06 -02 -1.0 -1.5 -09 -0.1
PS11| 27 01 07 -1.8/-36 -13 -1.4 -05 25 23 15 10 16 24
PS12| -0.4 29 -2.3 3.6 -0.6 08 -16 -20 -15 -0.7
PS13| 04 21 -15 -4.1 35 37 28 02 -23 08 08 -12 -07 01
Ps14/ 12 -13 -07 -33 -51 -27 29 20 10 -15 16 08 04 01 09
PS15/ 1.6 -09 -0.3 -2.8--4.7 24 -15 15 -1.0 20 12 04 06 1.3
PS16| 1.1 -15 -0.9 -3.4 2980 21 09 -16 15 07 -01 -06 0.8
PS17| 03 22 -16 -42 60 -3.7 -38 29 01 -24 07 -01 -09 -13 -0.8
I ~<o0.0001 Bronnnam X t f A ndaam XK t ndnam X t Xadnp

Table 3Summary of Tukey honest significance difference test results comparing differences in mean PCRI values and

their significance acrosgears for tigers and combined prey species. For tigers, only Thap Lan NP and Pang Sida NP were

included because of low or no detections of tigers in other protected areas.

Combined prey

Tiger

8 8 8§ 3 9 3% 3 & 8 5 8 8 & 4 9 3 3 & 8 5

& & &8 8 8 &8 8 8 &8 & f & &8 8 8 8 &8 8 &8 &
2008 - - - - - - e e 132 160 41 57 -23 -03 -75 -40 57
2009} R -13.2 28 9.1 -75 “—7.4
2010F - --1.5 3.0 HEESEEEEN- .7 -16.0-2.8 -11.9-10.2 -10.2
2011F - 25 10 -09 04 05 13 41 9.1 11.9 1.7 -6.4 -43 -116-81 1.7
2012k - 15 25 1.5 21 20 12 57 7.5 10.2 -1.7 8.0 -6.0 [ig@o.7 0.0
2013t - 380 -1.0 15 -1.8 -0.6 -0.5 0.4 23 155 6.4 8.0 20 -52 -1.7 81
2014f - 09 EElLs 13 14 22 0.3 135 43 6.0 -2.0 7.2 3.7 6.0
2015F - 0.4 21 06 -1.3 0.1 0.9 7.5 11.6 B2 7.2 35 132
2016F - 0.5 20 05 -1.4 -0.1 0.8 4.0 8.1 9.7 17 37 -35 9.8
2017F - 27 -1.3 12 -04 -22 -09 -0.8 5.7 7.4 10.2 -1.7 0.0 -8.1 -6.0 -13.2-9.8

I r<o0.0001 Bronnnam X t F A nadaam X t neamM X t XK nd)
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Table 4Summary of Tukey honest significance difference test results comparing differences in mean PCRI values

amongst protected areas for combined prey, gBas gaurussambarRusa unicoloand wild boarSus scrofa

Combined prey

KYNP PSNP TLNP TPNP

DYWS

DYWS

KYNP 12.3
PSNP -0.3
TLNP
TPNP

Sambar

DYWS

KYNP 7.6
PSNP -1.2
TLNP

TPNP -1.3
I r<o0.0001

-8.8

-8.9

Gaur
DYWS KYNP PSNP TLNP TPNP
-1.3 -0.6 0.8 -0.5
1.3 0.8 0.8
0.6 -0.8 0.1
-0.8 -1.3
0.5 -0.8 -0.1 1.3
Wild boar
-0.3 -0.9 0.8 2.4
0.3 -0.7 11 2.6
0.9 0.7 1.8 3.3
-0.8 -1.1 -1.8 15
-2.4 -2.6 -3.3 -1.5
t f noénnm X t f nénm
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Table 5Summary of ANOVA test results comparing differences in mean PCRI values and their significance among
protected areas (PARK), years (YEAR), and the interaction between protected areas and years (PARK:YEAR). Only Thay

Lan NP and Pang Sida NP were includazhbise of low or no detections of tigers in other protected areas.

Sum of

Mean square Fvalue p Significance
squares
PARK 637.83 637.83 28.12 1.45E07 Fkx
g YEAR 1973.38 219.26 9.67 3.69E14 Fkx
[= PARK:YEAR 408.28 58.33 2.57 1.26E02
Residuals 19598.57 22.68
K PARK 95200.16 23800.04 21.38 2.45E17 Fkx
-;=; & YEAR 114570.51 12730.06 11.44 1.06E17 il
g S PARK:YEAR 55125.62 3242.68 2.91 5.69E05 Fokk
O Residuals 2554308.87 1112.99
5 PARK 122714.90 30678.73 33.43 3.85E27 Fkx
-g YEAR 57491.87 6387.99 6.96 5.76E10 il
8 PARK:YEAR 28359.21 1668.19 1.82 2.11E02
Residuals 2106122.78 917.70
PARK 1267.02 316.75 11.75 1.90E09 Fokk
§ YEAR 652.39 72.49 2.69 4.14E03 *
O PARK:YEAR 2333.33 137.25 5.09 4.46E11 il
Residuals 61876.47 26.96
a PARK 2471.56 617.89 5.58 1.80E04 ok
3 YEAR 5347.12 594.12 5.37 2.69E07 Fkk
) PARK:YEAR 4470.12 262.95 2.38 1.23E03 *
= Residuals 254016.40 110.68
o PARK 2992.86 748.21 21.47 2.10E17 il
-% YEAR 4174.74 463.86 13.31 5.68E21 Fkk
§ PARK:YEAR 2182.20 128.36 3.68 4.96E07 Fkk
Residuals 79994.68 34.86
= PARK 4.56 1.14 4.26 1.94E03 *
Q YEAR 3.91 0.43 1.62 1.03E01
g PARK:YEAR 6.38 0.38 1.40 1.25E01
Residuals 613.90 0.27
= PARK 18.74 4.69 3.05 1.601E02
< YEAR 20.73 2.30 1.50 1.415E01
% PARK:YEAR 17.41 1.02 0.67 8.375E01
Residuals 3521.12 1.53
*p<0.01.
**p < 0.001

***p < 0.0001
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Table 6Summary of Tukelgonestsignificance differenctest results comparing differences in observed mean PCRI for
combined prey, confidence intervals, adjusteergdues (p), and their significance among the interaction between

specific protected areas and years (PARK:YEAR).

. Difference in L°.Wer Upper N

Variables Means Confidence Confidence P Significance
Interval Interval

TL:2015PS:2012 41.08 22.55 59.60 3.06E11 Fokk
TL:2015TP:2014 41.51 22.85 60.17 3.06E11 Fokk
TL:2018PS:2011 41.54 23.60 59.49 3.07E11 rohk
TL:2015TL:2010 41.75 23.40 60.11 3.07E11 ok
TL:2018PS:2015 40.03 20.10 59.97 3.27E11 Fokk
TL:2015TL:2009 38.55 18.62 58.48 4.98E11 Fokok
TL:2015KY:2012 41.22 18.78 63.67 3.81E10 ok
TL:2015PS:2013 37.62 17.04 58.20 4.79E10 ok
TL:2018DY:2012 41.18 17.69 64.67 3.89E09 ok
PS:2016rL:2015 -32.35 -51.02 -13.67 6.98E09 Fork
TL:2016PS:2011 20.01 7.71 32.30 1.15E07 Fork
TL:2015TP:2013 46.52 17.76 75.28 1.48E07 ok
TL:2016TL:2010 20.22 7.34 33.10 5.05E07 ok
TL:2015PS:2014 34.88 11.95 57.81 1.67E06 Fork
TL:2016TP:2014 19.97 6.67 33.28 2.74E06 Fork
TL:2018DY:2013 37.85 12.58 63.12 2.93E06 ok
TL:2016PS:2012 19.54 6.42 32.66 3.65E06 ok
TL:2013PS:2011 29.09 9.36 48.83 5.21E06 ok
TL:2015PS:2010 48.44 15.55 81.32 5.33E06 Fork
TL:2013TL:2010 29.30 9.20 49.41 7.71E06 Fork
TL:2015TL:2014 29.69 8.91 50.47 1.50E05 ok
TP:2014TL:2013 -29.06 -49.45 -8.68 1.61E05 ok
TL:2013PS:2012 28.63 8.36 48.89 2.16E05 Fork
PS:2015ML:2013 -27.58 -49.14 -6.02 3.79E04 *x
DY:2016TL:2015 -34.76 -62.00 -7.51 4.10E04 xx
TL:2015TL:2011 28.87 5.95 51.80 5.69E04 *x
KY:2014°S:2011 23.12 4.62 41.62 6.85E04 *x
TL:2016TL:2015 -21.54 -38.78 -4.30 6.94E04 *x
KY:2018°S:2011 23.37 4.46 42.28 9.03E04 *x
KY:2014TL:2010 23.33 4.44 42.23 9.19E04 xx
TL:2016PS:2015 18.49 3.45 33.54 1.03E03 *
KY:2015TL:2010 23.58 4.29 42.88 1.18E03 *
TL:2013TL:2009 26.10 4.54 47.66 1.47E03 *
TL:2013KY:2012 28.77 4.88 52.67 1.67E03 *
TP:2014KY:2014 -23.09 -42.28 -3.90 1.69E03 *
TP:2015TL:2015 -41.67 -76.64 -6.71 2.10E03 *
KY:2015TP:2014 23.34 3.75 42.93 2.10E03 *
KY:2014PS:2012 22.66 3.60 41.72 2.22E03 *
KY:2018°S:2012 22.91 3.45 42.37 2.76E03 *
TL:2013DY:2012 28.73 3.84 53.61 4.15E03 *
TL:2017TL:2015 -33.63 -63.12 -4.15 5.30E03 *
TP:2013TL:2013 -34.07 -63.98 -4.16 5.45E03 *
TL:2013PS:2013 25.17 3.02 47.33 5.74E03 *
TL:2016TL:2009 17.01 1.97 32.05 6.31E03 *

* Significant (P < 0.01).
**Very Significant (P < 0.001).
*** Highly Significant (P < 0.0001).
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2008

Dpng Yai WS

Pang Sida NP

2010

Ta Phraya NP

2009

201

2016

2017

Survey effort

International boundary |:| 25-50 \:| 75-100

E Protected area boundary |:| 0-25 D 50-75

[] 100-200 [ 300-400 [ 500-1000
[] 200-300 [ 400-500 ] 1000-2000

Fig. 1Spatial extent of surveys in 20817, shaded according to total survey effort (numbecaferatrap nights).
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Number of years
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Tiger ID

Fig. 2Number of years between first and last confirmed detections of individual adult tigers, indicating the minimum
length of persistence within the study site since first detection. Five individuals were detected over a peBqtiOof

years, six individuals were detected oveb3/ears, and another six were documented in 1 year during the study.
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Fig. 3Boxplot of photographic capture rate indices (PCRI) of tigers for Dong Yai WS, Pang Sida NP, and Thap Lan NP over
the studyperiod (20082017). Boxes indicate the range between 25th and 75th percentiles, with an internal line

designating the median. Whiskers indicate the range between minimum and maximum values, with dots representing

outliers.
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Fig. 4Boxplot of photographic capture rate indices (PCRI) of combined prey (s&uabamunicolgmwild boarSus scrofa
gaur Bos gaurusnorthern red muntjacMuntiacus vaginalisbantengBos javanicusind Chinese seroWapricornis

milneedwardsji for eachpark in DPKY over the study period (262817).
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Fig. 5Boxplot of photographic capture rate indices (PCRI; detections per 100 cérapraights) of prey species (a)

gaur, (b) sambar and (c) wild boar, for each park in DPKY over the study periog(2008
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Abstract

ContextSpecies habitat stability models rarely incorporate multiple spatial scales or functional shapes of a
aLISOASEAQ NBalLkyasS (2 O02@8FNAIFGS&ad hLIWGAYATAYy3 Y2RSft
AYF2NXYEFOGAGBS KFEOAGEG &dzh (1 ofde thé dorservetdrRobrard ahd endangeréd O y
species, such as tigelRgnthera tigri$.

Objectives S LINEJARS (GKS UNBG F2NXI | aafinizatoSandshapd G KS
optimization on model performance and habitat suitability pitins. We explored how optimization
AYybdzSyO0Sa O2yOfdzarazya NBIFINRAYyI KFEoAlGIG aSt SOGAz2y
MethodsWe collated environmental variables expected to affect tiger occurrence, calculating focal statistics

and landscape metricat spatial scales ranging from@%b to 16km. We then constructed a set of presemce

absence generalized linear models including: (1) siscgde optimized models (SS@) a multiscale
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optimized model (MSO); (3) singdealeshapeoptimized models (SSS@nd (4) a multscale and shape

optimized model (MSSO). We compared performance and resulting prediction maps for top performing
models.

ResultsThe SSO €km), SSSO ¢km), MSO, and MSSO models performed equally well (BI9¢C However,

these differed substantially in prediction and mapped habitat suitability, leading to different ecological
understanding and potentially divergent conservation recommendations. Habitat selection was highly scale
dependent and the strongestelationships with environmental variables were at the broadest scales
FyrteaSRe® a2RSttAy3 | LIINBFOK KFER | adzmadltydalft Ay
Conclusion®ur results suggest that optimization of the scale of resource selectiamdgkin modelling

tiger habitat selection. However, in this analysis, shaptmization did not improve model performance.

Keywordsfunctionalform; habitat selection Panthera tigris scale-optimization shape-optimizatiors Dong

PhayayerKhao Yai Forest Complex

1. Introduction
Much of modern ecological analysis is underpinned by ecological niche tfiéighinson 1957)At
the center of ecological inquiries is the organjswith its distribution, abundance, and survival dictated by
Ala yAOKS:I RSUyYSR | a | 7T dzyrdlimérgighal Bypervolum¥ aficaitiuotdsl & 2 dz
spacg(Hegel et al. 2010; Blonder 201&he proliferation of moderanalytical toolgElith et al. 2006; Blonder
2018)and increased computational power to quantify these fundamental and realized niches has advanced
0KS UStR 27F f I yR 30 mddSpove@phata seledtioh Rod8lliftiegel et al. 2010)
However, such assessments, even for \stitied spea@s, are rarely straightforwarMayor et al. 2009)
Gradients of factors along niche hypervolume axes carb#&xdumplex patterns across a continuum
of spatial scalegCushman 2007; Hegel et al. 201®)ith organism response$o its environment
aAYdz GFyS2dzat e Ayabddadase@eRenvirahmental GtikibutegyWigns 1976; Johnson et

al.1992; Levin1999) 2 aAy 3t S aLJ GALf &0l f$S A& -habidtiel@dionshipg & dzF |
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Thus, investigations into habitat selection should be conducted at multiple, ecologiglalyant spatial
scales(Wiens 1989; Goodwin and Fahrig 1998; McGarigal et al. 201 &ydition, organism responses to
environmental and other factors, mayot necessarily be lineaAustin et al.(1990) provide evidence of
complex,nof A Y SI NJ 2NHI yA&aY NBalLlRyasSa Ay KFEoAdGFd aGdzRAS:
specieshabitat relationshipgWasserman et al. 2012; Hebblewhite et al. 2014; Timm et al. 2016; Bosco et al.
2019; Macdonald et al. 2019%{owever, related assumptions pertaining to these relationships have largely
been untested.

The importance of incorporating spatial scale into modelling of speltastat relationships is well
established(McGarigal and Cushman 2002; McGarigal et al. 2(H4&)ing to do so can undermine the
performance of habitat selection models and their interpretatif@g., Wassermanteal. 2012; Matee
Sanchez et al. 2014; Shirk et al. 20pbtentially leading to errors of inference and applicat{dMcGarigal
and Cushman 2002; Wasserman et 2012) Optimized multiplescale approaches (see definitions by
McGarigal et al. [20]phave been used to atel habitat selection, limiting factors, and threats for a number
of speciegThompson and McGarigal 2002; Toews 2011; Gonthier et al. 2014; Wan et a).&@iL&pically
out-perform singlescale models in predictive or explanatory powi€anagaraj et al. 2011; Wasserman et al.

2012; MateeSanchez et al. 2014; Timm et al. 2016; McGarigal et al. 2@li§)notable, that despite the
AYONBIFASR O2yaARSNI GAZ2Y 2F a0l tS Ay KI aidlNMdGérigah dzA 4 |
et al. (205B) review paper, few studies have formally applied sagiimization to evaluate the effects of
landscape components on species habitat suitability at multiple scales.

| 2y @SNAStezr (GKS SEGSyid (2 6KAOK (KS iaesdeQiA2yl
functional form) affects model performance has largely been overlooked. Assuming a single response type
for data being modelled may fail to account for different forms of relationship, an assumption that may not
be appropriate even for modetig simple ecological associatiof@ksanen and Minchin 2002ndeed, the
functional form of specieghabitat relationships can vary across habitat characterigiegifern et al. 2006)

and scale§wan et al. 2017)nclusion of variabkd LIS O A Uir@ar fuyttoyal relationships may strengthen
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the relationship between dependent and independentiglles, improving representation of covariates in
top models that may otherwise be obscured and, potentially, improving explanatory p@agle 2006)
Generalized linear models (GLMs) have been the most widsdg approach in habitat modelling
aGdzRAS&T IABSY G KSA NVcGaidaldeh al 20863¢ Mszassunie ¢ eab rBl&tidnshipt A { &
between link functiorransformed predictor variables and explanatory varialfléslder and Wedderburn
1972) However, variables may have uniqueortlinear response shapes. The vast majority of habitat
relationships studies have assumed linear relationships. In the relatively few cases in which different
functional forms have been explicitly investigated, they have typically been restricted ddrafic
relationships(Mateo-Sanchez et al. 2014; Mashintonio et al. 2014; Dzialak et al. 2015; Bosco et al. 2019;
Macdonald et al. 2019 few studies have examined other, morenmex relationship® . | Nytal &8 a&l R}
2011; Fisher et al. 2011; Matetanchez et al. 2015; Devoe et al. 2015; Shirk et al. 2@ltBpugh this
appears not to have widespreagplication. Importantly, no published study, to our knowledge, has formally
compared the performance and interpretation of models with and without functional stoggiienization.
The effect of scaleand shapeoptimization in quantifying species nichasda by extension, species
habitat relationships merits investigation. Our goal in this paper is to explicitly evaluate the effects ef scale
and shapeoptimization on modelling habitat selection, using a globally important and understudied tiger
populationin Thailand as a case study. Tigers are an ideal species in which to investigate this, given large
home ranges(Smith 1993; Sunquist 2000) LJ2 G Sy G A | f  Asfdedebvifodrfenta? Fariaiohl? | R
(Krishnamurthy et al. 2016; Reddy et al. 201ah)d high conservation prioritft ynam and Nowell 2011;
Goodrich et al. 2015)Jsing longerm cameratrap studies, we evaluate how shajsnd scaleoptimization
affect predictive power and interpretation of models in comparison with-aptimized models. In doing so,
6S ftaz2 S@Ffdz S K2g 02 I Nlhgers édthedggredzs gednd skapd A G |
dependency. We test four central hypotheses. First, we expect that habitat selection is highly scale
dependent, with clear patterns of relationship between the scale of analysis and strength of relationship
between occurrence and environmental variables. Second, we expect that, for most variables, the

NBfFGA2YaKALI gAGK GAISNI 200d2NNBYyOS gAff 0SS adNRy3
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YR KAIK aSyardAigrade (2 teanulticaldoptimides siddd & dutperiorimNR =

any of the singlescale optimized models, given evidence from previous studies. Lastly, we expect that shape
optimized models will outperform nooptimized models, given each variable is included with its

independent shape of functional relationship with species occurrence.

2. Methods
2.1 Study site

The Dong PhayayekKhao Yai Forest Complex (DPKY) coveESknt in eastern Thailand (Fig. 1). It
Oz2yairaita 27T UdaolviRaiiche @BkRKYNMRERLaa National Park (TLNP), Pang Sida
National Park (PSNP), Ta Phraya National Park (TPNP), and Dong Yai Wildlife B6&fyThe complex
is relatively mountainous with elevations ranging fronDdao 1,351 m a.s.l. It contains a number of forest
types, but primarily consists of mixed evergreen (77%) and mixed dipterocarp/deciduous primary and
secondary forest (6%). The complex is biologically diverse, suppadihgnammalian species, 392 birds,
200 reptiles/amphibians, and,200 plant specieDNP 2004)and is on the UNESCO World Heritage List in

recognition of its outstanding natural and conservation valUNESCO 2017 urrently, DPKY is almost

completely surrounded by villages and human infrastructure.

2.2 Camerdrap surveys and data processing

From 2008 to 2017, we conducted camérap surveys throughout DPKY to investigate tiger
this period as funding, cameteaps, and related resources increasedyeong diverse habitats across DPKY.
Within these areas, cameras were placed to maximize detection of tigers by prioritizing camera placement
in areas with previous tiger or prey records and identifying topograph@:,(idges, river valleys) or other
features €.g.,roads, trails) likely used by tigefisaranth and Chundawat 2002; Sunarto et al. 2012; Barber
Meyer d al. 2013) To reduce spatial autocorrelation, if more than one camera was present withiGra 30

radius, we selected the camera with the highest number of tiger detections or, if no tigers were detected, by
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and~10tn p Q @ n @& Dang Yai Wildlife Sanctuary (DYWS), Khao Yai National Park (KYNP), Pang Sida National

Park (PSNP), Thap Lan National Park (TLNP), and Ta Phraya Natio(EPRP). Map generated with ArcGIS 10.3.1
(Environmental Systems Research Incorporated, ESRIafRéx] CA, USA, 2011) with forest cover derived famsen
et al. (2013)

greatest survey effort (camesmap nights [CTN]). A more detailed description of surveys is providadtin

et al. (2020mnd supplementary online materials (Online Resource 1).

2.3 Predictor variables
We compiled a set of nine environmental predictor variaid@sed on previous studies of tigers
throughout their ranggWibisono et al. 2011; Sunarto et al. 2012; Ngoprasert et al. ;20afkey et al. 2016;
Thapa and Kelly 2017)hese primary variables were further transformed into more biologically informative
predictor variables (Table 1) using class and landscape level spatial st@i¥lst@arigal et al. 2012Yariables
were prepared inBmNB a2t dzi A2y (2 Sy adshdke vaiiliaddib theSeyivirdniehtz y 2 F
We used SRTM 1 (Shuttle Radar Topography Missioiseaond global elevation datdarvis et al.
2008) which we further transformed into several variables measuring topographic heterogeneity using the
Geomorphometry & Gradient Metrics Toolb{&vans et al. 20140 ArcGIS 10.3.1 (Environmental Systems

Research Incorporated, ESRI, Redlands, CA, USA, Di#ddg.included terrain roughness index (degree of
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elevation differece between adjacent cells), slope position (surface to area ratio) and compound
G§2L123INI LIKAO AYRSE 6/ ¢LO® /(Beken and Kirkby YoZdyith M ET| vRldes b 2 &
associated with ridges and mountaintops and high vahssociated with large, lodying drainage areas.

Percent forest cove(Hansen et al2013)6 & NB Of | 84 A USR Hofedt 2@, NB S C
open forest (2Q40%) and closed forest (>40%). Furthermore, the global land cove(Euwappean Space
Agency 20155 I & Of I & a4 A U S Relevaitiagea chdsésKSincessanizivest tyies/al Forestry
Department 2000were similar or undeNB LINBa Sy G SR Ay 2dzNJ addzRe | NBIlF I
froman2 NA IAY Il f mu OflaasSaod {GNBIYa YR NAGSNE 6SNBE A
rivers/streamgRoyal Forestry Department 2000)

To test associations at different spatial scales, we transformed variables into severscaldti
predictor variables (28m, 500m, 1km, 2km, 4km, 8km, and Bkm). For continuous variables, we generated
focal statistics (focal mean and standard deviation) in ArcGIS using a moving circular window with radius
equal to each scale. For categorical variablescaleulated landscape metrics in FRAGSTMESarigal et
al. 2012using moving windows for each spatizale. For cladsvel statistics, we calculated ar@seighted
mean radius of gyration (GYR, also known as correlation length), which is a measure of mean potential travel
distance within a habitat patch, or habitat extent, and percentage of habitatimvithe focal landscape
(PLAND). At the landscafevel we calculated contrast SA 3 Ki SR SR3IS RSyaAate o/ 29¢
AybdzSyO0S 2F KIoAdGldG SR3ISa @Al GKS RSINBS 2F 02yl
density (PD), a measudd the subdivision of habitat within the landscape ( number of patches divided
o0& IINBlLood [FLadtezs 68 OFtOdzAZ SR [ 33INB3ALGAZ2ZY AYRSE
patches within the landscape. In total, we prepared 47 variatolesvestigate how spatial composition and

O2yU3dNY GA2Y 2F GKS fFyRAOFLIS G OFNR2dza 20Kt Sa A

2.4 Data analysis
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¢t2 aasSaa (K S-ardgHapptm@8iondFmodeDdefodnance, we compared four

approaches: (1) Singkeale optimized models (SSO); (2) A rudéle optimized model (MSO); (3) Single

scale shap®ptimized models (SSSO); and (4) A naaitileand shapeoptimized model (MSSO).

2.5 Model 1¢ Singlescale optimized model approach

To povide a baseline for assessing the effects of optimization on model performance, we developed
a suite of seven independent models, one for each scaleni2b 16km), in which no optimization steps
were applied (singlscale optimized [SSO]). This corregimto whatMcGarigal et ak2016)termedpseudo
optimized singlescale(ms4). For these models, the number of variables was reduced through a series of
filtering steps. (1) Using thgimerfunction in thelme4package in RBates et al. 2014; R Development Core
Team 2017)we produced a univariate generalized linear model (GLM) with a logit link function for each
variable at each scale. (2) We required tpat0.05 foreachW NA | 6 f S® 600 C2NJ It @t
O2 NNBf I (i A 2np 0.6 NEsElEc@A tBeyvdriable with the lowest AlCc value in each univariate GLM
(Burnham and Anderson 2002)
¢tKSasS Ut SNAYy3 adGdSLla NBadZ 6SR Ay GKS AyOfdzairzy 27
of the seven scales (OnlineRe dzNDOS HXI ¢l 6fS HOod ¢2 UYyR GKS Yz2aid L
$S dzaSR (KS Wo A(cGarigal 2008)a két @ furkctibi®s whicfi (Lwproducenbdels for all
combinations of the standardized predictor variables, subsetting the best performing mizoiedsd by
nAICc (defined in our models pAlCc < 2); (2) averaged a final set of models and calculated goeafrfidss
statistics, including propoidn deviance explained for each candidate model; and (3) ranked variable

AYLRNIFYOS Ay GKS FAylLf Y2RSt 6AGK | gYNF 3SR O2S8F°¥

2.6 Model 2; Multi-scale optimized model approach

A 2 4 oA ~ z PN ~

For the multiscale optimized MSOJ2 RSt = 4SS &St SOGSR @K OFrtsS 21

QX

7

G2 GKS UftGSNAY3 adSLE FyR AyOfdaArzy Ay GKS Uyl

~—h

Y

A 2 4 A X

SIOK 40ItS IyR &8t S80GSR IY2y3a O] osyl lowestdRe v@lbeNK | 6t S
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Table 1Variables included in univariate model selection, metrics, and data sauraadscape statistics include focal
mean and standard deviation (SD). Landscape metrics include percentage of landscape (PLAND), area weighted mean
of radius of gyration/correlation length (GYR), contrastighted edge density (CWED), patch density (PD), and
aggregation index (Al)

Variable ID Metric Data Source

Elevation DEM  Focal mean & SC Jarvis et al. 200&ittp://srtm.csi.cgiar.org)
Protected area boundary BOUND Focal mean Royal Forestry Department (2000
Forest class: -Nonforest (0;20%); TC PLAND & GYR Reclassified frorilansen et al(2013)

2-Open canopy (2§10%); 3Closed

canopy ([ 40%)

Forest type: 1-Evergreen; 2Mixed FT PLAND & GYR Reclassified frorRoyal Forestry Department
Deciduous; PDry Dipterocarp; 4 (2000

Reforested Areas;-Bamboo Forest;

6-Secondary Forest/Old Clearing;

Grassland/Scrubland

Terrain Roughness Index (TRI) TRI Focal mean & SC Derived fromJarvis et al. 2008
http://srtm.csi.cgiar.org) andvans et al.
(2014)

Slopeposition SLOPE Focal mean & SC Derived fromJarvs et al. 2008
http://srtm.csi.cgiar.org) andevans et al.
(2014)

Streams/Rivers STRC1 Focal mean Reclassified frorRoyal Forestry Department
(2000

Compound topographic index (i.e CTI Focal mean & SC Derived fromJarvis et al. 2008

flow accumulation) http://srtm.csi.cgiar.organd Evans et al.
(2014)

Land coverclasses: Lropland; 2 LC PLAND, GYR, Reclassified frorEuropean Space Agency

Mosaic cropland; Forest/Natural CWED, PD, Al (2015;www.esalandcover

vegetation; 4Shrubland/grassland cci.org/?g=node/175)

5-Sparse vegetation & bare areas;
Urban Areas; -fVater

pul

Scaled LISOAUO @I NAlFofSa ¢SNBE GKSy AyOfdzRS Ay o Ydzt

(McGarigal 2018}o subset best performing models, calculate goodretl i a G G A& G A OAZ | yF
AYLRNIF YOS Ay GKS Uyl f MGaiyd etal (20K&prned pséude)BptindAed A &4 &

multiple scales (ms5as we optimized our model based on a range of scales deternaipeibrirather than

selecting among an unconstrained range of continuous scales.

2.7 Model Z; Singlescale and shapeptimized model approdc
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To investigate the effects of shajoptimization on model performance, we developed seven
independent singlescale shap@ptimized (SSSO) models, one for each scaléni2d 16km), in which
variables were included at an optimal functional form. To daiee candidate functional forms to
investigate, we plotted nonlinear splines usgigmoin the R packagemisqHarrell 2018between variables
YR OAY2YALf GA3ISN] RS(GSOlA2yad ! Y2y3a NBadzZ GAy3
(quadratic, logarithmic, exponential, and negative exponential). These functions were used to transform
variables at their optimal scaldsy’ dzy A @F NAI 4S D[adX a4 RSaAaONAOSR |62
Ay Of dzZRSRX NBadzZ GAy3a Ay U@S FTdzyOlA2ylf F2N¥a GSads
variable was determined by lowest AlCc value before conducting, asgravioed RS aONA 6 SRX Uf
p-@l f dzS&a FyR O2ffAySINAGEed Ly GKS UOylFft Ydz GAGINRLE
both linear and quadratic terms as separate explanatory variables. We were able to include these quadratic

termsdza A y 3 Wackaigali201B)uie running all combinations of models, providing an advantage

over other similar approaches, suchdigdged . I NIi2.Z HAMYy 0

2.8 Model 4¢ Multi-scale and shapeoptimized model gproach

In the multiscale and shapeptimized (MSSO) model, we include both scalel shapeoptimization. As in

MSO and SSSO models, we determined the best performing shape and scale for each variable by lowest AlCc
Gt dzS 06ST2NE 02y Rupvaldes/aAd collinéabihIh gfct, dariablE€sRvere included in a
Uyt Ydz GAGEFNARFGS D[a |G GKSANI 2 Llappvohch, fodqdadiate | y R
variables, we included both linear and quadratic terms as separate explandtoNdvl 6 f S& dza Ay 3

(McGarigal 2018)

2.9 Evaluating model performance and variable importance
We evaluated model performance in three ways. First, we calculated sensitiwitg¢tly predicted
presence/total points presedt>  a LJS@rictyPredicied absence/total points absemercent correctly

Of FadaXUSRadzyYYINE 2F O2NNBOGf & LINBpRaOpodidr cardetlyy G a |
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Table 2Summary of model performance statistics for singale optimized (SS@jpdels, singlescale shap@ptimized

(SSSO) models, the medtiale optimized (MSO) model, and the msltale and shapeptimized (MSSO) model

Model Threshold PCC Sensitivity Specificity Kappa AUC
SSQG 250m 0.37 0.8700 0.5965 0.9462 0.5873 0.85
SSSO250m 0.46 0.8719 0.5175 0.9707 0.5651 0.86
SSG 500m 0.41 0.8719 0.6140 0.9438 0.5975 0.87
SSSO500m 0.41 0.8681 0.5877 0.9462 0.5798 0.88
SSG 1km 0.39 0.8413 0.5526 0.9218 0.5047 0.86
SSSO1km 0.35 0.8375 0.6579 0.8875 0.5336 0.87
SSO 2km 0.27 0.8145 0.8246 0.8117 0.5391 0.88
SSSO2km 0.27 0.8222 0.7632 0.8386 0.5357 0.88
SSG 4km 0.32 0.8509 0.7456 0.8802 0.5886 0.90
SSSO4km 0.33 0.8547 0.7807 0.8753 0.6062 0.90
SSG 8km 0.40 0.8700 0.6667 0.9267 0.6087 0.91
SSSO8km 0.45 0.8795 0.7018 0.9291 0.6410 0.91
SSG 16km 0.54 0.8929 0.6491 0.9609 0.6601 0.93
SSSO16km 0.54 0.8891 0.6667 0.9511 0.6551 0.93
MSO 0.37 0.8891 0.7456 0.9291 0.6747 0.92
MSSO 0.43 0.8815 0.7018 0.9315 0.6455 0.93

predicted pointsaaccounting for probability of chanieand area under the ROC curve (AUC). We measured
variable importance via AICc variable importance from the model averaging table and magnitude of the

adl yRINRAT RassOEEB@EDI2PY é 8 (SaGSR GKS AybdzSyoS 27 S

[estN
A
w
<

2RSSt @SN 3IAYy3I GFLofS | yR YWassyrhanerRlIS2012)We aisckK S 4
G§Sa0SR GKS AybdzSyOS 27F dhtedKcald@latiNgithediffesence ii prababititg 6f LIS |
tiger detections when the variable increases from the 10th to 100th percentile using standardized values and
holding all other variables constant at their medians. Variables weretoackformed to orignal values and

plotted to evaluate changes in probability of tiger presence relative to changes in each variable. Lastly, we
generated prediction maps to investigate differences in predictions for each modelling approach. These maps
depict spatial variatin in predicted tiger presence, with each cell containing a predicted presence value
ranging from O (absent) to 1 (present). To compare predictive maps between the four top models, we used
three approaches. First, we calculated the correlation betweenpilxel values in each of the four maps.
Second, we calculated the average absolute difference between the pixel values in the four maps. Third, we
Of  aaAUSR GKS F2dzNJ YI LA Ayd2 KAIK lhiph dquality dabitata NB | {

(greder than probability of 0.5). We then used FRAGSTINESarigal et al. 2012p calculate percentage
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of landscape (PLAND), patch density (PD), correlation length (GYR) and laicfestdex (LPI) for each of

the maps.

3. Results
3.1 Model performance

All models demonstrated high predictive performance, with AUC ranging from a low of 0.85 (for the
250msinglescale optimized [SSO] model) to 0.93 for the madle and shapeptimized (MSSO) model and
the top single scaleptimized Bkm models (SSO and SSSO; Table 2). Similarly, the Kappa statistic, percent
20aSNDFGA2ya O2NNBONGRGOT | I3ER USIRESONZRSH &8 ab6kMB (KA 3
SSO, Bkm SSSO, MSO, MSSO models generaliperiibrming smalleiscale SSO models. There was slight
disagreement among these measures in terms of which of these models had the highest pedermaa
16km SSO, 8km SSSO, and MSSO models had the highest performance based on AUC (0.93), MSO had the
highest performance based on Kappa, and thkm SSadthe highest performance based on PCC. All four
of these models had very high performance,wKUC over 0.90, PCC greater than 0.88, and Kappa greater
than 0.64, which demonstrates exceptionally high ability to correctly discriminate between detection and

non-detection points.

3.2 Model interpretation

Although the top models @km SSO, 8km SSSOMSO, and MSSO) each had very high and very
similar predictive performance, they differed substantially in model interpretation. We base model
interpretation on several characteristics: (1) variables included in the model, (2) scale at which each variable
is included, (3) sign of the variables included, (4) variable importance, (5) the shape of variables included in

SSSO and MSSO models, and (6) differences in prediction maps.

3.3 Variables included
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Camera effort (Cam_eff) was included in all four of tig models (SSO, MSO, SSSO, and MSSO), showing

the universally high importance of sampling effort to model prediction. Other than camera effort, only
LISNOSyGF3S 2F o6l Yoz22 FT2NBaid oCe¢puyt[! b50 gFa AyoOfd
indicating that the extent of bamboo forest surrounding a sampling location is a ubiquitously important
predictor of tiger occurrence in the study area. No other variable was included in all four of the top models,
although secondary growth forest (FT_6asvincluded in all four top models based on slightly different

Cw! D{¢! ¢{ YSGiNRO&Z HKAOK YSI&adNB SE(iSyargpgSySaa =2
secondary growth forest (FT6_GYR) was included in MSO6kne SSSO, and MSSO, while petaga of
secondary growth forest (FT6_PLAND) was included ingkm $SO. This suggests that the extensiveness of
secondary growth forest is also an important predictor of tiger occurrence in the study area (with a negative
O2STUOASY (0 d dan YaviatioNdf @ampoiind ®pographicyindex (CTI_SD), a measure of
topographical complexity, was included in MSSO and éniSSO. Focal mean of topographical roughness
index (TRI_FM) andtandard deviation of elevation (DEM_SD), which measure simitabuies of
topographical complexity, were also included in MSSO while standard deviation of elevation was also
included in the 8km SSSO. This suggests that topographical heterogeneity is a consistently important
predictor of tiger occurrence in the studyea. Several variables were included in two of the four top models,

with focal extensiveness of open forest €20% forest cover; TC2_PLAND), included in both MSO and MSSO,
but not in the top SSO and SSSO models. Similarly, focal extensiveness ohdfgrdasaland (LC4_PLAND),

was included in the MSO an@®Kkm SSO/SSSO. Four variables were included in only one of the four top
models, with percentage evergreen forest (FT1_PLAND) and percentage mosaic cropland (LC2_PLAND)
included only in the @kmSSSO, correlation length of reforested areas (FT4_GYR) included only in MSSO, and
correlation length of urban areas (LC6_GYR) included onheid6km SSO. Three variables were shared
between the Bkm SSO and SSSO models while four variables were shetwden both shap@ptimized

models (SSSO and MSSO).

78



Chapter3
Table 3Generalized linear model results for the muditale and shapeptimized (MSSO) model, predicting tiger
presence based on,166 detections of tiger in DPKY (2@2817), including standardizedIeNB & a A 2y O2STFFA O

adjusted standard error,-gcore £), and significancey.

Variable ID j SE (Adj) z p

(Intercept) - -1.367 0.314 4.352  <0.001
% Secondary Forest (16K FT6_PLAND_16000_LOG -0.777 0.210 3.702 <0.001
Correlationlength Secondary Forest (4kkn) FT6_GYR_4000L -0.701 0235 2978  0.003
Camera effort (# trap nights) Cam_eff 1.460 0.309 4718 <0.001
% Bamboo (16knt) FT5_PLAND_16000 1.028 0.525 1.960 0.050
DEM Standard Deviation (16khn) DEM_SD_16000 0.995 0.308 3.226 0.001
% Bamboo (16kn9) FT5_PLAND_16000Q -0.072 0.232 0.309 0.757
DEM Standard Deviation (16kfh) DEM_SD_16000Q -0.866 0.336 2.575 0.010
Focal mean of terrain roughness index (16km)  TRI_FM_16000L 1.165 0.502 2317  0.020
Focal mean oferrain roughness index (16ki) TRI_FM_16000Q -1.671 0579  2.887  0.004
% Open forest (16knt) TC2_PLAND_16000_L -2.353 0.457 5.149 <0.001
Correlation length of reforested areas (8ki) FT4_GYR_8000_L 0.968 0.321  3.011  0.003
Correlation length of reforested areas (8kfh) FT4_GYR_8000_Q -0.555  0.195  2.844  0.004

Shapei(e.,functional form) of each variable is indicated bynear,?Quadratic,-*“Logarithmic.

3.4 Variable scales

Variables were generallgpresented at broad spatial scales. Almost all variables in the MSSO (six
2dzi 2F aS@OSyT ¢+FofS o0 FyYyR af{h 06U@S 2dzi 2F aS@SyT
spatial scales (8 and6km). In MSO, the smallest scale represented Wk®, while the smallest scale
represented in the MSSO wdkm. This representation of broad scales is also evident in the similarly strong
predictive performance of both singkcale optimizedif., SSO and S®) km models compared with
multi-scale optimized models. It is notable that the worst performing model was the SSO developed at the

UySad &LIdlt &O0FES O6wup

3.5 Variable sign

The signs of shared variables remained consistent across our four toplsn&teiables with a
positive relationship with tiger occurrence included camera effort (Cam_eff) and percentage of bamboo
forest (FT5_PLAND) in all models, standard deviation of compound topographic index (CTI_SOHkim the 1
SSO and MSO models, standdeliation of terrain roughness index (TRI_SD) in the MSSO model, and

percentage of evergreen forest (FT1_PLAND) in 8#enlSSSO. Variables with a negative relationship
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Table 4Summary of variable importance among top models, the siagée optimized (£5 I6kmmodel, the single
scale shap®ptimized (SSSOBEmM model, the multiscale optimized (MSO) model and the msliale and shape
2LIAYAT SR 6a{{h0 Y2RStd {LISOAUO YSIiINRO&A AyOfdzRS 'L/ O ¢
probablity of tiger presence with change in variable value from 10th to 100th percentiles. The SSSO and MSSO models

included both lineary and quadraticY) terms for five variables.

AICc Variable Importance Standardized Coefficients N Probability of Tiger Presence
SSO SSSO MSO MSSO SSO SSSO  MSO MSSO SSO SSSO MSO MSSO
Cam_eff 2 5 6 3 1.355 1.487 1.415 1.460 0.97 0.94 0.96 0.92
CTI_SD 1 - 3 - 0.720 - 0.616 - 0.22 - 0.44
0.333 0.995
DEM_SD - 4 - 1 0.86 - -0.8662 0.07 - 0.13
FT1_PLAND - 1 - - - 0.733 - - - 0.12
0.968
FT4_GYR - - - 1 - - - 05550 - - - 0.17
1.028-
FT5_PLAND 2 5 6 2 1.964 1.556 0.988 0.072 0.90 0.70 0.46 0.55
FT6_GYR - 2 5 3 - -0.443 -0.675 -0.701 - -0.10 -0.06 -0.13
FT6_PLAND 2 - - 2 -1.827 - - -0.777 -0.11 - - -0.23
-1.130
LC2_PLAND - 5 0.77(R -0.10
LC4_PLAND 2 2 1 - -0.647 -0.496 -0.486 - -0.08 -0.13 -0.06
LC6_GYR 1 - - - -0.613 - - - -0.04
TC2_GYR - - 2 - - - -0.704 - - - -0.11
TC2_PLAND - - 5 1 - - -1.437 -2.353 - - -0.02 -0.58
1.165
TRI_FM - - - 2 - - - 16710 - - - 0.13
TRI_SD - - 2 - - - 0.384 - - - 0.38

includedcorrelation length of secondary forest (FT6_GYR) in Bken 5SSO, MSO, and MSSO, percentage of
open forest (TC2_PLAND) in both MSO and MSSO, correlation length of open forest (TC2_GYR) in MSO,
percentage of shrubland/grassland (LC4 PLAND) in @tken BSQ 16km SSSO, and MSO models, and
correlation length of urban areas (LC6_GYR) in 81enlSSO model. Three variables in shapémized

models (bkm SSSO and MSSO) exhibited a positive parabolic relationship between probability of tiger
presence and increasing variable values (Fig. 2; Online Resource 3, Fig. 4). These included standard deviation
of elevation (DEM_SD; SSSO/MSSO), focal mean of terugimess index (TRI_FM; MSSO), and correlation
length of reforested areas (FT4_GYR; MSSO). This indibatgsobability of tiger presence peaks at

intermediate values of these variables.
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Fig. 2Partial effects plots for the mulscale and shapeptimized (MSSO) model showing changes in predicted
probability of tiger presence when variables increase from their 10th to 100th percentile, holding other variables at

their medians. Graphic generatéd R(R Development Core Team 2017)
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(ii)

(iii)

(iv)

Predicted Prob. of
Tiger Presence
1

0 20 40 60 Km
0 1 1 1
Fig. 3Prediction maps of probability of tiger presence, with values ranging from 0 (predicted absent) to 1 (predicted

present), generated from the top four fully averaged modg(§ the singlescale optimized (SSO§KmM model, (ii) the
scaleoptimized (MSO) matel, (iii) the singlescale shap@ptimized (SSSOBkm model, and (iv) the scal@and shape

optimized (MSSO) model. Map generated with ArcGIS 10.3.1 (Environmental Systems research Incorporated, ESRI,
Redlands, CA, USA, 2011)
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3.6 Variabldmportance

In the 16km SSO model, AlCc variable importance was similar across variables with the number of
model subsets in which variables were represented ranging fioml to 2(Table 4) Key variables in this
Y2RSt>X Fd RSGSNXYAYSR o0& ail yaye ddBainbos BresOBTS PLAGES Y ( & =
1.964 + 0.314 percentage of secondary forest (FT6_PLAND1.827 + 0.42}4 and camera effort (Cam_eff;
i I ™ ®o p Yariapleswhich demonstrated the strongest effect on probability of tiger presence were
camera effort i n & dpercentage of bamboo foresin (n ¢ chmd standard deviation of compound
topographic index( 1 ®H H 0 P

The Bkm SSSO model exhibited different patterns in AlCc variable importance, with the number of
model subsets in which variables werepresented ranging froom = 1 to 5 Variables with notable
a0FyRINRAT SR O2STUOASY(ax AyOf dzRSRIN LIBNDOSey G InSd r2riFn ¢
2T Y2al A0 ONZR LX=kLV3ID + 6.49F =0t 770!+ 518), andOl YSNI SFF2NI o6/ |
1.487 + 0.311). The strongest effect on probability of tiger presamasevident in camera effory( n ¢ dnd
percentage of bamboo foresp(n ¢.7 n

The MSO model had notable variation in AICc variable importance, ranging frdifior percentage
shrubland/grassland (LC4_PLANDpte 6for camera effort (Cam_eff) and percentage of bamboo forest
OCepyYt[!b50d £ NARF0ofS AYLRNIIYOSS Ay (GSNya 2F (KS
percentage open forest (TQ2 [ ! b5MPrioT 5 ndoncdpv > OF YSNI SFF2NIL 6
LISNDOSy Gl 38 2F o6l Yoz2 FT2NBald oCe¢pyt[!b5T i ' nodyy
greatest among camera effopi(n ®pc 0 X &l Yy RF NR R ST LIKARG AR2yFR 2 Y24}
LISNDSyGlr3IS 2F o6l Yoz22 T2NBad opnonnos FyR &dGl1 yRINR

The MSSO model had some degree of variation in AlCc variable importance, ranging=frbior
standard deviation of elvation (DEM_SD), correlation length of reforested areas (FT4_GYR), and percentage
of open forest (TC2_PLAND)te= 3for camera effort (Cam_eff) and correlation length of secondary forest

6Ce¢cyD, wod {GFYyRINRATSR 02 STNOIBYHIARS AR ADLIT S RT 2 KD
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=Hdopo K NdPnpT0I OFYSNI SFF2NI 6i I wmbdncn 5 ndond

£0.5027 =-1.671+057% | yR LISNOSy(dlFI3S 2F o6l Yo22 F2NBWA 06C¢q
+ 0.232). Variables with the strongest effect on probability of tiger presence included camera effort

(Cam effn n dpH O X LISNODSYy Gl 3S 2F: opWPYE FIMRE 415 NOS/KHHIPtI[S! BFT

3.7 Shape of variables

2 KAf S Umd& formsiayeteiitested during variable selection for thgkm SSSO and MSSO
modelg linear, quadratic, logarithmic, exponential, and negative exponentaly three were represented
in fully averaged models. Quadratic relationships (for which linear teremne also included) were evident in
percentage of bamboo forest (FT5 PLANDBaM(SSSO/MSSO), standard deviation of elevation (DEM_SD)
at 16km (SSSO/MSSO), focal mean of terrain roughness index (TRI_FBRna{MSSO), percentage of
mosaic cropland (LCRLAND) at@km (SSSO) and correlation length of reforested areas (FT4_G8iR) at
(MSSO). Three variabtepercentage of secondary forest (FT6_PLANDPRNIMSSO), correlation length
of secondary forest (FT6_GYR) @k (SSSO), and percentage of evergréarest (FT1_PLAND) adkin
(SSS@)exhibited logarithmic relationships. Linear relationships were observed in correlation length of
secondary forest (FT6_GYR)4kdm (MSSO), percentage of reforested areas (LC4_PLAND; SSSO), and

percentage of open foresTC2_PLAND; MSSO) ékrh.

3.8 Model prediction

Correlation between prediction maps (Fig. 3) for the four top models was reasonably high.
Correlation of the prediction maps for S5S0 was the highest (0.95), followed by M3&S8D (0.92), and
MSS@SSO (0.84; Table 5). Differences between pixel values were generally highest in the central part of the
landscape, within TLNP and PSNP, with SSSO and6&®@®nddels having a notably higher predicted
presence of tigers over a broader area comparedt8SO and MSO models (Online Resource 3, ¥ig. 5
Between these models, SSSO had higher predicted values elsewhere in the complex. Predicted tiger presence

was higher in a smaller core area of the complex in MSSO and lower predicted presence outsiga this a
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Table 5Matrix of correlation (COR) and average absolute difference (AAD) between prediction maps between the
singlescale optimized (SSOPBKM model, multiscale optimized (MSO) model, singleale shap@ptimized (SSSO)
16kmmodel, and multiscale ad shapeoptimized (MSSO) model

SSO MSO SSSO MSSO
SSO 0.09 0.10 0.08 AAD
MSO 0.84 0.17 0.04
SSSO 0.95 0.83 0.15
MSSO 0.84 0.92 0.83
COR

compared with other models. The MSO generally had lower predicted tiger presence in more asrdl
compared to other models though predicted higher probability of presence in certain areas elsewhere in the
complex such as in small areas of PSNP an® KAWrage absolute difference was highest between SSSO
and MSO maps (0.17) and lowest between MSSO and MSO maps (0.04; Table 4).

Percentage of higlquality habitat & 0.7 predicted tiger presence) in the landscape was highest in
the 16km SSSO (~ 12.3%), followed by the MSSO (~ 5.5%)%kheSI50 (~ 4.7%), and was notably low in
MSO (~ 0.7%; Table 6). Extent of 4migh quality habitat¥ 0.5 predicted tiger presenc&jas also highest in
the 16km SSSO (~ 20.8%), followed by t&rh SSO (~ 11.7%), MS$O7.9%), and MSO (~ 4.1%). Ma
high-quality habitat was generally more dispersed in MSO than other models, as indicated by relatively higher
PD, and lower LPIl and/& values, characterized by several distinct patches. Ir6tre3SSO/SSO and MSSO,

both mid-high and high quality habitat were largely represented by single patches.

4. Discussion

The focus of this study was to quantitatively evaluate the relative itgpaicscale and functional
shapeoptimization on model performance, prediction and interpretation in habitat selection studies, using
I JFt2olffeé& AYLRNIFYG GAISNI LR LIz I (-Hepshdehcd of habitdtlk a S
selection in tigrs, and our results suggest it is important for further habitat selection research to formally
S@Ltdzk GS YR 2LIWGAYATS a0FtS Fa | O02YLRyYySydG 2F (GKS

clear effects of optimizing models to account faifetent, nonlinear functional shapes of relationship
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Table 6Landscape metrics of high (> 0.7) andmigh (> 0.5) probability of tiger presence among the four top models.
Landscape metrics include percentage of landscape (PLAND), patch density (PD), largest patch index (LPI), and radius of

gyration/correlation length (GYR)

Habitat Quality Model PLAND PD LPI GYR

HIGH SSO 4.6680 0.0005 4.668 6106
MSO 0.7400 0.0013 0.275 1557
SSSO 12.3025 0.0003 12.303 9767
MSSO 5.4998 0.0005 5.388 6812

MID-HIGH SSO 11.6668 0.0003 11.6668 9599
MSO 4.0950 0.0059 4.0534 6673
SSSO 20.7904 0.0006 20.7506 12,173
MSSO 7.8861 0.0008 7.7687 7739

between speciesccurrence and environmental variables.

I 2yaraidSyid ¢AGK 2dzNJ UNBG KeLRGKSaAasz ¢S TF2dz/F
dependent. There were strong differences in the univariate strength of relationship between most variables
across scale. In addition, we found large differenneaodel performance and interpretation, indicating that
the ability to predict tiger occurrence is strongly affected by the scale in which variables are measured. This
scaledependence in model interpretation is particularly stark between top modelssamaller scale single
a0lItS Y2RSfta o6{{hk{{{h0Od bAYyS @I Nbalesifgi®cale apfimizé2 LJ Y 2
(SSO) models (PBic4kmO YR G Sy @F NA I 6 f S&calelESOMNISSS Wersnat presént it K S 3
top models. This is padularly important, as most past tiger habitat modelling, similar to past modelling for
other large carnivore§Mateo-Sanchez et al. 2018) KI @S dzASR {{h Y2RStacéAiAiliK
1km) focal scale.

Our results reinforce that the lens with which the niche of orgénisA & S @I f dzr i SR &l
NEflGA2yaKALIA 6AGK KFEOoOAGEFGZ KFra | O2yaARSNIotS Ay
scaledependence is evident in other tiger studifRostroGarcia et al. 2016; Krishnamurthy et al. 2016;

Reddy et al. 2017)s well as studies on cheetélRostreGarcia et al. 2015)eopard(Pitman et al. 2017,
Kittle et al. 2018)puma(Zeller et al. 2014and clouded leopar@Hearn et al. 2018; Macdonald et al. 2019)

{d6 & GFYGALE RATFTSNBYOSE Ay VY2RSf AyGSNLINBGIGAZ2Y |

86



Chapter3

analysis is also congsit with numerous studies of other taxonomic groy@fiompson and McGarigal 2002;
Wasserman et al. 2012; Mate€danchez et al. 2014; Wan et al. 2018caledependence in habitat
relationships is a foundational idea in wildlife ecolq@yiens 1989; Levin 1992; Thompson and McGarigal
2002)and critical for analyses which aim to quantify species ni¢Hegel et al. 20100ur results strongly
reinforce this and demonstrate the importance of the scale of analysis for predicting tiger presence.

A majority of variables were most strongly associated with tiger occurrence at the broadest spatial
scaleswhich was consistent with our second hypothesis. In the rschile optimized (MSO) model, 71% of
the included variables were measured at the broadesk() or second broadesB8km) scale. Similarly, in
the multi-scale and shape optimized (MS$adel, 88% were selected at the broadest or second broadest
scale, with more than half at the broadest scale. Notably, there were clear patterns of improvement in AUC
inbothsinglea O £ S Y2RSt | LIWINRI OKSa 06{ { h 6km{SE0ad SSBARodelsIy S
in which all variables were measured at the broadest scale, were the best performing among these single
scale models. The high consistency among these top models clearly suggests that habitat selection for tigers
in our study is largely rated to broadscale habitat factors. These results are aligned with previous studies
on tigers(Krishnamurthy et al. 2016; Rostfaarcia et al. 2016; Reddy et al. 2Q13own bear(Mateo-
Sanchez et al. 2019eopard(Kittle et al. 2018)and clouded leopar(Hearn et al. 2018xll of which found
dominant effects of environmental variables at broad scales. Importantly, however, most hatstamship
studies, even for large bodied and highly mobile animals, typically have utilized&idplet S | y I £ & & A 3
scale €é.g9.,500mg1km) environmental datéMcGarigal et al. 2016Dur analysis suggests that such faoale
analysis would fail to accurately or fully elucidate species habitat selection patterns, ievaodel
LISNF2NY I yOS A& NBLFaz2yl of-scalenioteksijfidE stullydzOK | & gAGK ah

Our third hypothesis was that the muktcale optimized models (MSO and MSSO) would outperform
any singlescale optimized (SSO/SSSO) model. This follows frgomants and observations made by
McGarigal et al. (2016&yho reviewed a large number of habitat modelling papers and found that, in nearly
all cases that were formally evaluated, midtale optimization outperformed singizale modelling of

habitat relationships. The habitaiaghe of any species consists of a number of dimensions, each composed
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of environmental variation at particular characteristic scales. Our results are not fully consistent with this
third hypothesis. Both the muldcale optimized and the best singleale optimized models (@km
SSO/SSSO) performed exceptionally and equivalently well. These results suggest thatsaamghedel
may sometimes perform as well as a mglithle optimized model, but only when organitiabitat
relationships are dominated bysinglescale response and that the appropriate scale of analysis is evaluated.
This has also been observed in other studiMartin andFahrig 2012; Krishnamurthy et al. 2016; Timm et al.
2016) In the case of tiger@rishnamurthy et al. 2016; Reddy et al. 2QH&73ingle, broadgcale model might
produce very similar results to a mu#itale optimized model. However, we emphasize that it is impossible
to assesshe appropriate scale of analyses for a singtale moded priori. Further, even when a single, large
a0lFLtS YIed 06S 2LIGAYIFEZ O0NRBI R I LILX AsCalenighg gynadicsybeings & dzt
underrepresented (Mateo-Sanchez et al. 2014pading to oversimJf A USR | YR LR GSydAl
interpretations of model results. Therefore, even when a shsgi@le model provides the strongest
prediction, it requires use of scaRLJG A YAT I GA2y (G2 ARSYyiGATFE | ydaed2y UN
Y2 RSt Amalynfuiliscaelditimization is required to identify the optimal midtiale model.

Perhaps the most novel aspect of our study is the comparison of the-seali and shapeptimized
model (MSSO) with muiticale optimized (MSO) and singleale optimied (SSO/SSSO) models. We expected
that the multiscale and shapeptimized model and singlscale shap@ptimized (SSSO) models would-out
perform nonshapeoptimized models. This is because, like sc@lpendence, species occurrence probability
may have alifferent functional response shape for each variable, with some responses being linear, some
unimodal, and some curvilinegAustin et al. 1990)Results of similar studies suggest that optimizing for
Tdzy OtAz2ylLt FT2N¥Y YIF& KIF@S YSI yAy 3 igkoSinghedeSal 0035 Ay
Devoe et al. 2015potentially allowing for the expression of otherwise obscure environmental eff€etde
2006) which may improve explanatory power. We hypothesised that optimizing the response shape of
variables, like optimizing the scale of response, would measurably improve the predictive ability of the

model. Our results do not support this.
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While the multiscale and shapeptimized models were tied as the highest performing model based
on the most widely used criterion (AUC), thékin singlescale optimized model performed equally well.
Furthermore, the multiscale optimized and the singéeale optimized @8km models performed slightly
better based on other measures. The singbale optimized (SSO) and sirgtale shap®ptimized (SSSO)
models exhibited similar patterns in model performance, with AUC values generally increasing with scale.
While AUCwaskIF K G f & KA 3 K-Schlg shapaptinvzed nioglels toyhGaNedl to corresponding ron
optimized models, this was not the case at broader scales. This suggests thabphiapeation may be less
important than scaleoptimization.

While model performancevas not substantially improved by shapptimization in our study, the
AyOfdzaazy 2F @GFNAFotSa G GKSANI 2LIGAYIFE FdzyQGaAz2ylt
and species response. For example, topographic variabdeg(evationand terrain roughness) are present
exclusively in notinear forms {.e.,quadratic and logarithmic) in shagmtimized models (SSSO/MSSO). In
effect, the multiscale and shapeptimized model suggested a more complex relationship between species
presenceand topographic heterogeneity than in namptimized models. Expression of these types of
relationships are also evident in other speeieditat modelling studies, in particular, the representation of
j dzr RN G A O NBf I GA vasHinfohiddet al. Y014) Pavde etYaR RO$E d&imm et al. 2016;
Macdonald et al. 2018, 201®) b2l 0f &8> Ay Of dzaAzy 2F QI NAFIofSa i
NELINBASY (Il GA2y RIYavedigdtiimodels Gith difiesencds yhivdriables included between
optimized (SSSO) and noptimized (SSO) models. For example, in 8 @ianlimodels, only two variables
were included in both SSSO and SSO models out of 12 and 11 total variables mdHete respectively.
Further, only two out of 11 total variables were represented in both SSO and MSSO models. This illustrates
that models may be sensitive to optimizing for functional form, as with scale, and may lead to considerable

differences in modkinterpretation and conclusions about specibabitat relationships.

4.1 Limitations/caveats
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Our fundamental goal in this study was to evaluate the effect of sealé shapeoptimization on
the performance, prediction and interpretation of habitat agbnships models. We use a single case study
species and system (tigers in Thailand) for this evaluation, which limits the generality of our conclusions,
K26SOSNE Ay SEOKFIyYy3S 4S8 F¥SSt 2dzNJ SEF YLX S aWBIOARSE
species of ecological and conservation importance. We suggest future work employ simulation studies which
can control scale and shape effects and, therefore, more reliably and completely evaluate the sensitivity of
modelling methods to scaleand $iapeoptimization. Second, given our focus was on exploring the novel
guestion of impacts of scaleand shapeoptimization simultaneously, rather than evaluating the best
approaches for scale optimization, our example uses GLM modelling because it isstheett understood
and widelyused method in habitat modelling, and the dominant approach in rsglile habitat modelling
studies published to datéMcGarigal et al. 2016 his approach to scale selection is consistent with many
other specieshabitat modelling studiefRostreGarcia et al. 2016; Kittle et al. 20Macdonald et al. 2018)
However, with the rapid emergence and adoption of other modelling methods, in particular machine learning
approaches (e.gEvans et al. 2011; Cushman and Wasserman 20d&8¥uggest future work should focus
on comparing performance of scalend shapeoptimization in a wider range of modelling approaches. In
particular, treebased machine learning approaches like random forests perhaps can automatically optimize
nonlinearfunctional shapgEvans et al. 2011)vhich could be a great advantage, while others, like Maxent,
do not(Elith et al. 2011)While there are a myriad of approaches for halgssiection analysis, we opted to
uAf AT S D[ad 3IABSY GKSAN Ay-SpeadusedrSsyudas investigathg dcalehin A G @
similar studiegMcGarigal et al. 2016)

2§ Ltaz y2G8 GKIFG 2dz2NJ RSUYAGA2Y 27F 2 LMcGaridal I G A 2
et al. (2016)of pseudoeoptimization as the scales we evaluated were seleaegriori Importanty, this
approach does not optimize scale relationships across a continuous range, and does not optimize them
multivariately and simultaneously. A true optimized approach may have allowed for inclusion of more
aLISOAUO aoldlkt Sa (KI iger ocButrénceSHowdvdr, vg feethaiNthelscalesesglectidyfor

o)
SOl tdzZ GA2Y 6SNB adzFUOASY(d F2NJ dzy RSNRGFYRAY3I NBf S¢
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occurrence and, most importantly, allowed for a more effective and straightforwartlatian of scale
dependence in our study compared to a traptimized approach. However, improvement of seale
optimization approaches is an important current topic in habitat relationships moddéNtugarigal et al.
2016) and we strongly suggest future research to explore the performance of a range of continuous and

multivariate simultaneous optimization approaches.

4.2 Species management implications

We recommend central DPKY, particularly areas of closed forest cover containing bamboo forest
patches within a @&kmwindow, should be managed as an area of high conservation priority for tigers in this
landscape. Our models reinforce the importance of protecting surrounding ksoald (8 to &km) forest
within protected areas with low human impact as part of a langsescale management strategy. Protection
of this core area and facilitating unconstrained movement to other available habitat will be critical to the
longterm recovery of this population. Scalkependence in specidsabitat relationships, as demonstrated
by this and other studie$Wasserman et al. 2012; Matesanchez et al. 2014)an have monumental
implications for species management. As such, efforts to develop management and recovery strategies
should account for scaldependence of tigers in thimndscape. Our results are consistent with other
literature highlighting the importance of large protected areas and low human disturbance for tiger
populations(Trisurat et al. 2010; Sunarto et al. 2012; Ngoprasert et al. 2012; Hebblewhite et al. 2014; Reddy
et al. 2017)

It is pertinent to highlight that our relzf 1a NBbSOG |y SELINBaaAzy 27F
5ty, GKIG YId 05 aS505NBte O2yadNIAYSR Ay O2YLI NX.
NI y3IS AGasStFT KIFIa adzFFSNBR 02y aA RS Nlefoge is ar¢asSIess likefyS a |
to be impacted by human activities, which are the chief driver of range and population ddGioedrich et
al.2015% Ly 2dzNJ addzReé | NBIF X FINBFa 2F (GKS t1yRaOlLIS gA

activities, which may explain their lower selectioréHi 2 NA OF f f 8 X ¢ KI AfFyRQ& f24¢€ |
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human activity, would have likely represented preferable habitat due to high prey dendR&snowitz

1993; Sunguit et al. 1999)

5. Conclusion

While shapeoptimization did not substantially improve performance over other models, it did allow
for the expression of potentially important relationships between tigers and covariates that were not
apparent in the modls assuming linear forms. Importantly, our study clearly reinforces previous studies
(McGarigal and Cushman 2002; McGarigal et al. 20fi&h highlight the importance of accountifay scale
when modelling habitat selection and other ecological relationships, particularly for-naidgng species
such as tigers. We recommend that habisalection studies on tigers and other species incorporate a robust,
ecologicallyrelevant scaleoptimization framework and consider the inclusion and evaluation of shape

optimization in model development.
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Supplementary Materials 1
1. Camerarap Survey Design

Data for modelling was based on extensive cameap tiger surveys conductedy Ash et al.
(2020b) These surveys were conducted opportunistically (random) beginning March 2008 and running
relatively uninterrupted Eig. 3 until February 2017. Although these ongoing surveys continue at the time of
this writing, a cuoff of early 2017 is used for anailysDuring this period, all five protected areas in the Dong
PhayayerKhao Yai Forest Complex were surveyed opportunistically, constrained by available resources.
Surveys were expanded as resources became available to fill gaps in survey coverage o¥erttéinsive
surveys were conducted in Khao Yai National Park (KYNP), Pang Sida National Park (PSNP), Dong Yai Wildlif
Sanctuary (DYWS), and Ta Phraya National Park (TPNR)ermorayirveys were conducted in Thap Lan
National Park (TLNP) and Pang SidaoNat Park (PSNP). Camera placement was maintained as a series of
semipermanent and roving surveys to cover all areas of DPKY. In addition, data includes results from spatially
extensive surveys conducted in 2013 (DNP/Freeland/WWF, unpublished) and(@8i6et al. 2020a)
designed to generate density estimates of tigers in PSN®P BLNP. As such, TLNP and PSNP had
disproportionatelyhigher levels of survey effort during the survey period (Table 1).

Cameras were placed to maximize detection of tigers by prioritizing camera placement in areas with
previous tiger or prey records andentifying topographiced.g.,ridges, river valleys) or other features..,
roads, trails) likely used by tigefKaranth and Chundawat 2002; Sunarto et al. 2012; Bavlarer et al.
2013) Detections at one camera station were considered to be independent if they occurredaag@r
minute periodd h Q. NASYy . SG | f® Hnnoo

To reduce spatial autocorrelation, if more than one camera was present vatB®0m radius, we
selected the camera with the highest number of tiger detections or, if no tigers were detected, by greatest
survey effort (camerdrap nights [CTN]). This resulted in a total of 1,166 tiger detections for analysis from

56,214 trap night¢Table 1).
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¢l of{SdzNadSe R (F adzYy Y AN®eT 0A yF25tER g A¢@n /FAyAf G SNRAyYy 3 (G2 NBRdAzO
AyOft dzRAY 3 ydzYo SNI 2 ft NI LY SNA I iaiid Ga/2mES O W NMB adzf GAyYy 3 GA-:

Total DYWS KYNP PSNP TLNP TPNP
Stations 523 51 68 155 194 55
CTN 56,214 3,427 7,276 18,321 22,168 5,022
Tiger Detections 1,166 7 0 322 837 0

Legend ;
E Protected Area Boundary
International Boundary
° Camera-trap
0 10 20 30 -40 50 60km

Fig. 1IMap of camerarap stations in the Dong Phayay&thao Yai forest complex (DPKY) and its five protected areas
6dmncnnQ (2 wmncooQb ¢DhR YaHWildife Sanpt@ry (D¥YWSY, iKlnao ¥ai Nagonal Park (KYNP),
Pang Sida National Park (PSNPpp Lan National Park (TLNP), and Ta Phraya National Park (TPNP). Map generated
with ArcGIS 10.3.1 (Environmental Systems Research Incorporated, ESRI, Redlands, CA, USA, 2011) with forest cover

derived fromHansen et al. (2013)
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Supplementary Materials 2
Table 1Final variables included in thaulti-scale and shapeptimized (MSSO) global model from an original 47

variables. The optimal functional form (shape) of each variable indicatedHinedr, QQuadratic, EXExponential,

LOGLogarithmic.

Optimal Functional

Variable Optimal Scale (m) Form ID
Correlation length of secondary forest 4000 L FT6 GYR 4000 L
Percentage of shrubland/grassland 4000 L LC4_PLAND_4000_L
Correlation length of mixed deciduous forest 8000 Q FT2_GYR_8000_Q
Correlation length of reforested areas 8000 Q FT4_GYR_8000_Q
Correlation length of grassland 8000 Q FT7_GYR_8000_Q
Correlation length of mosaic cropland 8000 Q LC2_GYR_8000_Q
Correlation length of water 8000 Q LC7_GYR_8000_Q
Correlation length of open forest 8000 LOG TC2_GYR_8000_LOC
Focal mean of park boundary 16000 L BOUND_FM_16000_L
Standard deviation of CTI 16000 Q CTI_SD_16000_Q
Standard deviation of DEM 16000 Q DEM_SD_16000_Q
Percentage of bamboo forest 16000 Q FT5_PLAND_16000_¢
Percentage ofecondary forest 16000 LOG FT6_PLAND_16000_LC
Correlation length of urban areas 16000 L LC6_GYR_16000_L
Focal mean of slope position 16000 Q SLOPE_FM_16000_Q
Percentage of open forest 16000 L TC2_PLAND_16000_1
Focal mean of TRI 16000 Q TRI_FM_16000_Q

Camera effort - Cam_eff
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Table 2Final variables included in the (a) singtale optimized (SSO) and (b) sirgglale shap@ptimized (SSSO) global

models from an original 47 variables. Thapge (.e., functional form) of each variable in the SSSO model is indicated

by:‘linear,2Quadratic, “°®Logarithmic ®*fFExponential;**"Negative Exponential

250m 500m 1km 2km 4km 8km 16km
DEM_FM CTI_FM CTI_FM CTI_FM CTI_FM CTI_FM BOUND_FM
DEM_SD DEM_FM DEM_FM DEM_FM DEM_FM CTI_SD CTI_SD
FT1_GYR FT1 GYR DEM_SD DEM_SD DEM_SD FT2_PLAND FT3_PLAND
FT5_GYR FT5_GYR FT1_PLAND FT2_GYR FT2_PLAND FT4_GYR FT5_PLAND
FT6_GYR FT6_GYR FT2_GYR FT5_GYR FT4_GYR FT5_PLAND FT6_PLAND
FT7_GYR FT7_GYR FT5_GYR FT6_PLAND FT5_GYR FT7_PLAND FT7_PLAND
STRC1_FM STRC1_FM FT6_GYR FT7_GYR FT6_PLAND LC6 GYR LC2_GYR
TC2_PLAND TC2_GYR FT7_GYR LC2_GYR FT7_GYR LC7_GYR LC4_PLAND
TC3_GYR TC3_PLAND LC1_GYR STRC1_FM LC2_GYR STRC1_FM LC6_PLAND
STRC1_FM TC1_GYR LC4_GYR TC2_GYR LC7_PLAND
TC1 GYR TC2_GYR LC7_GYR TC2_PLAND SLOPE_FM
TC2_GYR STRC1_FM SLOPE_SD
TC1 GYR TC2_GYR
TC2_GYR TC2_PLAND
250m 500m 1km 2km 4km 8km 16km
CTIFM DEMFMO©G CTISB*® CTISBXP BOUNDFM CTISBXP CTISBXP
DEMFMOG FT1_GYR DEMFM DEMFMOG CTISBXP DEMFMOG DEMSB
FT1 GYR FT6_GYR FT1 GYR FT2_GYR DEMFMOG DEMSEPG FT4 GYR
FT5_GYRP FT7_GYR FT2_GYR FT4_GYRC DEMSB FT2_GYR FT6_GYRC
FT6_GYR FT5_PLANEXP FT5_GYRP FT5_GYR FT5_GYR FT4_GYR FT1_PLANDG
FT7_GYR LC2_GYRG FT6_GYR FT7_GYR FT7_GYR FT5_GYR FT2_PLAND
SLOPEFMP SLOPEFMP FT7_GYR LC2_GYR FT2_PLAND FT6_GYR FT3_PLAND
SLOPESD SLOPESD FT2_PLANDP LC1_PLANEXP FT4_PLANEXP FT7_GYR FT4_PLANDG
STRC1FM STRC1FM FT4_PLANEXP LC4_PLANEXP FT6_PLAND FT1_PLANDG FT5_PLAND
TC2_GYRP TC2_GYR FT5_PLAND STRC1FM FT7_PLANEX®  FT7_PLANB®  FT7_PLAND
TC3_GYR TC2_PLANBX"  SLOPESES TC1 GYR LC2 GYR LCali LC2_GYR
TC3_PLAND STRC1FM TC2_GYR LC3_GYRG LC2_GYR LC7_GYR
TC1_GYR TRIFNEG LC7 _GYR LC4 GYR LC2_PLAND
TC2_GYR LC4 PLANEP LC6_GYR LC4 PLANDG
TC2_PLANEXP STRC1FM LC4_PLANEXP LC5_PLANPC
TC1_GYR LC7_PLANEXP SLOPEFMP
TC2_GYR STRC1FM TC2_GYR
TRIFMOG TC2_GYR TRIFMOG
TRISBP
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Table 3Final variables included in the mu#ttale optimized (MSO) global model from an original 47 variables.

Variable Best Scale (m) 1D

Terrain roughness index SD 1000 TRI SD 1000
Correlation length of secondary fores 4000 FT6_GYR_4000
Slope SD 4000 SLOPE_SD_400C
CTI SD 8000 CTI_SD_8000
Correlation length of reforested areas 8000 FT4_GYR_8000
% Mixed deciduous forest 8000 FT2_PLAND_800(
% Grassland 8000 FT7_PLAND_800(
Correlation length of mosaic croplanc 8000 LC2_GYR_8000
Correlationlength of water bodies 8000 LC7_GYR_8000
% Shrubland/grassland 8000 LC4_PLAND_800(
Correlation length of open forest 8000 TC2_GYR_8000
Focal mean of park boundary 16000 BOUND_FM_1600t
% Dry dipterocarp forest 16000 FT3_PLAND_1600
% Bambodorest 16000 FT5_PLAND_1600
Correlation length of urban areas 16000 LC6_GYR_16000
% water bodies 16000 LC7_GYR_8000
Focal mean of slope 16000 SLOPE_FM_1600!
% Open forest 16000 TC2_PLAND 1600
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Table 4Change in probability of tiger presence with change in variable value fréhtal@0C" percentiles for fully

averaged singkscale optimized (SSO) and singbale shap@ptimized (SSSO) models.

250m 500m 1km 2km 4km
SSO SSSO SSO SSSO SSO SSSO SSO SSSO SSO  SSSO SSO  SssO

8km

16km

SSO

SSSO

Cam_eff 087 084 084 076 073 079 071 083 085
CTI_FM - - -0.39 - 047 - 048 - -0.25
CTI_SD - - - - -
DEM_FM - - - - - 0.19 - - -
DEM_SD 0.67 - - - - - - - 0.43
FT1_GYR 0.18 - 023 023 038 0.32 - - -
FTL PLANC - - - - - - - - -
FT2_GYR - - - - - 027 035 021 -
FT4 PLANC - - - - - 003 - - -
FT5_GYR 0.73 - 0.69 - 0.58 - 034 041 047
FT5 PLANC - - y <001 - 0.12 - - -
FT6_GYR -022 -021 - 029 -032 -024 - - -
FT6_PLANC - - - - - - 036 - -0.20
FT7_GYR - 020 - - 033 - 044 025 -0.30
FT7_PLANC - - - - - - - - -
LC2_PLANL - - - - - - - - -
LC4 GYR - - - - - - - - -
LC4_PLANL - - - - - - - - -
LC6_GYR - - - - - - - - -
SLOPE_SC - 0.36 - -0.47 - 0.80 - - -
STRC1_FM -021 -0.28 -0.24 -0.36 -042 -031 -042 -024 -
TC1. GYR - - - 042 029 -0.26
TC2_GYR - - 024 -030 -050 -0.30 - - -0.30
TC2_PLANL - - - - - - - - -
TC3_GYR 020 0.34 - - - - - - -
TC3_PLANL - - 0.13 - - - - - -
TRI_FM - - - - - - - 0.55 -

0.83 0.92
- -0.09
- 0.24

0.92

0.97

0.22

0.94

Table 5Generalized linear model results for the midtiale optimized (MSO) model, predicting tipeesence based on

1,166 detections of tiger in DPKY (2&t8L7), including optimal scale, standardized regression coefficientadjusted

standard errof(SE(Adj))zscore £), and significancepy.

. . SE
Variable ID i (Ad)) z p
(Intercept) - -2.405 0.260 9.242  <0.001
% Open forest (16km) TC2_PLAND_16000 -1.437  0.349 4120 <0.001
% Bamboo (16km) FT5_PLAND_16000 0.988 0.238 4.158  <0.001
Correlation length secondary forest (4km) FT6_GYR_4000 -0.675 0.246 2.744  0.006
Standard deviation ocfompound topographic index (8km) ~ CTI_-SD_8000 0.616 0.193 3.199  0.001
Camera effort (# trap nights) Cam_eff 1415 0.299 4728 <0.001
% Shrubland/grassland (8km) LC4_PLAND_8000 -0.486 0.202 2.404  0.016
Standard Deviation of terrain roughness ind&km) TRI_SD_1000 0.384 0.158 2423  0.015
TC2_GYR000 -0.704  0.344 2.045  0.041

Correlation length of open forest (8km)
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Table 6Generalized linear model results for the singt@le optimized (SSO) model at each scale, predicting tiger

presence based on 1,166 detections of tiger in DPKY {2008), including standardized regression coefficien)s (

adjusted standard errofSE(Adj))zscore g), and significancep].

(a) SSG250m

Variable ID i SE (Adj) z p
(Intercept) - -1.849 0.198 9.355 <0.001
Standard deviation of DEM DEM_SD 0.620 0.123 5.038 <0.001
Focal mean of streams/rivers STRC1_FM -1.090 0.426 2.559 0.011
Correlation length of bamboo forest FT5_GYR 0.702 0.149 4.724 <0.001
Correlationlength of evergreen forest FT1 GYR 0.981 0.262 3.747 <0.001
Camera effort (# of trap nights) Cam_eff 1.513 0.253 5.973 <0.001
Correlation length of closed canopy forest TC3_GYR 0.920 0.484 1.901 0.057
(b) SSG500m

Variable ID i SE (Adj) z p
(Intercept) - -1.912 0.200 9.575 <0.001
Standard deviation of DEM DEM_SD -0.761 0.151 5.054 <0.001
Focal mean of streams/rivers STRC1 FM 0.684 0.140 4.880 <0.001
Correlation length of bamboo forest FT5_GYR -0.872 0.426 2.047 0.041
Correlation length of evergreen forest FT1_GYR 1.040 0.295 3.530 <0.001
Camera effort (# of trap nights) Cam_eff 1.543 0.261 5.920 <0.001
Correlation length of closed canopy forest TC3_GYR -0.450 0.203 2.214 0.027
Standard deviation of DEM DEM_SD 0.630 0.336 1.873 0.061
(c) SSG1km

Variable ID i SE (Adj) z p
(Intercept) - -2.025 0.244 8.282 <0.001
Focal mean of compound topographic index CTI_FM -0.771 0.168 4.588 <0.001
Correlation length of bamboo forest FT5_GYR 0.649 0.137 4,727 <0.001
Correlation length of open forest TC2_GYR -0.691 0.198 3.492 <0.001
Correlation length of evergreen forest FT1_GYR 0.877 0.275 3.185 0.001
Camera effort (# of trap nights) Cam_eff 1.498 0.247 6.068 <0.001
Correlation length ofrassland/shrubland FT7_GYR -0.868 0.272 3.195 0.001
Focal mean of streams/rivers STRC1 FM -1.592 0.458 3.477 0.001
Correlation length of secondary forest/old clearing FT6_GYR -0.783 0.221 3.540 <0.001
(d) SSG 2km

Variable ID i SE (Adj) z p
(Intercept) - -2.234 0.262 8.523 <0.001
Correlation length of grassland/shrubland FT7_GYR -1.090 0.398 2.741 0.006
Focal mean of compound topographic index CTI_FM -0.894 0.224 4.000 <0.001
% secondary forest/old clearing FT6_PLAND -0.735 0.277 2.656 0.008
Correlation length of mixed deciduous forest FT2_GYR -0.818 0.322 2.538 0.011
Camera effort (# of trap nights) Cam_eff 1.515 0.289 5.246 <0.001
Focal mean of streams/rivers STRC1_FM -1.426 0.483 2.952 0.003
Correlation length ohon-forest TC1_GYR -1.320 0.517 2.554 0.011
Correlation length of bamboo forest FT5 GYR 0.288 0.121 2.369 0.018
(e) SSO 4km

Variable ID i SE (Adj) z p
(Intercept) - -2.506 0.314 7.978 <0.001
Correlation length of noifiorest TC1_GYR -1.659 0.606 2.739 0.006
Correlation length of open forest TC2_GYR -0.769 0.292 2.630 0.009
Correlation length of bamboo forest FT5_GYR 0.480 0.182 2.645 0.008
Standard deviation of DEM DEM_SD 0.443 0.159 2.785 0.005
Camera effort (# of trap nights) Cam_eff 1.595 0.314 5.081 <0.001
Correlation length of grassland/shrubland FT7_GYR -1.176 0.421 2.794 0.005
Focal mean of compound topographic index CTI_FM -0.676 0.259 2.607 0.009
% secondary forest/old clearing FT6_PLAND -0.543 0.304 1.789 0.074
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(f) SSG 8km

Variable ID i SE (Adj) z p
(Intercept) - -2.394 0.289 8.288 <0.001
Correlation length of open forest TC2_GYR -0.668 0.264 2.528 0.011
% Open forest TC2_PLAND -1.558 0.470 3.313 0.001
% Bamboo forest FT5_PLAND 0.489 0.161 3.042 0.002
Standard deviation of compound topographic index CTI_SD 0.321 0.163 1.968 0.049
Camera effort (# of trap nights) Cam_eff 1.041 0.230 4520 <0.001
Focal mean of compound topographic index CTI_FM -0.384 0.253 1.515 0.130
(g) SSG 16km

Variable ID i SE (Adj) z p
(Intercept) - -2.513 0.273 9.215 <0.001
% Bamboo forest FT5_PLAND 1.964 0.314 6.264 <0.001
% secondary forest/old clearing FT6_PLAND -1.827 0.424 4311 <0.001
% Shrubland/grassland LC4_PLAND -0.647 0.247 2.620 0.009
Standard deviation of compound topographic index CTI_SD 0.720 0.284 2.537 0.011
Camera effort (# of trap nights) Cam_eff 1.355 0.279 4.853 <0.001
Correlation length of urban areas LC6_GYR -0.613 0.348 1.762 0.078
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Table 7Generalized linear modeésults for the singkscale shap@ptimized (SSSO) model at each scale, predicting
tiger presence based on 1,166 detections of tiger in DPKY {2008, including optimal shape (functional form),

standardized regression coefficients,(adjusted standat error (SE(Adj))zscore £), and significancep]. The optimal

functional form (shape) of each variable is indicated bynéar, QQuadratic, EXExponential, LOGogarithmic.

(a) SSS©250m

Variable ID i SE (Adj) z p
(Intercept) - -2.056 0.251 8.189 <0.001
Camera effort (# of trap nights) Cam_eff 1.747 0.280 6.237 <0.001
Focal mean of streams/rive¥s STRC1FM_L -1.462 0.459 3.188 0.001
Correlation length of grassland/shrublahd FT7_GYR_L -0.673 0.282 2.389 0.017
Correlation length of secondary forest/old clearing FT6_GYR_L -1.065 0.382 2.790 0.005
Standard deviation of slope positién SLOPESD_L 0.979 0.197 4.964 <0.001
Standard deviation of slope positién SLOPESD_Q -0.128 0.064 1.991 0.047
Correlation length of closed canopy forést TC3_GYR_L 1.340 0.618 2.169 0.030
(b) SSSOG500m

Variable ID i SE (Adj) z p
(Intercept) - -1.157 0.262 4.424 <0.001
Camera effort (# of trap nights) Cam_eff 1.620 0.272 5.960 <0.001
% Bamboo forestxP FT5_PLAND_NExp -0.428 0.144 2.970 0.003
Correlation length of evergreen foresst FT1_GYR_L 0.619 0.238 2.601 0.009
Standard deviation of slope positién SLOPESD_L 1.109 0.231 4.804 <0.001
Caorrelation length of open forest TC2_GYR_L -0.757 0.328 2.305 0.021
Standard deviation of slope positién SLOPESD_Q -0.283 0.119 2.379 0.017
Correlation length of open fore$t TC2_GYR_Q -1.084 0.420 2.582 0.010
Focal mean of streams/riveks STRC1FM L -1.145 0.469 2.442 0.015
(c) SSSO1km

Variable ID i SE (Adj) z p
(Intercept) - -1.572 0.249 6.320 <0.001
Camera effort (# of trap nights) Cam_eff 1.522 0.266 5.725 <0.001
Standard deviation of slope positiéfc SLOPESD_LOG 0.898 0.235 3.816 <0.001
Correlation length of secondary forest/old clearing FT6_GYR_L -0.549 0.230 2.392 0.017
Correlation length of mixed deciduous forést FT2_GYR_L -0.863 0.306 2.820 0.005
Correlation length of open forest TC2_GYR_L -0.919 0.322 2.854 0.004
Correlation length of open fore$ TC2_GYR_Q -0.663 0.286 2.322 0.020
% Bamboo forest FT5_PLAND_L 0.891 0.330 2.703 0.007
% Bamboo fores? FT5_PLAND_Q -0.134 0.073 1.850 0.064
Focal mean of streams/riveks STRC1FM_L -0.990 0.500 1.981 0.048
% Reforested areas<P FT4_PLAND_NExp -0.356 0.160 2.221 0.026
Focal mean of DEM DEMFM_L 0.429 0.180 2.380 0.017
Focal mean of DEM DEMFM_Q -0.166 0.098 1.707 0.088
Correlation length of evergreen forest FT1 GYR_L 0.860 0.321 2.684 0.007
(d) SSSO©2km

Variable ID j SE (Adj) z p
(Intercept) - -2.328 0.328 7.101 <0.001
Camera effort (# of trap nights) Cam_eff 1.504 0.280 5.375 <0.001
Focal mean of terrain roughness ind€% ROUGHFM_LOG 0.763 0.245 3.117 0.002
Correlation length of bamboo forest FT5 GYR_L 0.362 0.119 3.035 0.002
Correlation length of mixed deciduous forést FT2_GYR_L -0.649 0.316 2.050 0.040
Correlation length of nosfiorestt TC1_GYR_L -1.773 0.595 2.981 0.003
Caorrelation length of noifiorest? TC1 GYR_Q 0.253 0.239 1.060 0.289
Caorrelation length of grassland/shrublahd FT7_GYR_L -0.699 0.382 1.830 0.067
Focal mean of streams/rivefs STRC1FM_L -0.682 0.453 1.508 0.132
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Variable ID ] SE (Adj) z p
(Intercept) - -2.708 0.415 6.531 <0.001
Cameraeffort (# of trap nights) Cam_eff 1.440 0.304 4,733 <0.001
Focal mean of terrain roughness ind€% ROUGHFM_LOG 0.784 0.309 2.534 0.011
% Grassland/shrublan&*? FT7_PLAND_NExp 0.864 0.267 3.237 0.001
Caorrelation length of bamboo forest FT5 GYR_L 0.316 0.124 2.551 0.011
Correlation length of noifiorestt TC1_GYR_L -1.795 0.755 2.376 0.017
Correlation length of notfiorestQ TC1_GYR_Q 0.290 0.336 0.863 0.388
% Secondary forest/old clearihg FT6_PLAND_L -0.802 0.379 2.117 0.034
Focal mean of streams/riveks STRC1FM_L -1.637 0.562 2.915 0.004
(f) SSSOG8km

Variable ID j SE (Adj) z p
(Intercept) - -2.417 0.354 6.821 <0.001
Camera effort (# ofrap nights) Cam_eff 1.248 0.256 4.878 <0.001
Standard deviation of DEMG DEMSD_LOG 0.468 0.236 1.982 0.047
% Evergreen foresfc FT1_PLAND_LOG 1.070 0.475 2.256 0.024
% Grassland/shrublang*? FT7_PLAND_NExp 1.140 0.204 5.576 <0.001
Correlation length of shrubland/grasslahd LC4_GYR_L 0.701 0.335 2.093 0.036
Correlation length of shrubland/grasslafRd LC4 GYR_Q -0.051 0.122 0.422 0.673
Focal mean of streams/riveks STRC1FM_L -1.967 0.843 2.335 0.020
Caorrelation length of secondary forest/old clearing FT6_GYR_L -0.571 0.249 2.290 0.022
Correlation length of open forest TC2_GYR_L -0.518 0.303 1.708 0.088
Correlation length of open fore$ TC2 GYR_Q -0.392 0.393 0.997 0.319
(g) SSSO©16km

Variable ID ] SE (Adj) z p
(Intercept) - -1.334 0.435 3.069 0.002
Camera effort (# of trap nights) Cam_eff 1.487 0.311 4.788 0.000
Correlation length of secondary forest/old cleari® FT6_GYR_LOG -0.443 0.239 1.856 0.063
% Mosaic croplant LC2 PLAND_ L -1.130 0.495 2.285 0.022
% Bamboo forest DEMSD_L 0.333 0.336 0.990 0.322
Standard deviation of DEM FT5_PLAND_L 1.556 0.440 3.5634 0.000
% Mosaic croplanf LC2_PLAND_Q -0.770 0.516 1.493 0.136
Standard deviation of DERI DEMSD_Q -0.868 0.361 2.402 0.016
% Bamboo fores? FT5_PLAND_Q -0.192 0.216 0.892 0.372
% Scrubland/grasslakfc LC4_PLAND_LOG -0.496 0.286 1.736 0.083
% Evergreen foresP¢ FT1_PLAND_LOG 0.733 0.499 1.470 0.142
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Supplementary Materials 3

‘«

Species Detection Frequency

Variable
Fig. 1A graphical representation of the functional form relationships between variables and species detection
frequencies, including: linear (red); quadrafizange); logarithmic (yellow); exponential (cyan) and negative

exponential (blue).

108



Chapter3

0.501
0.014
0.401
@ Q
Q Q
c o
@ &
& 0.014 @ 0.301
[=% [=%
‘s k=)
g € 0207
o 0.004 o
0.101
0.001
4 6 8 0 4 8 12
TC2_PLAND_16000 FT5_PLAND_16000
0.061
0.401
@ Q
2 2
% 0.04 qw; 0.30
o L
Q o
‘s 'S
g‘ _S 0.20 1
£ 0021 £
0.101
0.001— . . r . - . .
0 500 1000 1500 2000 2500 15 1.6 1.7 1.8
FT6_GYR_4000 CTI_SD_8000
1.00
0.061
@ 0.754 @
Q Q
[= [=4
1] Q
@ 8
o @
2 0501 2 0041
o o
o g
[ ]
o o
0.251 0021
0.00 1 ' . . ' . . .
0 500 1000 1500 0 10 20 30
Cam_eff LC4_PLAND_8000
0.401
0.091
8 @
S 0.301 e
@ @
(7] (73
[ @
a 3 0.06
v -
S 0201 °
o o
2 <]
o O 0034
0.104
0.001
0 25 50 75 100 40 80 120
TRI_SD_1000 TC2_GYR_8000

Fig. 2Partial effects plots for the mulscale optimized (MSO) model showing changes in predicted probability of tiger
presence when variables increase from theii"10 100" percentile, holding other variables at their medians. Graphic

generated in RR Development Core Team 2017)

109



Chapter3

0.101
0.751
0.081
[«}] @
Q (=}
c =
@ i3
o 3
5 050 £
“ S 0.051
g g
Q <
T o
0.251 0.02 1
0.00
0 00 L T T T T T T
0 4 8 12 10 20 30
FT5_PLAND FT6_PLAND
0.081
0.20 1
0.061
@ [}
2 2
S S 0.151
(7] w
o <
[=% [=%
S5 0.041 =
g S
o S 0101
o o
0.021
0.051
0001 — . : : . . . '
5 10 15 20 1.55 1.60 1.65 1.7(C
LC4_PLAND CTISD
1.001 0.04 1
0.751 0.031
[} @
Q Q
c =
[ (7]
(72} w
< =
(=% (=%
5 0501 5 002
g g
2 2
o o
0251 0.011
0.001
0 500 1000 1500 0 200 400
Cam_eff LCB_GYR

Fig. 3Partial effects plots for the toperforming singlescale optimized (SSO) model (16km) showing changes in
predicted probability of tiger presence when variables increase from théifr th0100" percentile, holding other

variables at their medians. Gragtgenerated in RR Development Core Team 2017)

110



Chapter3

1.001
0.12 1

Prob. of presence
o o o
[\%] w =~
L4 o o

Prob. of presence
o o =]
o o -
w [s5] o

- v - 0.02 4 s : :
0 500 1000 1500 7.0 75 8.0
Camera Effort FT6_GYRATE_LOG

Prob. of presence
o o o o
[=] (=] o =
N o (=] o
Prob. of presence
o o o o
o o (=] (=]
N B (3] @

0.00 1 0.00

5 10 100 150 200 250 300
LC2_PLAND_Q DEMSD_Q

0.16 1

0.041

Prob. of presence
o o o
[ B [=2]
o o o
Prob. of presence
o o
p=y =
[s5] N

8 12 15 20 25 30
FT5_PLAND_Q FT4_PLAND_LOG

o
&

0.154

Prob. of presence
o (=]
=y o
o o

375 4.00 425 4
FT1_PLAND_LOG

5

0

Fig. 4Partial effects plots for the toperforming singlescale shap®ptimized (SSSO) model (16km) showing changes
in predicted probability of tiger presence when variables increase from thdirtdQ00" percentile, holding other

variables at their medians. Graphic generated ifRFEDevelopment Core Team 2017)

111



Chapter3

(i) MSSEBSSO (iv) SSS®ISO

(v) SSSGSO

(i) MSSEMSO

(ili) MSSESSO (vi) MSGSSO

Diference in Predicted
Prob. of Tiger Presence
0.8

0

-0.8 : :

Fig. 5Differences in prediction maps of probability of tiger presence generated fronotnéour fully averaged models (i) MSSESSSO (i) MSSBO, (iii)) MSSSSO, (iv)
SSSMSO; (v) SSSEB0; and (vi) MSEEOMaps were generated with ArcGIS 10.3.1 (Environmental Systems Research Incorporated, ESRI, Redlands, CA, USA, 2011).

112



Chapter3

fitted
§ N & B present
O  absent
= I
3
(=]
2 &7
o
=]
S 9
z
(=]
5 21
-
(o]
s
o _|
(78]
o ) =
0.0 0.2 04 06 0.8 1.0

predicted probability
Fig. 6Presenceabsence across predicted probability values for the radéle and shapeptimized (MSSO) model.

Graphic generated in @ Development Core Team 2017)

fitted
(]
=
o
S B present
o 3  absent
2
=
w ™
£
=1 o
e [
(o] (o]
o
] (o]
£ o
E ©
[
(o]
g |
o _|
o
o iﬁqﬁi

0.0 0.2 04 06 08 1.0

predicted probability

Fig. 7Presenceabsence across predicted probability values for the nsdaleoptimized (MSO) model. Graphic

generated in RR Development Core Team 2017)

113



Chapter3

fitted
o B present
= @ O absent
—

250 300
| |

number of plots
200
|

a0

. .,—D.;E;:ri-_ﬁ-
0.0 02 04 0.6 0.8 1.0
predicted probability

Fig. 8Presenceabsence across predicted probability values for the-papforming single scale optimized (SSO) model

(16km). Graphic generated in(R Development Core Team 2017)

fitted
= _ o B present
© O absent
s | —
[or]

250
|

number of plots

= _|
wi
0.2 04 0.6 08 1.0

0.0

predicted probability
Fig. 9Presenceabsence across predicted probability values for thepepforming single scale shajpptimized (SSSO)

model (16km). Graphic generated il Development Core Team 2017)

114



Chapter3

ROC Plot
o |
@ —
° 647
® 0.84
=
= o |
g o
a
[
=2
z
z =
B <
C
i)
%]
AUC:
™ — 0.93 fitted
o
© (.50 Default
® (.24 MaxKappa
o | % 0.47 RegSpec
o
T T T T T T
0.0 0.2 04 06 0.8 1.0

1-Specificity (false positives)

Fig. 10Relative Operator Characteristic (ROC) plot with MaxKappa and area under the ROC curve (AE@)uibdr t
scale and shapeoptimized (MSSO) model. Graphic generated (R ®evelopment Core Team 2017)

ROC Plot
[a=]
=2
@ —
[=
w
@
=
=
W w
o _
2 o
@
=
=
g < |
E=] [=1
W
g AUC:
& :
o — (.92 fitted
L=l
< 0.50 Default
#* 0.37 MaxKappa
o > 0.23 RegSpec
o

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity (false positives)
Fig. 11Relatve Operator Characteristic (ROC) plot with MaxKappa and area under the ROC curve (AUC) for-the multi
scale optimized (MSO) model. Graphic generated(iR Revelopment Core Team 2017)

115



Chapter3

ROC Plot

0.8 1.0
1

0.6
|

Sensitivity (frue positives)
0.4

AULC:

= 0.92 fitted

0.2

© (.50 Detaul
® 054 MaKams
= ] ¥ 022 RegSpec
(=]

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity (false positives)
Fig. 12Relative Operator Characteristic (ROC) plot with MaxKapgharea under the ROC curve (AUC) for the top
performing single scale optimized (SSO) model (16km). Graphic generat@d Dekelopment Core Team 2017)

ROC Plot
=
oo
z 4
W
@
=
Z @
=2~
[=1
@
=
=
= ~
E o 7
=
€@
w
b} AUC:
g
= 0.92 fitted
© (150 Desbnit
& 054 MaKapma
= ¥ 024 ReySpe
[=]
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity (false positives)
Fig. 13Relative Operator Characteristic (ROC) plot with MaxKamgharea under the ROC curve (AUC) for the top
performing single scale shamptimized (SSSO) model (16km). Graphic generated(R Bevelopment Core Team
2017)

116



Chapter4

Environmental factors, human presence, and
prey interact to explain patterns of tiger
presence in Eastern Thailand

Publication Status: Published

laKZ 9@ Ylaldlrsy Adr wSRF2NRI ¢dX b220KRdAzZYNRYy3IZ |
presence, and prey interact to explain patterns of tiger presence in Eastern Thailan@l Anim
Conservationhttps://doi.org/10.1111/acv.12631



https://doi.org/10.1111/acv.12631

Chapter 4
¢CAGE S
OYBANRYYSYGlFt FIFIOG2NER>X KdzYly LINBaSyOS IyR LINB& Ay

CKFAEFYR

I dzii K2 NRA
9NA @3l AK ySElF | RARRDIKR 2y NeyE "WwSIRFR NRIF GAR 2d al OR2Yy | |

vz A f REATS /2yaSNBIGA2y wSasSkNOK ! yAls 58LaINIKYISY i
/| SYGNBsS ¢dooySe |12dz&sSs ¢dooySes hE2y h-mo pv[zZ !V
HCNBSE YR C2dzyRFGAZ2Y S GKKHRIT WEKIAS . Fy3I121% mMannans

CaAYAAGNE 2F bl GdNIf wSa2dNDSa YR 9YBANRBYYSYyds t &

' 6adNI O

CKFEAfIFYR Aa 2yS 27F kY GKISHl ayk MK 2R R 2 dHIZKNS | (8AGT 9 Ni
KSGSNRISySAlGe APOGXISNANMNBANSYGE Xy yIR&ADI LIS Ay 9t &l
o0& | O02YLX SE AYyGSNIOiGA2Yy 2F LINBerI Kdz¥ly LINBaSyoOoSs
ReEYFYAO0a A& 2F O2yaARSNIOGES AYLRNIVROSOI FIBNI §RSSO4A

Ay GKSANI Nry3ISod Ly (Kraa addzReér 6S SEFYAYS 6KAOK

(@
QX

OKIF N} OGSNR&ilA > 0S40 SELX I XYKI2A 3SINA LDIBNBY DS/ A YL

(@

O2tftl GSR adz2ND&e

RY 8N} TNRNLIp¢EBAKGA YR S@Ifdad GSR
FYyR F adadS 27 & LINB&>X mm KdzYly LINBaSyoOoS FyR ¢
LI NIAGAZ2YyAy3 (2 RAAOSNY (KS RSINBS 20 (2Nl G ARy
AGNRY3AT LRAAGAGS | §as0ENERAESEOS$ AIGRR I0NIRE oA QK y S & ¢
laa20AlGA2ya SAGK KdzYly &aSaiatSySyid RSyarides Lzt

OKE NI Oh SNA a GHANB ( SENIIK NBAEYISIRA A8 LINP LR NIA2Y 2F OF NR |y

118



Chapter 4
O2@ NARIFGSa +i2yS 6o0dmM:>0X LI NIAOdzZ NI & O2yF2dzyRSF
SYGANRYYSyGlf @GFINARIFIofSazr SalLISOAlff e RswSy dra®Gde vild vy
LR GSYyGALFE GAISNI 200dzNNBYyOS 6KSNB 20KSNJ RFGF Y@
JdZARF YOS F2NJ LINA2NRGATAY3I KFEIoAGEHEGY S@lLfdza GdAy3d GKS

I F2dzy RIF G AZ2YSTEN2 i AITBERI NBIO2 IS NE @

Y& NRAISNT 529K KE&Re R NBad /2YLX SET LINBeT G NA

Y2YAU2NRY3IT FYGKNRLR2ISYAO RA&GdNND I yOST OF YSNI (N

M® LYGNRRdOGAZY
[ T GFAaGNRPLIKAO LRLMzZ FGA2y RSOfAySa 20SN) G4KS LI a

{

RSLI SiA2y > KI @S yLIdEASKUINRS AN @6INg 6 023858t (2 yRE Wk YO
0K

D22RNAOK SBILY f MBawmpHST GKS aLISOASE KIa 0SSy
YIEYylF ISYBHaNEaaA(2Y d5 0 dkGKd AyndSiaot YSy da | LIISENI G2 oS
a4 NBOSYyd | yyz2dzyOSYSyida 2F | NARAS Ay YIINGOHIIK BHIFN
22 C HAaMclE X 0T 1ok NAKIFNI SG ftd HamTO

Ly O2yidiN}aid G2 NBOSyl OF dziAiSdxE Lldddz WAGRKY2 dARNI b2
HAMMT D22 RNANGKR Kb @K AH Swup { (2@ziKBmcaws ! aAl OF ald R?2
LYR2OKAYS$ &S KENAS NIA 2NGK S22 NDH B (A2 NI @ dzy RSNEG22R ad
GKFG /FYO2RAFZ [F2 t5w FyR +A%®(eyhyw kKIyRS b2a58d t Gmin
HAMTT wl aLK2dy 8¢ KSSi L2 Gd8 ywimM dbo £ 2848 2F L2 LJzZA [ GA2ya ¥
KFoAdGFd ¢62dzZ R NBLINBaSyid I O2yaAiARSNIo6fS OKIFfftSy3as

tKSAS fXPSINNBYRE I NB SOARSYlG Ay ¢KFEAfFYRSE 2yS
{2dziKSFad !'aiAlr e 2KAES GKSNB IINB adza3asSadizya GKIFG
adzZFFSNBR ylLiaA2ylf NI¢gaSARBEG NNVOSA 2yt Higdym@d o8y BD2 S ¥

Ay tl g SYyF2NOSYSyd OFLIOAGeE YIFe 0SS LINRPGARAY3I | 7F

119



Chapter 4
65dz- yIOKF Y iNDEENMNIRBENEf B NBOSYIwKGI&Re I Ay TA@KBAG2 DA
Ay SFaGSNYy ¢KIKIR yRKAKE adzSRSiINBERRASR I yRaOFLIS | a
L2 LJdzf F GA2ya 1y26y T2NoIKES I IORSOBAN B HBORIVSOASE |
O2yaSNIBIFGA2Yy AAIYATFTAOFIYOS F2NJ GATISNEX dzy RSNBRO2NA Y
LJ2 Lddzt | GA2Yy D

ARSNI} o6f S

QX

¢KS fFryRaoOlILS Kla 0SSy RSUYSR o0& 02y

Y 22N N2fS Ay &aKlILAy3 GKS dNNByd adrias 27 oAt Rf

o)
AYGSNY OlGAz2y 2F SyOBANRYyYSGiiOATe OkR®RB +t §R (0 KARALP
O2y@SNAA2Y 2F 26t yR F2NBadGazr FyR LINREAFTSNIGAZY
KdzYl y LINBABHKPB mMdbdhboT [eylY i ¢KAd W2NX¥LE SEIXKREA 24
AYyFEdzSyO0S 2y GA3ISNE |yR GKS LINBe aLlSOASa 6KAOK dzy

DA@SY 5tY, Qa KAal2NR>X GKS AYyUiSNIOGA2y 2F Syoah
RAMNAOdAzGAZY A& fA1St& O2YLX SEo® Ly GAISN) addzRASa S

FY2ay3a GKS aiGNRy3ISais oNBIRVOK2 SH 2T ol &3 MINITLING NS RO
3y Y2 L

nd
Si It nmbaIN. SNOHEN S8AMBOY OS & dza AdNSRA Yo Ry Y2 LaEA
FLILINEEAYE G fifpon | BEw SHR@aivm 0/ 2y SNBSSt 83 addRASa 1 fas
F3a20AF A2 ¥aASHNBGBBESEYOS YR YIKN2BYSA8Y5® BNRG dzeD
LINPEAYAGE ®F day$ iNdif2 SXERyHI-2dB Kn AiKSEB S NBf F GABY & KK BIBI 8

S (2 6KAOK GKSaS 7Tt Oi

&

I £ & av MHROSNE G F yRAY 3 GKS RSAN
I NB 02y ¥2dzy RSR QGa/def2RINVUINIPA@NR S 20WNIAYT yBIFESNE (2 RS@St 2
FRRAGAZ2Y LT X F20dzaSR NB&SI NOK®

' GKAA ONRGAOLFE 2dzyOlGdzNB F2NJ GAISNE Ay {2dziKS
LINBeY (GKNBlIGa FyYyR fIyRAGSNGE6OK WIVOR SNk ¥ D@3 ¢ KENB T
gl & G2 SEFYAYS 6KAOK FIOG2NAZ |Y2y3a LINBés KdzYly
LI GGSNya 2F GAISNI LINBaAaSyOS Ay 5tY,d ¢2 R2 &2y S

PR

O2YLJ NBR (KS EGSyld (2 6KAOK GAISNI 200dzNNByOS Aa

120



Chapter 4

1SaiSR GKNBS KeLRGKSaSa Ay (KAA addReod CANRGZI 685
f I NBRASR 6 PHmMTl@dS QAR0a oLINBSRO2y RS GA3ISNR oAttt KI @S ai
KFoAdGFEdAz2y FyRT (2 | fS&adaSNJ RSANBSSE KdzYly LINBaSyo
O2YLI NBR (2 KdzYlFy 2NJ SY@ANRYYSFRI A YIGKNINI YOS NR & i AR
fAYAOGAY3 FEFEOG2NIAY GAIASNI LINBaSY
H® al SNAIfAa 9 aSiK2Ra
Hodm { GddzRe& I NBI

¢KS 52y awKKkIze:L @3y C2NBaG MmpYHIEYS ES 0BG SYNJO  KLDF AyTal v
FASS LINRPGSOGSR | NBF & Yo thtaYy CYKKHLA [, FyA Mot GM2WIEE e tt H NN
tIFN] 6t{bt0OX ¢l tKN}Y&lF blaGA2YyIlf tIN] 6¢tbt0 YR 5
'b9{/h 22NIR I SNRGIFEAS {AGS F2N Ada 2dzi&md I yRAySH &0
YEYYFEZ odpH OANR YR HOANb NBLHWAK BRYWLIKKSEXEY i KBISOA S
GA IS OMHINRRBY GAFASR AAE LINBe alLlSOASa LRGSyidAlrtte
.24 21X MENdrabl dbNAdkEL K S NJ/a deySiRA |'YQInZas 2Ev@aldnot ¢ anf K O ¢ 6 8 8J
aSNRISLINA O2NYAA | YRE YRS & I BRBKNR X |

t 2YiSALE a2dzNDSa 2F RAAGANDFYOS GKNRdAdAK KdzYlt y
O2YLX SGSte aRAKMYE GSRKAXVIGYNAE 2F GAffF3Saz | INA Od
O2YLX SE &dzZLILl2 NI a | adzadllydl Ay R (2ldaa MIYNI Iy ARzt @ dzM.
YR ®tB{ d {YIHiftSNI NRIRa +Ff&a2 FIOAECAGIOS GFINBAY3 F
Ayiti2 GKSasS tl1aod 1dzyly Ay OdzNBA2yimA WS B2 NG a8 yIONRE#

L2+ OKSNAR +FyR AffS3Ff t2338NE® [ SyF2NDSYSyd LI 0
HOH /T8 NBSNI & dzNIIS @ &
{ LISOA Sa LINSSaSR/OfSI (RS Rk IlyFARAYA &R i NH BINEOGNIR SIBIHPSYR

Hnny (RCamIpar$Ss Hideh  dzNBSea oSNBE 02y RdzOG SR 2 LJLJ2 NI dzy

121



Chapter 4

Survey effort
0-25

[ 25-50
[J so0-100
[J 100-250
[ 2s0-500
[ s00-750
= 750-1000
1000-2500 .
[ 2s00-5000 Th a I I 8 n d
B 5000-7500

Protected area boundary
International boundary

‘?ETRX Khao Yai NP
-

102°E

Thap Lan NP
i Dong Yai WS Ta Phraya NP

14°N =

J [T1 \0
@:gl_}_ﬁ 0 E,r ((\
Pang Sida NP C) @‘

0 20 40 80 km
L N 1 N 1 N 1

CAA®PM 2F GKS FAOS LINPGISOGISHKIRBIBAGKAKBYG 1Q@SYBRFEHE 6 Kt ¥
gumamcnpQ 2 mMnocMBDWRIBHERWNASR I ANBYKE R AFS { I yOlidzZ NB 065,
Y, bt o tlFy3a {OARIbtOIEd ACKHILO [thHryNJbF GA2Y I E tFN] oO0¢[bto |y
f20FGA2ya +FNB NBLNB&aSY(iISR 6& ol1Y E o \MyNIESWNAYWREEK GEEKD RSk yo

AYISYBERIWyPbt | O02dzy i SR T2NW GKADCRE BT & RINIINE KA NG & Ty
GAGK 52y3 LA 2{ I002dzyiAy3 ®2uNI GIKNS LI SNAETIK G1AYT2 dey/:i

STF2NI 3ISySNIrtte AyONBlFaSR a F00Saa (20 NB ar2ShNIES &%
LX F OSR (2 YIFIEAYAGS IRSKNSRARYARF QGRBEENEBE LI | OSYSyi

NEO2NRA YR ARSY(GATFEAY3d (2L INILIKAO 2NOYLEKBNI RS
/| Kdzy Rl ¢+ G wnnuT {dzym BESNISSidbcBhédamaga. | &b dMIS OF Y
O2yaARSNBR (2 06S AYyRSLISWRSY (LIBNB .20K Sigh aSrOOHzNMES Rdzfl §F $

~ A LA = a4

v oA LA X s

KdzYl y 2 MBK dz¥ISyR RS G &duinA 20yNgk LF NPAYA Kplica 65+ GF {mZ ¢ o6

RS2 ONK LEMAS YA 274 1AaE G RE R0 A Y

122



Chapter 4

HdPo =l NAIofSa
. FASR 2y AYT2NXIGAZ2Y FNBY LINBOA2dfadaaliNERA S&0 21yt
b3I2LIN} AaSNI Sda S SINJHSHIM HFTE ® | HNDVSONTE | 655 o1 5S56KYAGGESS RS (I | & d
LINBRAOG2NI OF NAIFofSa (G2 SELX LAY GFENARIFIoAfAGE Ay GA3
¢ of BNBRISYOS sl a AYO2NILERNIGSR QOAF LK2G23INI LIKAO OF
RS & ONNoaKR Bolen ¢hddzNE  Ydzy G2l O &l Yo NJ |y Ri K§SdAYR So2 12 N3p
AYRSLISYRSy (G RS S @ING2LY ay ALISKND dvnLINSOS ANEIND ey SR & 02 G NA |
LINBe &a1L)50ASa RSGSOGSR F2NJ SHOK adliaAazyT GKAa 020! |
O2yAARSNBR (22 NINB G2 AyOfdzRS Ia adusSM B (&
I YSIYy o062Re& Ylada B mtp HAI BRI YINBA)  fRABBANBE WERK

'

Q)¢

Hn G2 mtp 13 06AfR 02FND FyR avlff LINBSe& aLISOAS
GK2aS Ay 20 ROSYNING VIKNIF & RdzRAdB/Ej dzA &G mbdp X YSKHY ¥ @ I
{GSAYYSGT®SG Ifd Hnmoo

I dzYly @FNAlo6fS&a 6SNBE RSGSNN¥AYSR o6l aSR 2y RANB(
4G OoNRFRSNJ a0FfSad !'Y2y3a O20FNAFGISa NBfFGSR (G2 Kd
Al 6SIFARRIYEY(ISI| @ NNEAYy3 RSIR At REATSKUIANFRNZ §K OM
KdzYl ya o066KAOK AyOfdzRS Fff KdzYlya FyR @SKAOft Sas S
KdzYlFy AybdzZSyOSs ¢S HSFRNDRBRNES ORI xt dRIAM2Y (G2 YI
SYGANRBYYSY Gl a@&I S| & ! ERAOYRINRWMIYD haiSv pdl £ OdzA | § SR 9 dzO¢
NRIlOR@2 el f C2NBaGNB S5SLINIHYSYGI wnnnT DL{¢5!3 wunnp
[ IRAl Gk/ 2 BHENF XNiGEa Of 88454y dzy O2y iNRBff SR Lzt A0 NRI

§KS LINLEAZT FYyR O2ydNREtSR LINARGIGS oO6LINJOU NRIRAES

O £ Odzf  GSR RAA&GIYWRSR ({2 Ad-NB|a (aNIRO BE: LB BEYEY TS Hinki S 0LI2
2T aStutBYSPLEAOdA ISR 1SNYSt RSyairide oD wdSHNIMPWTS )y

D223tS> ' { 5SLII 2F {GF)3iS DS@INBLKSNR WLYIOA JZREBRY R

123



Chapter 4
LYTf dz¥YREBE RILF ASYR /L 9 dzBY HNdwipaoy 3 L2 LddzE F GA2Yy RSy

AYFNI a0 NUHz2OGdzZNBE ' yR KdzYly I O00Saad

Ly FRRAGAZ2Y (G2 LINBe FyR Kdz¥ISWI Pa GISNIWANRYY S ¢ &
RSOPSt2LSR THAK i K8 BIKAAIEA BIRE K2 REtd AL/ OlHKnAHEM VA (G dzZR&@ X | ¢
STFSOU 2F n1v SY@ANRYYSyGlt OFINARFofSaA O650MNYSNKE ¢
RIEGlda&K Sl & t®dS@SYndLI GAFE a0l tS&a owpnY (2 wmclYosX

SOSNIf t1IyRaoOFLS YSGHINROa 6F20Ft YSEHykLSNDSydGl IS

QX

O2y M3 AIKGSR SR3IS RSyarides LEGDKIBEFHREGERII FR YHAANY
O2NNBaLRyRAYy3I (G2 SIFIOK aoOlfSo ¢KS FdzikK2NB Ffaz2z (dSai
6t AYSENE ljdzr RN A0 235 SELRYSYGALt |yR ySalGAgs
Fdzy OlA2ylf F2N¥Y AY dzyABFNARIFGS Y2RSta 6AGK GAISNI I
Fdzy OlAz2ylf F2N¥Y RSGSNXYAYSR o6& !L/QohClahps Sy RA Dy
O2NNBf FGA2y T NBYIAYAYyA DdzNKe of BENWIIE X gz0d MARISRRA AL
SOl tdZ GSR @Al FNBlF dzyRSNJ GKS NBfFGABS 2LISNIGAy3a OF
SEOSLIiAz2yltte Sttt o6!!/ nodgpovs AyOfdZRSR MSAEXI O
O2NNBt A2y (Sy3aidkK 27FYORRSOOYVRENE SFZNBHNIGZ 0LIS WSS W
Ot AYSENKGUNRNAGRORF MR RSOALFGA2Y @ FwsStBRDIHIA 2YS 0y A3
NRdzaKy Saa AYyRSE (oA LGINKE F d2 R N2 0% 0z NIRE (0 2 NINESY $ i N2

NEF2NBAGSR I NBlyaowef aySANRY YA RN G ADEOG2NE Ay 2dzNJ &

(s}
QX

DI NR I of YR UIKSR N$ O 21155 QICHEYRIMNA 30 3 ya L GAFf aol f .

O
—
Q)¢

6¢lofS H SS 5F0F {HOO®
HOn ¢A3ISNI 200d2NNByOS Y2RSft &

¢2 SOOIt dz ENPOHS SHFFOKONY 2F S OK O2@F NRFGS 2y (A:
fAYySIFN) Y2RSta oD[al0 F2RESI O&YRF KRB SRKRESNR yFY R 0N

~ A 4 oA =

OAY2YALFET GAAISNI RSGSOGAZ2Y RFEGIF Fa GKS NBaLRR d&aSIzNIF S\

124



Chapter 4

- N A

STFF¥F2NI o6/ ¢b0o Fa | ESR STFSOGI 6A0GK o0 AYS? YorBIKK dRA &
02t t AYSENRGE FYR YIAYGLFEAYy O2fftAySIENRGE | ONR&A& (K¢
t SFNE2yQa O2NNBfl A2y (Sad 0SiGs6SSy OFINRIofSa Ay S|
INO B nMEBY20Ay3 O NARFo6fSa 2F KAIKSNI 'L/ O @It dsS GAl
¢tKS 0Sald O2YoAylL A2y 2F NBYIFIAYyAy3d O20FNAIGS&a Ay S
D[ad Ay ®aObDf NAE{ QI it BR 00 HRSUYEBNR NWREROE &0 NI yYy]A
AYLRNIFYOS Ay Uylt Y2RSta FyR 3ASYSNI GAyYy 3 0 a2 SINK TSR
aGSLA 6SNB Ffaz2 OF NNASR 2dzi FI2ANE (KB dStydd ANRyHNSY G | €

¢2 S@lLtdad S Y2RSt LISNF2NXIyOS: 4SS Ot Odz | GSF
RAAONRYAYIFG2NE loAfAGed {LISOAUOHtter 6S S@btdzd GSH
1FLILIF YR !/ d {SO2YyRI 4SS IiN3& (ISR 20/K SLINR W dzSyf QS & 2 ¥
Ot OdzAf FiAy3d (GKS RAFFSNBYOS 204SNBSR ¢gKSy (GKS 020!
a0l yRIFENRAT SR O fdzSad 6KAfS K2f RAy3d 20KSNJ O20FmNR I (S
YR NRAT SR @FfdzSa FyR LX2GGSR (2 S@FfdzGS OKIy3aS:

O2@I NAIGS @I fdSaoe

H®p +F NAFYOS LI NIHGAGAZYAY3

28 dzaSR Lttt Uylf @FENRFoftS& Ay SIFOK 3INRdzLI 6UBS
02y ®dz@F NRA I yOS LI NI ANIAI2ZNR I 0A Wy §2dNGROIND vi02  |j dz y G A Fe G
KdzYly yR SY@ANRYYSyGlt FLO0G2NE | OO02dzyi T2 NIy NR I
KFd 0SSy dzaSR Ay | ydzZyoSMI/ 3B KOt 2 ¥ROlatODY NR Sl ff A yA
YAYREYLFYY HAmMoTHYRYBTF &z Ay OPRMAQSKHYAYy3I (KS SELX |yl
02y F2dzy RSR Y2RStfa 2y | &KINBR NBaLRyaSo

+ NAFYOS LINIAGAZ2YAY 3T ¢ DB NI@AMKEYH SIROSIANYJOFIV! @SS

a ONA

(s}

5SSt 2LIYSYG [/ 2NB ¢St ay IHmAwydT daRA FFy §RSS i KNS R

125



Chapter 4
KdzYElYWR Sy @ANBYYSYyido ¢AGK OF YSN}Y SFF2NI Fa |+ F2d:

RSGSOGA2ya a GKS NBalLkRyaSo

od wSad#Z Ga

LyYz2y3a |y 2NRIAYIE mm O20F NAFGSE F2N KdzYly LING
LINBaSyO0S 020 NARIFGS&a 6SNB RNERLILISR R #YS dAiA Ry RS R
G2 Fff NRBIFIRaO YR 2yS LINBeS B0 Inégntps SENB 2 ¥ QR N® 2 NSRS
Bl NAFotSa sAGKAY G(GKS (62 pNINIHIzZIEIREBRSY 2 NBXYV RY DY ESO

h@SN}Itt Y2RSt LISNF2NXIyOS 41 a &GNRy3a F2NJ Fff
SYOANRYERGh I @ K2 $0 I {SHE OMOAHIMOR G KS &aGNRy3aSad LISNF2 D
KdzYly FFOU2NAR 6nddpnd yR LINBeé o6ndynod C2NJ 20KSNJ Y
20KSNA Ay LISNDSyfie 208 580BA08RYy Ht O20INBYR aLISOAUOA D

2y aSyariaAagAried CdzNI KSNI

QX
(s
pu

LISNF2NXYAYy3 o0SGGSNI ol
SY@ANRYYSyGltf Y2RSt o6ndcpoOX odzi y20Gl of & yrkAI K DINARK
O2NNBOGt& RAAONRYAY!I (H8S 0S0wASSy R2SAIYSICHID 21yt f yRNB/RLA
O f aSBpec F2 NI KdzYFy FlLEOG2NERSE ndeho RADNMIGIWAA NP \aYI S iy 3t

~ A LA =

VoS iS0taag LR2AyY

odm t NB& Y2RSt
lff F2dz2NJ LINBe O20I NAIl iSa ¢6SNB AyOf dRSR Ay (GKS
STF2NI® 'L/ GFINARFOGES AYLERNIFYOS 61a KAIKSEG F2NI 4
YyI'v2RSt adadzoaSiax FyR foRotBdni F2NJ AF YOI NJ I yR 3 dzNJ
+ NAF6fS AYLRNIFYOS:E a RSGSNNYAYSR o0& aill yRINR
nodddn 0pE nfdeHtntve 6 SR 10 &r' LINGR ol YyIRD MA@ aeTT0 @ D NJXp2 i K M Dlvdavg
'mdnTn U5 lnydRvdaHlmivddm Nd 0K ROomiRé®dza G SR &0 yRI NR SNNE NEH

t NBRAOGSR GA3ISNI LINBASYOS KIR | aAdGNRy3IZsn@FaAidacg

126



Chapter 4
¢l ofl SamzyYE NBE 2F LISNF2NXIFyOS aidldradadas TNINRIINSBER KBAR Y

Ff ® @HAHMD

a2RS alE YlFUWWAAY t// {Syairai {LSOAT YILL ! !/
t NB @& nNeHT AN noerTd ndPppH ndéyco ndnn nody
| dzY'I nonTtan noyy nocnd ndppc ndcp nda
9y go noénonn noyy noernam nddpom ndecn ndo

ndyt & OF YSNI ST7¥2Nfi2ohiagadas iy AOINSE & SRA (TR &2 MM | L
LINBRAOG2NI 2F GA3ISNI LINBaSyOSs: gAlGK LiNGSHRA&DItS Rw LLINZI6f |
AYONBIBSRREASOHIAZYA LISNI mnn /[ ¢bd ¢KSNB 4+ & AIISK2 R
LINB&Sy O0S FNIWi dodw@ | D NPy wi. Ay ONBLF &SR FNPND Sy iRt ¢
OHyy RSGSOGA2y&akmnn GNYL) yAadKGaved ¢KS LINBaSyosS 27
LINBRAOGSR (A3ISRIQINGAE SHYIBa @A i Ki LBIZmRISIGEAtY AW T F WA NI
FTNRBY n (2 Hyod | 26 SOSNE (KSaS NBflIGA2Yy&aKALA F2NJ :
a0 YyRFENRAT SR O2STFFAOASY (1 a ONZ a&A 0 SHRPIRe t INBRADNIISRS R

ALISOASE NAOKYS&aaT Apn/ ONNSH GNRYTEK yFONREY AnyaONG HizeS B NS Yo 1

o®dH | dzYl'y Y2RSHt

I G201t 2F AAE KdzYly O2@I NALl (Sa ¢ SN& BKAADdFESR
OF YSN}Y STF¥F2NIxX RAalGlIYyOS G2 LIN] NRIRaX RAAOLKNOS
BFENARFOES AYLRNIFYOS GFNASR YINHAylLfte FONRBAaa O
Lldzof AO NRI R& | ¥R 6DSlolT 25 i S2y6iS RR Soyed ABS KA Of FarbIZy R yRA &
L2+ OKSNI YINB®BY PBt deSy G Al £ O20F NAF 1S4 LIRariGAgSte | &
a0l YyRFENRAT SR O2STFAOASYH avsd nAdked BedzRnSaNaImEf YAZINI NP wra5a Nap
P Nnodpr 2y OSNEStex O20I NAIGSa 6AGK | y2ilofd FINRY

mdcmn Op lydRisy pi2 | f SAaaSNITRSESAWRSE N @R MOKSNI t/ wL 6

127



Chapter 4

t NBRAOGSR WNEHASKNAISBEAGY OKI yaAy3d 020 NAFGS @I t dz8
STTR NDYR SHKAIEPSESESNE ¢SNB | f a2 LlRardAragsSte | aaz2 oAl
LINEOIF OAE AGASE Ay ONBIdeAyITR ATANE WAGHES NP2 Radzon wOMB 0&a SR F
MEAnnY® / KFyaSa Ay LINBRAOGSR GA3ISNI LINBaSyOS 4l a f
43a20AFGSR 6AGK O2@FNAFGSad t NBRAOGSR GAISNI LINBaAS
G2pmeoddad RSyariae AyONBlFASR FNRY lfyz2ad n G2 nomod
G2 Ffy@®powmwn L2 OKSNI t/ wL AYyONBIFaSR FTNBY n (2 wmnn

RAadGEFYyOS (2 LI N] NRBY Ran Ay Ol /AERNITINE2YO af SSNIBS Ri K Y 2 |

<,

LINBRAOGSR GAISNI LINBEISWMISP FNBEY ndmn (2 ndno 06

odo 9YDPBANBYYSYyillf Y2RSft

l'a RAAOME BIR ITyMSOSy@udNRyYSydlt Y2RSt 6¢F0fS H(

0SG6SSy GAIASNRE | YR LISNIS yid /AEY 228FS MiIdb{pyso @iie? LI229NE LK A60
6a0FYRFNR RSQGAI GrA 2/Wo g26Fpy & Fegli Ay WwEBHNNI A yi NBdzakp8aa
NOBoH Iy R NB Fi2 NI &nidSdiRalyly B We8bddniviodS | a a2 OAMT @A vV ap 64 @K

YR 2LISy HE2NPDHI $oRRANGpAT20/ I f AYF2NXI GAZ2Y LNBAOGKOEI S

S NAFof S8 AWIENBLIGNO FWENT @@ Oy 068 F2dzyR Ay ¢Fof S |

odn *F NAIFYyOS LINIAGAZYAY3

¢KS NBfFGADBS LINBLERNIAZ2Y 2F GFENAFIyOS SELX FAYSR
SYGANRYYSYy(oE2 NIy ROIONWWSEMI OBEAARSNI 6f & gAGK | KAIK F
FILOG2NEE AYRSLISYRSY(d FyR 02y T2dzyRSR sAiGK 20KSNAZ
SELX FAYSRI F2ftt26SR 08 pdpdoSTHZMNIK dzWIRy oTolddi:2 NER2INJ o
NEBfl GADGS LINRPLERNIAZ2ZY 2F GFINAFIyOS SELIXIFAYSR SEOf dza A
OMpPc:20x F2fft26SR 06& OF YSNI SFTF2NI opdw:03 LINBe

KdzYl yi 2NBO 22 Ay ifé SELXFAYSR omodm: 2F NBfIFGABS LINRL

128



¢l ofCHzt H &

EﬁKzJéwlfn%prLﬂmm S+ HKA
LIK 2 G 2 3 NI LIWNE @
Ay Of dzRS &

mnadK

I SN} 3SR Y2RSt

O0f Sz

G SOMRBNES S t dzS &
2 LIG A Y I 6F 2 NGIA (S RN Sy ZRISING 20yKIYEA O 0

LJ2 I

gAfR

~ A

LINR 0 I

Chapter 4

NB & dzf (i @ ORBNIS§ 10 NR ¢gWISaKi LIEB GRS 61
AyOf dzZRAYSRANEARBERARDEIOY RF NRROBSINENI & { 90 =
AAIYALEON YOS @6 NAFBE S AI¥NIB MIRY WOBSE y&AS Ay
OKSNE

I R 2 dgal if SdBS a0l vy
OAf AGE GAlK
NE Yol NJ

02l al

PR

ol 0
£ NAIFo6f S i | Redz i ) LJ 1L/ +F1 pLINE
OLYGdSNOSLIU ™MPn [ noémoo mandd fFndn T Tt
2 At R .21 NJ noHd nommm HdPc1 ndnan o] nopi
t NBe wiOKySaa nonn nomcTt Hdcr ndnan ) noul
/' FYSN} STTF2NI nopd noéunm ndms Fandn o noy-
{FHYol NJ nowmn ndéovmmdg ndy1 ndoy M noo
DI dzNJ monT noemoH ndpyr ndprT M mdn
000
+ NAlof S i l Redzad 1 LJ L/ 1 M pLINR
OLYGSNDSLIIO ™ dor noHcy y®dtT fnodn. T T
+SKAOE S noHy nompn mdy nadnc H noT |
5Aa40ly0S (2 tdotAd w2l wmodnan nompr pdm Fadna. ) noc-
5Aad0ly0S G2 tIFN] w2lR mdof noMyH mdp ndnp H m oM
{ShdGt SySyid 5Syarde ™m®dc nonypodo ndnn ) mom
/' YSNY STF2NI M®nH NOHT N pdPH FNndn. ) n o
t 21 OKSNJ mdc T noepmt mdo nomy M mom
000
£ NAlof S i | Redzad 1 LJ 'L/ k1 pLINR
OLYGSNDSLIO mdoc ndomn ndo fnadn T I
72 {SO2yRINRBIC2NBAl omc| modTT NndoHMn odT. Fndn H m ®H
/I 2NNBt A2y tSy3aiaK {SO02 mor7s noHop HOP ndnn 0 mom
/' YSNY STF2NI ol GN} LIy mdnc ndond ndt f ndn o] n ool
2 ' Yoz2l 6mcl Yo M H NopHp Md®ph ndnp H nop|
59a {GFYRIFINR 3S@AllAzy nogpd ndony o®H ndnn M nowmi
2 . lYozzv omcl Yo monT N®HOH nd®o. ndTp H nop|
59a {dFyRIENR 85SQALGAZY modyc ndooc HOPp ndam M nom
C20Flt YSIy 2F GSNNIAY N mowmc n®épnH Hdo nPnH H nowm
C20lt YSIy 2F GSNNIAY N mocT neptTdg HdYy ndnn H nomi
72 hLISYy F2NBad omclYo ™ do [ nonpTt pedm fFandn M modp
/ 2NNBt A2y tSyaakKIiz2F N nddc ndoumodn ndnn M nom-
/ 2NNBt L iAz2zy fSy3dK 2F N modpg noMmopp Hdy ndnn M nom:
FILOU2NR o511 Gl {MT ¢F-06ftS o0® wWSEIGADBS LINBPBLRNIAZ2Y 2
FIrOG2NB 41 & T2 O
nd 5Aa0dzaairzy

28 S@IFtdZd 6SR GKS RS3INBS (G2 6KAOK LINBezI Kdzvlhy
LINE&SyOS Ay (W&l 22yBAtKRABa8Y/ 2YLX SEZT | GAISNI f I

129



Chapter 4
OYDBANRYYSyYyGlf @FNAIFO6f Sas [y NEIA@OZE NENT & S Bty TR WA R SIR

G NRFYyOS Ay GAISNI LINBaASyOS (GKIy lFye 20KSNJ FFOG2NJ
Y2NB O2YLINBKSyargSte | 002dzyiAy3a F2NJ FIF OG2NAR Aybdz
KdzYl'y I 00S&aasx GGKIYy SAGKSNI 2F GKSasS FIFO0G2NA AYyRSLIS)
GAGK YBRAIR LINBe 06AfR 62NV FyR FNBF& 2F KAIK LIN
Faa20AFGA2ya 6AGK OMH K NE 132 ZSONO SMMSFii2 NBSY alBHINIEA LIdzo
LINB&aSyOSo

hdzNJ FANRG Ke LXd S dima SINGS BR@f RR K S a0 NBRWRAS RLER ¢
6 MTpl3I0 LINBe aLISOASEI Ay LI NI A OdASIANIA & Y 60NN GFAyOR
LINB&aSyO0S | yR LIDNE N YIWKOS yRT { GMTKNIMYDR DT WdzNd FRIK 2 B
GKNRdzZAK2dzi GKS GAISNXRE NI yISYIANIRADKE GISY R {LiMSIF ENB i C
{FY1FEN HAanuT . OEHOK AN S R22MEuIBOHERNIP Ly 2dzNJ addzR
AUNRY3AT LRAAGADBS Faaz20AltldAz2ya sAmRTI SR RLSDEKBESO DK
2N yS3IALGABS NBtFGA2yaKALIAE O2dA R y2i 0SS RSGSN¥YAYS

~

SOl ftdd §SR® 2AfR 02FNJ I NB NBflFIGAPGSte 6ARSALINBIR A
a SSHINBERE 4KISO3 SaSSWONRPadl OK

(0p))

I oAt FoAfAGE 2F (K
O2STUOASYGa FT2NJ 0KSAS alLlSOASad ¢KSasS NBadzZ Ga | NE
bI2LINE G SMINMHIHDA ISNE KIR A0GNRBYy3 2@0SNIfft FaazoaltdAazy
NBadzZ Gax I+ dzNJ g1 a O2yaARSNBR (2 KI@S (KS KAIKSa
GAISNI LINBaSyOS 41a |faz LkRaNVABKIS{HYRZOKGORRA SaA K

210NJGSAYYSOT = SHI dzNFP &HinYWwooloNd |y R ol y i Syd@t SiizRS&S nay

(@]

—

NEYYI 1def 2hiRO®2F NI FyR RSSNI aLISOASES &ddzOK | a al Y

w

t ASOKSNB AYOQHSGAAENDE NX WIS PPPT . Aasla FyR {Fy
Y

(V)

G | £ Ayh mc20YS OF asSas 2NB 4&{ @Flydak NB RS i 21 Sd dadptb T
HnmMmHbe g lPIHindrdzd ISaG GAISNAR 2LIJAYEEte asSt SOl LINBe

NREdAKfe (2 fINBS OSNWARA o0Sd3Id &I YOIND YR gAfR 0

130



Chapter 4

NBALISOGAGSted Ly FdzidNB &G dzBA DA GRADOYAABYEA VIR K
NEfIFIGAGS (G2 GA3ISNIoO62Re YIraa 6Se3d gAfR 02FNI YR &

Ly FRRAGAZY (2 adNRy3a LRAAGADBS | aa20AlGA2ya ¢
LI2aA0GADS | aa2 QANKRA 2NREO KoyASiaka a2 A INIAfEEF 6 Af AGe 2F RAGSN
G2 0SS Fy AYLENIIyYyd Tl OG200 MWR 20X SSIHLISNIR Ay ingSy @EN2 A TR f &
YR LISNEAAGSYOS 2F tI NBHS OFNYAO2NBD{ YYR2&S ShlzyLR(i® ML
Aad LlaarofsS GKIG LINBe aLlS0OASa NAROKySaasx Ay FRRAGA
I NBF& Ay 5tY, o

Ly 2dzNJ aSO2yR KelLRiKSairaxr ¢S LINBRAOGSR dGKFG @

(p))

KdzZYKYoAGEFEGA2Y YR (2 | fS3aSN)J RSINBSI KdzYly LINBa

¢AISNI LINBaSyOS Ay 2dz2NJ daddzReé KIR &aidNRy3ax yS3aAlGAGS
NEBfIIGAGSte aiGNRy3d ySILINBEGSYyDEA2PA ILEBADKS NBE DI KC KER S
SOARSYOS Ay 20GKSNJ aiidzZRASa &adaA3SadAy3d oNBIFNRF wEA Sk
HAMMT | FNAKEFENI FYR tlFyRIG nm®d$NIb S ELING2ENSBNIBM IO A FIAD |
yS3LGA@S 4420 AFGA2ya 6AGK aSiidtSySyida | yRa LNHOoYyAD
OYSNI Se S td HnnuT [AYPAGKS Iy $FID0 MBS cITA § AN INTIARR2
Ll2F OKSNE A& |faz2z O02yaraiSydOosAdmiANRIRADA AAE O AIR
FYR LINBe LRLMzZ FiA2yar SOYSYy 3y SABESYAYImdpp Y (/1 O LINER
It dvnbvSA GAGBS | aa20AFGA2ya gAGK KdzYly asSididtSySyiz
FtY2ad dyRDENEKS d@YSIEINEE Nk yESDO wnnwT YIEylF3aENr2 S
{dzy F NIi2 Si{ 1atS® SiINh BT LI $oNBo R 2 F NEI KB &N FMEYi 2 NBE 06 S
RSOt AySa 2F I NABGA IOLING A @& NB & 3 & 2 abh thid2N2 (NI Aldaf B & w A Ldi
FILOG2NRE FNB | YIF22NI AybdzSyO0S Ay GAISNI RA&GNROGdzi A 2

hdzNJ NBadz 6§48 RSLI NI a2YS6KIG FTNEX2DANIASPAYRA KK
YR @OSKAOtSad Ly 2dzNJ aidzRés 6S RA&GAYyIdAEAKSR 068§

02dzyREFNASaAaX FYyR LIN] NRIFIRAa YFIAY(ilIAYySR o8NBrazsgkao

131



Chapter 4

CARGE I GA RS2 YLINRPELIZANINRA | y OS Ay SELX FAYSR
SFF2NIS® / 2yF2dzyRSR T O02NR O0FNBIFLA 2F 20SNI LW RSaONROGS

G2dz2NAaY®d hdzNJ addzRé NR RNBYAJFHdZRA 84 R NENPAIGEA 0F NIB A ¢
AytiSyaride 2F dzaS 2N yI gAIlF oAt Ade ONYIINESIND @Kt A & deyi Qs
aa20AFGA2ya 6AGK LI N] NRFR& Ay 2dzNJ addzRe | NB f A7
0 KNRdzZaAK KOSy SINKEYSRa GBIILIS £ @ wnnu T {dzydddIaKiS NEn MYAFTY & | 2N3
R20dzySyiSR Ay (KA& addzRé oSNB OSKAOf Sas AdiakS R NBa at
LINEGSOGA2Y LINA2NAGe>Y adzOK a FNBlFa GKFG &dzlJli2 NI

b3I2LINBESoNEnm TRAR y2i R20dzyYSyid &aArA3ayiaAuUuOllyld RAFFSNBY
RAFFSNByY:G OFGS3I2NASa 2F @SKAOt S Rddd IO NI ViISANI ¢ K&
FLEOG2NI Ay BDOdSNEERORSMYORMH 0¢ K ApA Y & K @S 2HdENT 23 (&R

AN 2

wS3dzf  NJ dzaS 2F NRIFR&a o6& TFStARa&a | yR 2005KAS NJ ARGLISIAIAAS &S i

132



Chapter 4

HaMnd 26 SOSNE GKS NBfFGIA2yaKALl 0SG6SSy (GKSasS aLISOA
S 6SNB dzyl of @ QX SSAEAFFROLS @yFS FSKAOE S LINBaASyOS 2
R2 y80SaalNxRfeée AYLXe (2fSNIryOS 2NJ KS o0aSyoS 27

hdzNJ GKANR KeLRGIKSaArAa ¢l a GKFEG LINBe AGaStT g2dz
LINBaSyO0S 2NJ SYy@ANRYYSydGlt OKINIYOGSNRAGINIOBEYHADEY 1
Ay GAITSOHXYEINBESKOSY R ({Ki SUK I f@hédTAKIONNYIZ NI yOS 2F LI
A0dzRNENF YUK SO T navmmTRaI2INIASHI Bt Ol HhoP HEKMBI Y
KelLRGKSaAa ol a y2G adz2IRNISR o6& 2dzN) NBadhaa LWNBS
FYR I f1 01 2F LINBe g2dzZ R OSNIFAyfte LINBOfdzRS GA3ASN
NEfFGADBS GFENARIYyOS SELXFAYSRI GFNAFYOS LI NIGAGAZYAY
O2YLI NBR (2 O8KENI AHO0OG2NEMNLYINERAOGAZ2Y AT SYODBANRYY!
LINE LR NIAZ2Y 2F OFNAIFYOS omMdpdcs: 03X LI NIAOdzZA F NI & O2y ¥

+F NAIF YOS LINIAGAZYAYT Ay 2dzNJ &dGdzRe GlYRSEN (&R
SELX FAYSR o6& | O02Yo0Ayl A2y RFK SYDARMBHONMENGSE M 0 & YNB YK
laa20ALGA2ya 6AGK KIFEOAGIG &dzZAiidlofS F2NJ AYLERNII y
laa2Pal BAAK O2NB KIoAGlId Fglé& FNRBY KdzYly KIFoAddz
YySEN) aSiiatSySyida (KIFG 6SNB KSIF@gAte AYLIOGSR o0& Kdz
KFoAGFdGE GSNNIAY yR ONBEASEE2KI @82YBESYYyR YIRRE 6%

GAISNI LINBASYOS 20SNItf GKFy LINBe 2NJ KdzYly FI Oi2NEH

()

{LISOAUOFffe&s Al A& LR&&aAOES (GKIG SYSANFIYSYOGE2ND2T
LINB&SyO0S 2F LINBées AyOfdRAY3I KdzYly LINBaSyOS:I NBadz
adza3Sada GKFG Ay &a2YS OLasSa Iy Sy@aNRYyYSyidlf Y2RS
0SS dzaSR (2 OM2NNSty OBA IXNEINSO 2 i KSNI REGE YIEe 88 1 O A\
KA3IK RSAINBS 2F OldziAz2y aAyOSs NB3IFNRfSaa 2F Sygdin
SNIRAOIFIGS GA3ISNE FyR 20§KSNIoa ISSABIBET F8HPY ! 2K & 1k &

GKAE FLILINE I OK YI28NIoeS daySySONEGiA2I2R AWBL & 08 ARSYGATEA

133



Chapter 4

LINB&aSyOS G2 3JdzARS Y2NB &ALISOAUO FyR NRodzald aOASylaA
KdzYl'y LINBaadz2NB akKz2dzZ R 0S SYLX 28SRe odirpSREKENI yRAEK S
2T (KS&S FIFIOG2NER 2y GA3ISNI LINBaSyoOoSo

| dzY 'y LINBaSyO0S SELXIAYSR F NBftlLdA@gSte t1NBS | )
Gl NAFofSa 2y GAISNI LINBaASyOS 6SNB LI NIAOMRYNSY GEG
FILOG2NE A& SOARSydG Ay GKS KAIK NBEFGAGBS LINR LR NI
SYGANRYYSyGlt FIOG2NA® Ly 5tY,s YzdzyidlAy2dza KI oAl
GAGK f1 yRAOILIS OKHANPESRFK A KUADE yt AYhABSYy DS &6 GSNI £ §
SELX I PNBRRAYISNXA o0& (GKS FLOG GKFG tAGGES FEGSNYL
GKFEG GFENREFEYOS Ay GAISNI LNBAAYOS Sy BYPENR I OFPRAOAR2Z2 R
KFoAGEFEGO F2NJ LINBeX yR NBFdzZAl Ay gKAOK LINBe | NB &

2 KAfTS 2dzNJ G dzReé NBGBSIta& AYLRNIFYG 3da20AFGA2Y3
0S RAAGAYIdAEAKSR RKNBYALWBR 3ARCSOKS2yD248AQTF (GKAA
2T RASOVYHWIHyRBEXAAYR bAOK2f ad MUudNLTK 9 NER KGSNIRIA RS {y 213t & y
LINBE& &LISOASE o6frHn 130 3IAGBSY OKSaLINFa2WINSG azitizRaSd
NEBLINB&aSyidlFidAz2zy 2F fFNHSNI LINBe a 6SAy3d OWIWGIKOLH fyftRe
{dzyljdzA &G mMopppT . Aasla FyR {dzFKF AL ONET bALAIK ESBILA
@MY OY2RSEEAY3 GAISNIFaaz20ArGA2ya gA0GK LINBe St a
G2 188 |aadzY LW X2REILBAER OGrbizLINY e (i K248 LISNIFAYyAyYy3I
Ot 2adz2NB ySOSaal NBE F2NJ OFtOdA FdAya NBtAlIotS Saday
RS@PSt2LISR dzaAy3a RSGSOGA2Yy NIGSa otZWLDINB& ULINBEIENN
NEO2YYSYR FdzidzNBE &iGdzRASE &aGNRAGS (G2 AyO2NLRNIGS R
O LIGNENB LJi dzZNB FNI YSe2N] & 6KSNB LI2&adaAo6f Sd CdzNIi KSNE
FyR LINBé aLSOHDIERAESE RREWAZNAYI GKS LRGSYGAFf NRaAJ
OF yYAYS RA&dASY+IONERWMNba® 2 NJ | FNA Oloy dza 8 NIuE mBB & § 1808

g1 NN yiSR®

134



Chapter 4

nedém LYLI AOFGA2ya F2N O2yaSNBFiAzy

hdzNJ a0 dzRé adzZa3SadGa SELX Yyl G2NE Tl OVRING | F-2ANJ di2Al
I 2YLX SE NB Y2NB ydzZ yOSR GKIyYy AyAGAL a8 208\ U R EA
gAf R {adZak N\DONF RI LINB@ NAOKYS&aas yR aAGNRy3aAsx ySaAFGAD
NR IZFRMR L2 OKSNE® | 26 SOSNE SYGBANRYYSyidlf OKIF NI OGSNA
SELX I AYSR kKOS NBNE SANNE2 Y i2F O NAFYyOS Ay GA3ISNI LINB
2F GAISNI LINBASYOS Ay 2dzNJ adidzRe FyR O2yaAraiasSyda oeAdl
LINAZ2NRAGAT Ay3 LINPGSOGAZY 2ByDSe | KROASIOUNA YHY AIKERA
2y3A2Ay3 GAISNI LINRPGSOGAZ2Y a0 NIYISHAABENHAY BT I 1 §KS
iKS4aS aSSyAayate AylddadArAdS NBadzZ Gas adzOK a yS3al A
FNB y2ySGiKStSaa AYLRNIIyd (2 ljdadydAFed bS3AFGADBS A
6/ NB21a& HnNnnHT C2fS® 1S4 #$tOf nin pW2NBR TFINDHBNGBHE & BIS
adz0K | [ SAYBINA 2SRy B ido$IANA 8 n bI26E OSMNEo i KS NBf | (A2

#ii
aLISOASa YR FYGKNRLIRZ2ISYAO FIF Ol

—
(&)
Z
&
Q)¢
w»

<
O
w»
N
-
[
R
w»
QX
w»

61 S00f SHKAGS YR aSNNRARtt HnneT! dRENA Y $RAYH OI KA M
2F KdzYly LINBaSyOS 2y GAISNEI LI NIINBRIZ 2 NI Sy AAYNPO2 YWy

Ad LI NIGAOdzE F NI & AYLRNIFYy(G F@&A) 232N HaAI2RBY SYNBI 272 N
fLOlAYy3ID

/| 2y iNREEtAYT LRIFOKAY3I 2F LINBex LI NIAOdzZ I NI & é&At
ONHZOXNRE SN2 NINR GSOGA2Y 6KAES NBad2NI A2y 2F RS3INI RS
F2 NJnitSeNgvd NBO2@SNE 2F GAISNE Ay G(KA& f1 yRaoOl LIS wSH
FNFIAYSYd KIEOAGHG 2 NIRR GANI ARG YRS YO OS/&ETE A yardyGaK O SN BNERd
fFyREOFLIS FYR FTRRAGAZYyROI NBASHFNBKOGEY 2 E2 @S KKK Sa U
G NN YGSR® 9FF2NI A& | NB dzy RSNBIF & ®2 bWX U hd ki8I KK 6 K S

SEGSYyG (2 6KAOK (GKAA gAff FLOAtAGIGS GAISNI Y208Y$S

135



Chapter 4

Oly Y20S 6AGKAY FYR 0882y R AKAKA IHYNIAOIISE ALY BNAZS
G2 G0KS RSJS fi2SINWSfEHIONBASRINS/CGR2 OSNE aid N} §S3IASad 2SS oS¢

JdZA RAY 3 adzOK aGN)I G§S3IASa Ay 5tY,X aLISOAUOIRKISY GAN (i K7

F ROSNES KdzYly | OGAGAGEDd hdzNJ | LILINRI OK Yl & 0SS KSt LI
KFoAdFdz S@OlIfdzrdAy3a GKS SFFSOG 2F KdzYty LINBaASyOS
LINEGSOGA2Y YR NBEO2QJSNEO®

1 ON2eftf SRASYSyha

28 (GKIFIyl ¢KFIAfFYRQE 5SLINIYSYyd 2F bliaAz2ylrt tF N] &z
{2YLK20G 5dzf yIOKFYGNI 8ANRET 5N {F1arAdGd {AYOKINRSY |
RFEGE FNRBY &dzNBKSE 502y R dFGRI SCRNBSECH § RT €2 dzy R | (IR BRI Y 8§ NI K
¢KFAfFYR AY HAamMo YR tlIYyGiKSN} FNBY Hamc®d Cdzy RAy 3
WKAY2O0SNRA YR ¢A3ISNI /2yaSNBIiA2y CdzyRZIS5R®EAR {
LYGSNYIFGA2yltk. 2Ny CNBS C2dzyRIGA2yX umaid / SyidNE
YR %Y ¢gSNB adzLlJlJ2NISR INryha G2 52a FNRBY GKS w2o0S
{2y3GFY {dAalgly3ar SNRIGKEKLK2Y I fURIEAIK2 Y| (K2N
I KFyiSEkLE YNARAaA&alFRIF 1 2YadRE . 22yO0OKSNR WFENRBSyadzz b
CKFYFNR2 tK2GA&FNRBT 2A0KFA t2NyftSSaly3adw2ysr {2Ya
tNBSOKF 2AGGF@FLIKEFYZ 5N tNFIGSSL) 5dz8y31FSz ¢KFGGF

¢Ckoly {NAGK2Yy3AY / KNRAG2LIKSNI 1 FEtlYsS [dt8S {d218a

/2y Tt MyRGS NESFA

b2y $

wSTSNByYyOSa

AndheriaAP, Karanth KU, Kumar NS (2007) Diet and prey profiles of three sympatric large carnivores in Bandipur Tiger Reserve,
India. J Zool 273:16275. https://doi.org/10.1111/j.14697998.2007.00310.x

136



Chapter 4

laK 93 Ylaldl AX b22OKRddzY NeKIIA ! I3y RRaia |G 2 NBa2ninin®y heLALI\NBdXY Al (1224 SFap:
Panthera tigris corbetti and prey from camerap surveys in Eastern Thailand. Oryx 55¢204.
https://doi.org/10.1017/S0030605319000589

Ash E, Macdonald DW, Cushman SA, et al (2021) Opimnizdtspatial scale, but not functional shape, affects the performance of
habitat suitability models: A case study of tigers (Panthera tigris) in Thailand. Landsc Eca}43®8t455
https://doi.org/10.1007/s10986020-011056

Bagchi S, Goyal SP, Sankar B3pBrey abundance and prey selection by tigers (Panthera tigris) in @asdmdry deciduous
forest in western India. J Zool 260:2290. https://doi.org/10.1017/S0952836903003765

BarberMeyer SM, Jnawali SR, Karki JB, et al (2013) Influence of pretialepnd human disturbance on tiger occupancy in Nepal.
J Zool 289:1€18. https://doi.org/10.1111/j.14697998.2012.00956.x

BenitezLépez A, Santini L, Schipper AM, et al (2019) Intact but empty forests? Patterns of fmohticed mammal defaunation in
the tropics. PLoS Biol 17:e3000243000247. https://doi.org/10.1371/journal.pbio.3000247

Bhattarai BP, Kindlmann P (2013) Effect of human disturbance on the prey of tiger in the Chitwan Nationahtektions for
park management. J Environ Manage B3B;350. https://doi.org/10.1016/j.jenvman.2013.10.005

Biswas S, Sankar K (2002) Prey abundance and food habit of tigers (Panthera tigris tigris) in Pench National Park, déatihya Pra
India. J Zool 256:4£420. https://doi.org/10.1017/S0952836902000456

Borcard D, Legendre P, Drapeau P (1992) Partialling out the Spatial Component of Ecological Variation. Ecolagy033:1045
https://doi.org/10.2307/1940179

Carter NH, Shrestha BK, Karki JB, et al (2012) Coexistence between wildlife and humans aidfiiseapat Proc Natl Acad Sci U S
A 109:1536Q15365. https://doi.org/10.1073/pnas.1210490109

ChapronG, Miquelle DG, Lambert A, et al (2008) The impact on tigers of poaching versus prey depletion. J Appl Ecgl@B41667
https://doi.org/10.1111/j.13652664.2008.01538.x

Coffin AW (2007) From roadkill to road ecology: a review of the ecological effecads. J Transp Geogr 15:8866.
https://doi.org/10.1016/j.jtrange0.2006.11.006

Crooks KR (2002) Relative Sensitivities of Mammalian Carnivores to Habitat Fragmentation. Conserv Bj5026:488
https://doi.org/10.1046/j.15231739.2002.00386.x

Cushman &, McGarigal K (2004) Patterns in the speeigronment relationship depend on both scale and choice of response
variables. Oikos 105:1£T24. https://doi.org/10.1111/j.00361299.2004.12524.x

Di Bitetti MS, De Angelo CD, Di Blanco YE, Paviolo A (26t8)pirtitioning and species coexistence in a Neotropical felid
assemblage. Acta Oecologica 36:d40R2. https://doi.org/10.1016/j.acta0.2010.04.001

Di Bitetti MS, Paviolo A, De Angelo C (2014) Camera trap photographic rates on roads vs. off roadsdbesatiatter.
Mastozoologia Neotrop 21:846

DNP (2016) Practical Plan to Improve Tiger Population-2035 (20 Years). Department of National Parks, Wildlife and Plant
Conservation (DNP), Ministry of Natural Resources and Environment, Royal Governiiieaiteofd. Bangkok

Duangchantrasiri S, Umponjan M, Simcharoen S, et al (2016) Dynamics edenkity tiger population in Southeast Asia in the
context of improved law enforcement. Conserv Biol 30d&8B. https://doi.org/10.1111/cobi.12655

ESRI (2015)réGIS Desktop: Release 10.3.1. Environmental Systems Research Institute, Redlands, CA

Foley JA, DeFries R, Asner GP, et al (2005) Global consequences of land use. SQi&0E=5BQ574.
https://doi.org/10.1126/science.1111772

GISTDA (2005) Thailandae. Gednformatics and Space Technology Development Agency (GISTDA), Bangkok

Goodrich JM, Lynam A, Miquelle DG, et al (2015) Panthera tigris. IUCN Red List Threat. Species 2015 e.T15955A50659951

137



Chapter 4

Gray TNE, Crouthers R, Ramesh K, et al (2017) A framewadséssing readiness for tiger Panthera tigris reintroduction: a case
study from eastern Cambodia. Biodivers Conserv 26:@3830. https://doi.org/10.1007/s1053017-13651

Guberti V, Khomenko S, Masiulis M, Kerba S (2019) African Swine Fever in WilddBogy and Biosecurity. FAO Animal
Production and Health Manual No. 22, FAO, OIE and EC, Rome

Harihar A, Chanchani P, Pariwakam M, et al (2017) Defensible Inference: Questioning Global Trends in Tiger Populations. Conse
Lett 10:502,505. https://doi.org/10.1111/conl.12406

Harihar A, Pandav B (2012) Influence of connectivity, wild prey and disturbance on occupancy of tigers in thddmimated
western Terai Arc landscape. PLoS One 7:e40105. https://doi.org/10.1371/journal.pone.0040105

Hayward MW, Jedejewski W, Jedrzewska B (2012) Prey preferences of the tiger Panthera tigris. J Zook286:221
https://doi.org/10.1111/j.14697998.2011.00871.x

Hebblewhite M, Merrill E (2008) Modelling wildlifeuman relationships for social species with miegfbctsresource selection
models. J Appl Ecol 45:8844. https://doi.org/10.1111/j.1365664.2008.01466.x

Hebblewhite M, Miquelle DG, Robinson H, et al (2014) Including biotic interactions with ungulate prey and humans improves
habitat conservation modeling f@ndangered Amur tigers in the Russian Far East. Biol Conserv d64:50
https://doi.org/10.1016/j.biocon.2014.07.013

Hebblewhite M, Zimmermann F, Li Z, et al (2012) Is there a future for Amur tigers in a restored tiger conservation lamdscape
NortheastChina? Anim Conserv 15:5892. https://doi.org/10.1111/j.14691795.2012.00552.x

Joshi AR, Dinerstein E, Wikramanayake E, et al (2016) Tracking changes and preventing loss in critical tiger habitat. Sci Adv
2:e1501678e1501675. https://doi.org/10.1126/scitv.1501675

Kanagaraj R, Wiegand T, KrarBehadt S, et al (2011) Assessing habitat suitability for tiger in the fragmented Terai Arc Landscape
of India and Nepal. Ecography (Cop) 34®A1. https://doi.org/10.1111/j.1600587.2010.06482.x

Karanth KU, Chulawat RS (2002) Ecology of the Tiger: Implications for Population Monitoring. In: Karanth KU, Nichols JD (eds)
a2yAG2NAY3a GAISNB YR GKSANI LINBe Y | YIlydzat FT2N NB&&EI NOKSN
Studies, Bangate, pp 22

Karanth KU, Gopalaswamy AM, Kumar NS, et al (2011) Monitoring carnivore populations at the landscape scale: Occupancy
modelling of tigers from sign surveys. J Appl Ecol 48IBES. https://doi.org/10.1111/j.136582664.2011.02002.x

Karanth KUMiquelle D, Goodrich J, Gopalaswamy A (2016) Statement of Concern by Tiger Biologists. In: WCS Newsroom, 15 Apr
2016. https://newsroom.wcs.org/NewReleases/articleType/ArticleView/articleld/8872/StatemenftConcerrby-Tiger
Biologists.aspx. Accessed ®ar 2021

Karanth KU, Nichols JD (1998) Estimation of tiger densities in India using photographic captures and recaptures. E86Rigy 79:2
2862. https://doi.org/10.2307/176521

Karanth KU, Nichols JD, Kumar NS, et al (2004) Tigers and their prey: Prediotiraye densities from prey abundance. Proc Natl
Acad Sci U S A 101:488858. https://doi.org/10.1073/pnas.0306210101

Karanth KU, Stith BM (1999) Prey depletion as a critical determinant of tiger population viability. In: SeidensticlsmIPJack
Chistie S (eds) Riding the Tiger: Tiger Conservation in Hidoarinated Landscapes. Cambridge University Press, Cambridge,
pp 100;113

Karanth KU, Sunquist ME (1995) Prey Selection By Tiger, Leopard and Dhole in Tropical Forests. J Animd&&6l. 64:439
https://doi.org/10.2307/5647

YSyySe W{Z {YAGUK W[ 5% {{iFNFAStR !azx alO52dAlf / Viabibtymdogsery ¢ KS [
Biol 9:112¢1133. https:/doi.org/10.1046/j.1528739.1995.9051116-i

Kerley LI, Goodrich JM, Miquelle DG, et al (2002) Effects of Roads and Human Disturbance on Amur Tigers. Consegt®@ol 16:97
https://doi.org/10.1046/j.152317392002.99290.x

138



Chapter 4

Lesmerises F, Dussault GL.&urent MH (2012) Wolf habitat selection is shaped by human activities in a highly managed boreal
forest. For Ecol Manage 276:X231. https://doi.org/https://doi.org/10.1016/j.foreco.2012.03.025

Linke J, McDermdiGJ, Fortin M, Stenhouse GB (2013) Relationships between grizzly bears and human disturbances in a rapidly
changing multuse forest landscape. Biol Conserv 166631 https://doi.org/10.1016/j.biocon.2013.06.012

Linkie M, Chapron G, Martyr DJ, et d&(8) Assessing the viability of tiger subpopulations in a fragmented landscape. J Appl Ecol
43:57&586. https://doi.org/10.1111/j.136582664.2006.01153.x

Lynam A, Nowell K (2011) Panthera tigris ssp. corbetti. IUCN Red List Threat. Species 2011 e. T486883A43

[@ylY 'S w2dzyR tX . NRO1SEYlY 2 o6unnc0O { (I (dzaKhaofraiFotedtRa | yR [ |
Complex. Wildlife Conservation Society and Biodiversity Research Training (BRT) Programme, Bangkok

Martin J, Basille M, Van Moort&, et al (2010) Coping with human disturbance: spatial and temporal tactics of the brown bear
(Ursus arctos). Can J Zool 88:@F&3. https://doi.org/10.1139/21@53

McGarigal K (2018) BIOSTATS. Department of Environmental Conservation, University dfudetisae. 9 February 2018

Ngoprasert D, Lynam AJ, Gale GA (2007) Human disturbance affects habitat use and behaviour of Asiatic leopard Panthera pardus
in Kaeng Krachan National Park, Thailand. Oryx 4¢3%43 https://doi.org/10.1017/S0030605307001102

Ngoprasert D, Lynam AJ, Sukmasuang R, et al (2012) Occurrence of Three Felids across a Network of Protected Areas in Thailand:
Prey, Intraguild, and Habitat Associations. Biotropica 44;810. https://doi.org/10.1111/j.17447429.2012.00878.x

NowellK,Jagk2y t omdppcy 2AfR /Fda Y {dFGdza {dz2NBSe | yR [/ 2yaSNBIGAz2
Union for the Conservation of Nature, Gland, Switzerland

hQ. NASY ¢DX YAYYIANR aCI 2A0A&a2Yy2 | tigeovandpreppopulatd dr@ KopigaH (A 3 S NA
forest landscape. Anim Conserv 6:£339. https://doi.org/10.1017/S1367943003003172

Oksanen J, Blanchet FG, Friendly M, et al (2018) vegan: Community Ecology Package. Comprehensive R Archive Network (CRAN),
Version 25-2

Petdee A (2000) Feeding habits of the tiger Panthera tigris (Linnaeus) in Huai Kha Khaeng Wildlife Sanctuary by feckl@malysi
Thesis, Kasetsart University, Bangkok, Thailand

Petrunenko Y, Montgomery RA, Seryodkin | V, et al (2016) Spatialoraimathe density and vulnerability of preferred prey in the
landscape shape patterns of Amur tiger habitat use. Oikos 12B%6ttps://doi.org/10.1111/0ik.01803

Pisdamkam C, Prayurasiddhi T, Kanchanasaka B, et al (2010) Thailand Tiger ActRO1GRO1L2. Ministry of Natural Resources
and Environment, Royal Government of Thailand. Bangkok

Prommakul P (2003) Habitat utilization and prey of the tiger Panthera tigris (Linnaeus) in eastern ThungYai Naresuan Wildlife
Sanctuary [Thai]. MSc Thesis. Kasgtdaiversity, Bangkok

R Development Core Team (2017) R: A language and environment for statistical computing. R Foundation for Statisticaj. Computin
v.3.4.2. Vienna

Rabinowitz A (1993) Estimating the Indochinese tiger (Panthera tigris corbetti) poputafitiailand. Biol Conserv 65:2237.
https://doi.org/10.1016/00063207(93)9005%

Rasphone A, Kéry M, Kamler JF, Macdonald DW (2019) Documenting the demise of tiger and leopard, and the status of other
OF NYAZ2NBa | yR LINBeés dtedarpa Nam EtRhelduey’ BlabEcolLMedisénSR.e00I8R i S
https://doi.org/10.1016/j.gecco.2019.e00766

WALILI S 2wz 9adsSa wxz . SalokKil w[X SG Ff o6wnmno {iGHiddza FyR SOz
343:1241484. https://dobrg/10.1126/science.1241484

Royal Forestry Department (2000) Study of the Status and Database Design of Natural Resources in Khao Yai, Thap &an, Pang Sid
and Ta Phraya National Parks [Thai]. Royal Forestry Department, Government of Thailand and Ged_tkisBangkok,

139



Chapter 4

Thailand

Sandom C, Dalby L, Flgjgaard C, et al (2013) Mammal predator and prey species richness are strongly linked at macotoggales. Ec
94:11121122. https://doi.org/10.1890/121342.1

Sandom CJ, Williams J, Burnham D, et al (201&9ri3&ucted cat communities: Quantifying the threat to felids from prey
defaunation. Divers Distrib 23:66@79. https://doi.org/10.1111/ddi.12558

Seimon TA, Miquelle DG, Chang TY, et al (2013) Canine distemper virus: an emerging disease in wild eAdangegecs
(Panthera tigris altaica). MBio 4:e00418. https://doi.org/10.1128/mBi0.0041-0.3

Steinmetz R, Chutipong W, Seuaturien N, et al (2010) Population recovery patterns of Southeast Asian ungulates after poaching
Biol Conserv 143:4%1. https://doi.org/10.1016/j.biocon.2009.08.023

Steinmetz R, Seuaturien N, Chutipaig2013) Tigers, leopards, and dholes in a-@adpty forest: Assessing species interactions in
a guild of threatened carnivores. Biol Conserv 168788 https://doi.org/10.1016/j.biocon.2012.12.016

{G218&8 5 6uHnmMT O ¢KI LI [ yhiler thréat, Buf stillaiRif dith b/ b:ddgrigabdy 230 Favary DY  dz
https://news.mongabay.com/2017/01/thagan-thailandsunsungforestgemunder-threat-but-still-abrim-with-life/. Accessed
27 Mar 2021

Sunarto S, Kelly MJ, Parakkasi K, et al (2012)xTiged cover: Muliscale occupancy study of the big cat in Sumatran forest and
plantation landscapes. PLoS One 7:€30859. https://doi.org/10.1371/journal.pone.0030859

Sunquist M (2010) What is a Tiger? Ecology and Behavior. In: Tilson R, Nyhus P (eds)tA@g@/orld, Second Edition. Elsevier,
New York, pp 1684

Sunquist M, Karanth UK, Sunquist F (1999) Ecology, behaviour and resilience of the tiger and its conservation needs. In:
Seidensticker J, Jackson P, Christie S (eds) Riding the Tiger: Tigerafionsn HumarDominated Landscapes. Cambridge
University Press, Cambridge, pflB

Timm BC, McGarigal K, Cushman SA, Ganey JL (201&dslleltMexican spotted owl (Strix occidentalis lucida) nest/roost habitat
selection in Arizona and a comparisoriimginglescale modeling results. Landsc Ecol 31:£2095.
https://doi.org/10.1007/s10986016-0371-0

UNESCO (2017) Dong Phayaéao Yai Forest Complex. In: UNESCO World Herit. Cent. http://whc.unesco.org/en/list/590.
Accessed 27 Nov 2017

Walston J, Rohson JG, Bennett EL, et al (2010) Bringing the tiger back from thetheirskx percent solution. PLoS Biol@6
https://doi.org/10.1371/journal.pbio.1000485

WCS, CIESIN (2005) Last of the Wild Project, Version 2, 2002)L@Wbal Human Influencedex (HIl) Dataset (Geographic).
Wildlife Conservation Society, Center for International Earth Science Information Net@ohkmbia University, NASA

Socioeconomic Data and Applications Center (SEDAC), Palisades, NY

Wolf C, Ripple WJ (2017) Range conttagfia 2 F (G KS ¢2NI RQa I NBS OFNYyAg@2NBae w {20 |
https://doi.org/10.1098/rs0s.170052

WWF (2016a) Global wild tiger population increases, but still a long way to go. In: World Wildl. Fund, 10 Apr 2016.
http://wwf.panda.org/wwf_news/?uNewsID=2837. Accessed 27 Mar 2021

WWF (2016b) WWF Response to Statement of Concern by Tiger Biologists. World Wildlife Fund for Nature

140



30pb1 Al AT OAOU

¢l ot Szvmzt | GADS

by R

- AOGAOEAI O »p

Chapter 4

5t Y, FNRY piblkmMny OBKSAD
Number
Stations Detections (PCRI)
Detected
Indochinese TiggiPanthera tigri¥ 114 (22%) 1,166 (2.07)
Banteng(Bos javanicus 4 (<1%) 10 (0.02)
~. Gaur(Bosgaurug 199 (38%) 1,269 (2.26)
aij Chinese Sero\Capricornis milneedwardjyii 33 (6%) 73 (0.13)
SambarRusa unicolgr 111 (21%) 4,378 (7.79)
Northern Red Muntja¢Muntiacus vaginalis 244 (47%) 1,770 (3.15)
Wild Boar(Sus scrofp 316 60%) 3,226(5.74)
" Domestic Dog 66 (13%) 211 (0.38)
S Human (Other) 511 (98%) 11,446 (20.36)
g Poacher 144 (28%) 646 (1.15)
I Ranger 168 (32%) 1,747 (3.11)
Vehicle 85 (16%) 7,860 (13.98)
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Abstract

Spatially eplicit capturerecapture analysis is widely utilized for estimating densities of tigeasithera

tigris). However, developing a robust study design capable of meeting assumptions and achieving study
objectives may be difficult, particularly for lesensity populations. Study design decisions for such fieldwork

can be aided by simulations. Our goal was to (1) use simulations to investigate and evaluate study design and
(2) generate a reliable estimate of density for a population of tigers in Thailand's PraygqyerKhao Yai

forest complex. Scenarios were parameterized with a range of potential density estifftatasd detection

function parameters d0 and *). We designed a fieldased trap configuration and compared it with

simulated performance of a regular trapping array, overddy and 66day sampling occasions. We
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compared simulation results.€., number of individualsr, detections hdef], relativestandard error RSE

and relative biasRB) and identified that the nosregular trapping array deployed for 60 sampling days would
generate reliable density estimates. Our survey produced a density estimate of 0.63 + SE0.22;20)32
tigers per 100 krh from a model incorporating variation in sex ffrand ", and a population estimate of 20
(14¢33). Simulations closely reflected actual results under the null model. Our survey design performed
reasonably well, generating a sufficient number of detectiand individuals to estimate density of a globally
important tiger population. Our results suggest simulations and use ofregular trap arrays may be
beneficial for areas with low species density in which generating sufficient detectiopartisularly

challenging.

KeywordsPanthera tigrisgpatially-explicit capturerecapture;simulations; Dong Phayaydfhao Yai Forest
Complexpopulation density; Thailand
Highlights

1 Tiger density ilbong Phayayehao Ya(DPKY) was 0.63 (0-:3221) tigers/100krh

1 The estimated population for the study area was 20-8B4 individuals.

1 We used simulations to validate a noggular survey design prior to deployment.

I Simulations may be beneficial for designing densitiveys for lowdensity species

1 Breeding in DPKY reinforces the global importance of this tiger population

1. Introduction

Management of threatened species populations requires regular and robust monitoring to assess
their status and evaluate the efficaoy conservation interventionfKaranth et al. 2017 Capturerecapture
analyses are widely used population assessment methods that estimate state variables such as population
size and vital parameters like survival, immigration, growth réit@santh et al. 2006; Harmsen et al. 2017)
and are thus, preferred to understand population dynamics and evaluate conservatioonscti

(Duangchantrasiri et al. 2016Fameratraps, as passive detectors, hallecome a popular tool to nen
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invasively identify individuals from photaptures(Karanth and Nichols998) a method particularly useful
to study large felids such as tigef®anthera tigris;Karanthet al. 2006) More recently, this approach,
combined with a spatially explicitapturerecapture (SECR) framewdikfford 2004; Royle et al. 20143
now a widely accepted method of estimating tiger densities and is used as a metric to monitor population
charge over timgKaranth et al. 2017; Royle et al. 2017)

Conducting captureecapture surveys for large carnivores that are elusive and range over large areas
of, what is often, difficult and remote terrain, can be challengidgranth and Nichols 2010h order D
reliably estimate population parameters, study designs must generate a sufficient sample of detections in a
short enough time periodko meet the assumption of population closure. However, for idensity
populations, achieving a sufficient sample size can be diffdhite et al. 1982; Karanth and Nichols 1998)
with low numbers of detections leading to a broad range of error and potentially limiting its utility as a
reliable monitoring tool. Furthermore, surveys muadgso have a sufficient spatial extent to ensure presence
of an individual and detection probability greater than zero. Such survey designs can be notably time and
resource intensivéKaranth et al. 201 @nd spatial arrangements of detectors can significantly influence the
reliability of survey resultéRoyle et al. 2014A review of jaguaiR. onca density estimates highlighted that
a majority of studies did not meet requirements necessary to produce unbiased estifhatder and Powell
2013) in particular, reliability of estimates were undermined by sampling design and survey effort that were
unsuitable for the target species, which occur at low densities. In light of these challenges, researchers must
take great care in developing a robust survey design capable of meeting assumptions and achieving study
objectives while ensuring resources are sufficient to carry out the survey effectivedger and Harmsen
2012). Such decisiommaking can be aided by simulations, where previous survey data can be used to
determine which spatial arrangement of detectors can generate reliable estimates of population parameters
(Obbard et al. 2010; Tobler and Powell 2013)

In this study, we (1) use simulations to investigate trap layout and evaluate study design prior to
survey deploymentand (2) generate a reliable estimate of density for a population of tigers in the Dong

PhayayerKhao Yai (DPKY) forest complex in Eastern Thailand. Caamgiaurveys, following a primarily
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opportunistic study design, have been in place in this landseame 2008Ash et al. 2020)However,

samplirg has been highly variable in terms of spatial and temporal regularity, precluding the use of eapture
recapture analysis. Drawing on past data sources for parameter estirfrsgdbset al. 2020DNPet al. 2014,
unpublished, we use simulations to assess the suiigbibf different trap arrays and survey lengths to
develop a robust study design and, in turn, generate a reliable density estimate for this population. DPKY's
conservation importancgPisdamkam et al. 2010; Ash et al. 202@cessitates reliable indicators of
population status such as population density. Through this study, we present an estimate of tigiy de

DPKY and evaluate simulations as a tool for developing effective SECR designs to reliably estofeatstiow

tiger populations

2. Materials and methods
2.1 Study site

Recent reports confirm the presence of a small, but crititddchinese tiger populatiorP( t. corbetti
under current taxonomic designations in the IUCN Red Gisbdrichet al. 2015)within Thailand's DPKY
forest complex, an area for which more information is requiflegdamkam et al. 2010; Ash et al. 202Bjis
study was conducted in the Thap EBang Sida Tiger Conservation Landscape (TCL) of DPKY. This TCL spans
4,445kn? and is expected to have sufficient habitat to support ~50 adult tig8enderson et al. 2006)
Cameratrap surveys across the TCL have detected ~17 adult tigers from 2008 tond@iihost individuals
detected within Thap Lan National Park (TLNP) and Pang Sida National ParlAGPSNR]. 2020)These
results have merited additional investigation to estimate population density, particularly in areas of
suspected importance for tigers ithis landscape. For the purpose of this study, we define our spatial

sampling frame as a 3&n¥ area of southcentral TLNP and northern PSNP (Fig. 1).

2.2 Collating existing information to identify ideal cam&nagping locations
In order D identify suitable camertrapping locations, we collated geographic location data from

previous photographic captures of tigers within our sampling frame. We then reviewed raaged patrol
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data of tiger signs from at least1R0 patrol man days, covieg 1,307kn? (58.46%) of TLNP, and tiger survey

records from 2008 to 2015. From this, we collated geographic records on tiger and preyesignsacks,
faecal deposits, and territorial markings). Given that tigers are known to use topographic festicteas
ridgelines, valley bottoms, river beds and forest patidaranth 1995; Karanth and Nichols 1998¢ also
identified potential trap locations using topographic maps of the study area.

We identified 90 prospective trap locations for our survey. These were prioritized by locations where
tigers were peviously detected on camettaaps, followed by locations with records of tiger and prey sign.
These locations covered approximately68aY of our survey area, leaving a few notable gaps, one as large
as 1%kn?. To fill these survey gaps, we identified pioent topographic features such as ridgelines, valleys,
and riverbeds for camera placement.

Given that estimated home range size of tigers, from elsewhere in Thailand, was assesseddo be 70
84kn? for females and 26294kn? for males(Simcharoen et al. 2014}t is safe to assume these trap
locations ensured spatial coverage of the 567Zksampling frame that had no gaps that were sufficiently
large to contain a tiger's movements during the sampling period and within which resident tigers had a

capture probability greater than zero.

2.3 Simulating trapping data to evaluate survey design

Prior to conducting the survey, we evaluated our survey design to ensure that sampling would result
in estimates of population densityd§ with low error and biasi.€., relative standard error [RSE; equivalent
to coefficient of variation] and relative bias [RB] respectively). If the estimated relative bias produced by our
survey design was greater than a mean of 18%ord and Fewster 2012y significantly different from that
estimated from a trapping array of regular spaciegg(h Q. NASY YR YAYYIFIANR HAM
Brassine and Parker 201gjiven the constraints of samplinige(, maximum of 90 trap locationsit, would
necessitate us to alter ourdpping locations to minimize the bias. To generate this comparison, we simulated
a regular trapping array of 75 trap locations within the sampling frame (Fig. 2a). Simulations were carried out

in March and April 2016.
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Fig. 1The Dong Phayayefhao Yai forest complex (DPKY) and the survey area (square) for estimating tiger population

density. Forest cover derived froRlansen et al. (2013)

As there had been no prior tiger polation density surveys conducted within our sampling frame,
no sitespecific estimates of density were available to carry out the simulation. Althdggprasert and Gale
(2019)conducted a survey in the regipthe estimated density was derived from-bgtch tiger data using
baited trap stations. Hence, estimates of parameters required to simulate data were borrowed from a 2013
study conducted across 457kmf PSNP, south of our sampling frame (DNP et al. 20dgyblishedl This
previous study provided data from a trap array of 26 trapping locations placed at a meairaptelistance
of 3.35km. The density of tigers estimated during the study was 0.38K £.17) individuals/100Krand the
half-normal detection function was defined by an intercegOY of 0.034 ( £+ SE 0.015) and spatial scale
parameter {) of 9623 ( + SE 2425) meters. Although existing data suggest that more tigers inhabit TLNP in

compaison to PSNFAsh et al. 2020)nd that tigerdensities could be higher within our sampling frame, we
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simulated data using estimates of the mean, + 1 and + 2 SE for each of the parai®etgsud ") in the
PSNP study to evaluate our survey design. Next, to satisfy the assumption of tempora riagemerating
a population density estimatéKaranth and Nichols 2002, 2013)l scenarios were evaluated with-4&nd
60-day sampling occasions in our simulations.

To evaluate the survey design, all simulations were carried out using the R pagkageONRS a A 3
(Efford 2017)within R v3.4.2 First, we generated a habitat mask around the spatial sampling frame with a
buffer distarce of ®@km (i.e., around the recommended 4x the maximum simulatedf 14,5®m; Efford
2017) The mask was created to represent the available habitat within DPKY for the specified buffer distance.
We then created scenarios that accounted for a range of fiveaegalmean and + 1 and + 2 SE) for eagiOof
and’ (in all permutations and combinations) simulated for two sampling durations (45 and 60 days) and two
trapping arrays (proposed and regular). This resulted in the creation of 500 unique scenarios fowehich
also generated 500 spatial capturecapture datasets (or replicates) each. The simulated datasets were
generated assuming a uniform (homogeneous) Poisson distribution. From these data, we summarized the
simulated number of individual$1 and capturegndetf). We then fit spatially explicit capturecapture
models for each of the datasets using the hadfmal detection function. Given that several of our scenarios
simulated small datasets (lomandndeth = ¢S dza SR (KS W@Edciadigk) (LS QEHEda/0 G A 2
2017)to remove estimates when a simulation failed. Finally, from the fitted models, we summarized the

estimated population density across the replicates and assessed the RSE and RB ofteasbeofarios.

2.4 Surveying for tigers and estimating population density

An examination of the RB from the simulations highlighted that our proposed trapping array
performed comparably to the regular trapping array across the scenarios (see resulégppaddix A for
further details). Hence, camera trap placement-gite followed the proposed trap array without
modifications. Seven teams, with an average team strength of nine personnel from both DNP and Freeland,

were tasked with deploying the camerasthé 88 identified locations.
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Cameras were placed at the predetermined trap locations based on previous ciagra
detections, tiger and prey sign, and topographic features likely to be used as travel routes for resident tigers
in order to maximize deteain probabilities. Paired stations, using two cameras, were used in order to
photograph both flanks of a tiger passing in front of cameras. Cameras were placed approximately 50 cm
above the ground andcR m from the center of the trail. Areas in front @froeras were cleared of vegetation
that may induce false triggers. All cameras were placed in protective housing to prevent theft or damage.
Camera models included PantheraCam (white incandescent flash; V5, Panthera, New York,), Bushnell
(infrared flash; Bshnell Corporation, Overland Park, USA) and Moultrie (incandescent flash; Moultrie
Feeders, Birmingham, USA) trail cameras. Cameras were programmed to be activehfaitB4ohotos
triggered at the shortest interval (1 to 15 s between photos) in ordemtnimize the potential for non
detection. Sampling was conducted from June 1st to August 16th, 2016. All cameras were checked at least
once prior to their removal in August 2016.

Individual tigers and their sex were identified from their unique stripetgras based on visual
comparisons (confirmed by at least two authors). These unique tiger identities were then used to generate
individual capture histories. For the purposes of analysis, we considered each day¢?ibd) to be an
individual sampling am@msion. The capture histories specifically indexed the location (trap identity) and daily
sampling occasions of each individual capture. Multiple captures of the same individual at the same location
on a single sampling occasion were discarded. Givendpwie rates and noiindependence in captures of
cubs, all analyses only pertained to individuals > 1 year of age.

Spatially explicit population densi§p), was estimated using a maximum likeliheoaksed inference
AYLX SYSy (SR Asécciffo 2045)Fak tie frtalgsB, a $taspace of 340kn? was created d
represent the available habitat within DPKY at a buffer distancebki2This corresponded to 4 xof
~6,000m (Maffei and Nos€008; Efford2017F 2 t t 2 6 Ay 3 (G KS NBO2YYSYyRIGA2Yy 21
and rounding up from the , Z50m sigma from simulation results. Through our analysis, we accounted for sex
specific variability in the two detection parametegd and . We constructed four candidate models that

held parameters as either constant (.) or varying by sex. Models were revdset on their Akaike's
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Information Criterion (AlCAkaike 1974)yvalue and parameters of interest were derived from the most
parsimonious model, as ranked by AIC. In addition, we also estimated spatially explicit popigasity(O)

dzaAy3a + . F&8SaAiAly Ay TSNEy SPACECAEHpSastayieSdR 2003Yve thev S w L
compared the results of the survey (null model estimates from both a maximum likelihood and Bayesian

inference) to simuled output for our trapping array and a regular trapping array (Table 2).

3. Results
3.1 Selecting came#mapping locations

By collating photecapture records of tigers from previous camerapping in the region, tiger and
prey sign data fronteconnaissance surveys and law enforcement patrols, and selqutigpective trap
locations based on topographic features, we listed 102 potential trap locations. Given that we had sufficient
cameras to sample at 88 locations, we chose 45 locations wigees had been detected previously, 16
locations where tiger or prey sign were previously recorded, and 27 locations based on prominent

A 2 4 A x

G2LI2INF LIKAO 2NJ f 20t FSIF{ddzNBa OLINAYIFNARfe asStSOGSR

3.2 Evaluating theurvey design

Given that we were expecting tigers to occur at low densities, it was critical for us to first evaluate
the performance of our trap array against a range of potential tiger densities. Our evaluation was primarily
based on assessing the R8HE RB of the estimates of population density. We structured our comparisons
to assess the performance of the irregular trapping design against a regular trapkearapthet al. (2017)
recommend a short survey length (< 45 days) to engagulation closure, though longer durations have
been usedRayan and Linkie 2018}iven our population was likely at very low densities, we elected to test
a 45day and a slightly longer &fay sampling duration to account for low detections. We present the results
of our evaluation separately for 4and 6Gday sampling durations (see Supplementary Materials).

From our simulation of 250,000 datasets (500 scenarie80 datasets each) the minimum number

of individuals if) detected ranged from 1 (£ SE 0.09) to 77 (+ SE 0.77 ). ThehdWpestas simulated in the

161



Chapter5

102.000 102.250
T T

Thap Lan NP

@ ® ® ® ®

{ ] @ ] o o @ o @ o o
E L @ @ @ ® ® @ @ ® ® ® 2
= 1%

A
Legend
e 3 Park Boundary
[ Pang Sida NP | Suvey Grid g
| ® Camera-trap Location (Sim.) | &
102,000 102.250

Fig. 2.(a) Survey grid and locations of cam#r@ps simulated in a regular array.; (b) Survey gBikir(x 3km) and
locations of camerdraps (n = 88) for our trap array. Cameras were placed from June to August 2016. Locations were
determined from previous tigecameratrap detection (n = 45; darkest shade), previous record of tiger/prey sign (n =

16; medium shade), and landscape features (n = 27; lightest shade).
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