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Abstract

Southeast Asia experiences some of the highest deforestation in the world. Loss of tropi-
cal forest typically leads to widespread habitat fragmentation, with detrimental effects on
dispersal ability and gene flow—particularly for large carnivores. We conducted mtDNA
and microsatellite analysis to assess—for the first time—contemporary patterns of genetic
diversity in the Malayan tiger. We collected 295 suspected carnivore samples in Peninsu-
lar Malaysia, from which we identified 26 as originating from tiger using 16 polymorphic
microsatellite loci, comprising 22 individual tigers. Despite limitations of the study, our
findings suggest tiger subpopulations in the north of the peninsula maintain some genetic
connectivity and migration between two putative geographic subpopulations in the Main
Range and Greater Taman Negara, with negligible population segregation due to disper-
sal barriers such as road infrastructure. We identified consistently lower levels of genetic
diversity in tigers in the Greater Taman Negara region compared to tigers in the Main
Range and small but emerging differences in nuclear and mitochondrial genetic diversity.
Our mtDNA haplotype and nuclear DNA analyses suggest the levels of genetic diversity
in Malayan tigers may be amongst some of the lowest of the surviving tiger subspecies,
though the study is limited both in scale and genomic loci. Our findings are consistent with
an expected lag between the rapid decline of tigers in Peninsular Malaysia by over 95% in
the last 70 years and observed differences in their levels of genetic diversity.

Keywords Conservation genetics - Habitat fragmentation - Endangered species - Southeast
Asia - Conservation genetics - Tiger - Malaysia - Ecological linkages
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Biodiversity and Conservation

Introduction

Genetic diversity is fundamental for species adaptation (Hoban et al. 2020), and is espe-
cially relevant to populations undergoing severe decline where genetic diversity can be
rapidly lost and contribute to population extinction (Markert et al. 2010). A sudden pop-
ulation crash (or ‘bottleneck’) can cause a rapid loss of alleles during a species’ recent
demographic history (Schmidt-Kiintzel et al. 2018). The heightened extinction risk of
endangered species is often caused by anthropogenic activities such as habitat loss,
fragmentation, and excessive poaching for the illegal wildlife trade (Ten et al. 2021).

A reduction in population size and restricted gene flow typically leads to increased
inbreeding compounded by loss of genetic diversity within small and fragmented popu-
lations (Frankham et al. 2002). This can result in a range of negative genetic conse-
quences, including inbreeding depression (such as loss of population- and individ-
ual-level fitness), susceptibility to disease, and a reduced ability to adapt to changing
environmental conditions (McManus et al. 2015; Kleinhans and Willows-Munro 2019;
Labisko et al. 2019; Hardouin et al. 2021). Through these processes, biodiversity loss
has been particularly severe in tropical forest ecosystems in the last few decades (Symes
et al. 2018; Hansen et al. 2020).

The global population of tigers (Panthera tigris) has declined dramatically due to
habitat loss and fragmentation, human persecution, and prey depletion (Ten et al. 2021).
As a result, tigers now occupy less than 7% of their global historic range (Suttidate
et al. 2021). Conservation scientists generally recognise six extant subspecies: the Ben-
gal tiger (P. t. tigris, Endangered), Amur or Siberian tiger (P. t. altaica, Endangered),
Sumatran tiger (P. t. sumatrae, Critically Endangered), Indochinese tiger (P. t. corbetti,
Endangered), Malayan tiger (P. t. jacksoni, Critically Endangered), and South China
tiger (P. t. amoyensis, Critically Endangered/possibly Extinct in the Wild) (Liu et al.
2018). Three subspecies recognised on the basis of morphology are now extinct: the Bali
tiger (P. t. balica), Java tiger (P. t. sondaica), and Caspian tiger (P. t. virgata) (Goodrich
et al. 2022). Although the taxonomic status of the nine subspecies has been disputed
(Kitchener and Yamaguchi 2010; Wilting et al. 2015), the Malayan tiger is currently
recognised by most global conservation bodies based on mitochondrial DNA (mtDNA)
and microsatellite genetic evidence (Luo et al. 2004) and whole genome sequencing
data (Liu et al. 2018), as well as the need to define each subspecies according to its
unique set of strategic conservation requirements (Liu et al. 2018). The Malayan tiger’s
recognition as a unique subspecies aligns with its biogeographic history of gradual seg-
regation from Indochinese tigers in northern Indochina (northern Thailand, Myanmar,
Laos PDR, Vietnam and Cambodia) by the Isthmus of Kra on the Malay peninsula (cen-
tral Thailand) (Luo et al. 2004).

The Malayan tiger (P. t. jacksoni) is listed on the [IUCN (International Union for Con-
servation of Nature) Red List as Critically Endangered (Kawanishi 2015), and currently
represents 5% of the remaining global tiger population (Biswas et al. 2020). This glob-
ally important but dwindling tiger population comprises fewer than 150 individuals,
with the wild population now heavily fragmented in isolated pockets of rainforest after
seven decades of intensive hunting and habitat loss (Ten et al. 2021; Abdullah 2022). To
date, an absence of a population genetic study for the wild population of Malayan tiger
has meant the extent of population connectivity and gene flow between fragmented sub-
populations are unknown, at a crucial time when such information could inform future
habitat management and conservation strategy.
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It is important for conservation managers tasked with recovering the Malayan tiger to
know what levels of genetic diversity exist within wild populations and understand how
that genetic diversity is distributed across their fragmented landscape. This knowledge
can help inform conservation actions that seek to maximise the tiger’s ability to adapt to
complex and changing landscapes (McManus et al. 2015), and prioritise the management
of key populations and habitats so that threats towards tigers can be effectively mitigated.
Information on patterns of gene flow and population differentiation can aid in guiding deci-
sions on how best to improve the connectivity of natural habitats, reunite fragmented sub-
populations, slow the rate of loss of genetic diversity, and encourage species’ long-term
population viability (Thapa et al. 2018; Mueller et al. 2020; Kopatz et al. 2021). Conserva-
tion actions to inform these decisions include enhancing our understanding of the effects of
human and environmental barriers to population connectivity (Sharma et al. 2013), under-
standing patterns of tiger movement, translocation and gene flow across heterogeneous
landscapes (Sarkar et al. 2016; Mardiastuti 2018), and the strategic targeting of resources
towards creating or reinforcing habitat corridors to reconnect isolated subpopulations
(Dutta et al. 2018).

Here, we use non-invasive methods to quantify levels of genetic diversity in subpopula-
tions of the Malayan tiger. We applied a suite of microsatellite DNA markers used in previ-
ous tiger studies and mtDNA sequencing of the cytochrome-b gene to: (i) quantify nuclear
and mitochondrial DNA genetic diversity across remaining strongholds in the Malayan
tiger’s northern range, (i) compare levels of genetic diversity to those documented for
other tiger subspecies, and (iii) interpret observed patterns of genetic diversity and struc-
ture in relation to the current backdrop of habitat loss and fragmentation in Peninsular
Malaysia.

Methods
Study area

We conducted intensive field surveys in the Belum Temengor Forest Complex (2900 km?)
in Perak State, Peninsular Malaysia, between May 2019 and March 2020. This landscape
comprises a 1175 km? protected primary forest (Royal Belum State Park) and a 1440 km?
timber production forest (Temengor Forest Reserve), both comprising the Belum Temen-
gor Forest Complex (BTFC). The forest complex is bisected by a public highway, with
the remaining strip of forest either side of the highway recognised as a habitat corridor
known as Primary Linkage 2 (PL2/A-PL1) (Fig. 1). Additional old and contemporary tiger
scat, spray and blood samples were sourced from the Main Range (MR), Taman Negara
National Park and Kenyir.

Malaysia’s wildlife corridors (Fig. 1) were originally identified in areas where it was
deemed crucial to re-establish forest connectivity, under the Central Forest Spine (CFS)
Masterplan for Ecological Linkages (DTCP 2009). Linkages tend to take the form of linear
corridors (i.e. unbroken stretches of forested habitats connecting forest islands which, due
to their locations, are critically important for large mammals to move from one forest patch
to another). The Belum Temengor Forest Complex is a priority area for wildlife conserva-
tion and lies within a Class 1 Tiger Conservation Landscape (TCL 16), which is a national
and global priority for tiger conservation (Sanderson et al. 2010).
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Fig. 1 Wildlife corridors, major roads, and tiger sample locations. Sample locations include old samples
donated to this study and new samples collected during field surveys

Sample collection
We implemented a programme of intensive sample collection in the BTFC only, as

surveys were limited to this site due to COVID-19 restrictions. Surveys yielded 113
scat and one environmental DNA (eDNA, soil) sample. An additional 182 DNA
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samples were contributed by the following organisations from locations across north-
ern Peninsular Malaysia: the National Wildlife Forensics Laboratory of Department of
Wildlife and National Parks Peninsular Malaysia (n =4, blood and n=1, scat), WWF-
Malaysia (n=138, scat), Perak State Parks Corporation Rangers (n=35, scat), Rimba
(n=1, scat), Panthera Malaysia (n=12, eDNA, spray) and Malayan Rainforest Station
(n=21, scat).

The home range size of the Malayan tiger has yet to be determined through wild-
life telemetry techniques, but is expected to be similar to that of the Indochinese tiger
(average 77 km? for females and 280 km? for males; Simcharoen et al. 2014). There-
fore, surveys were conducted across accessible sites spanning the north and south
regions of the Belum Temengor Forest Complex to ensure sufficient home range cov-
erage. Approximately 300 km? of forest to the west of Royal Belum State Park with
prohibited or ill-advised access due to army activity or poaching was avoided. To max-
imise the probability of locating tiger scat in each survey location, and to ensure broad,
landscape-scale coverage (Oyler-McCance et al. 2013), we adopted a cluster sampling
regime at key tiger sites across the forest complex. This approach involved inten-
sively surveying each site at least once over 1-11 days. We conducted scat searches
along 1 km line-transect surveys, targeting landscape features typically used by tigers,
including known tiger trails, ridges and riverbeds, based on the higher likelihood of
tiger detection indicated by previous surveys (Rayan and Linkie 2015).

DNA extraction

All DNA extraction and sequencing took place at the National Wildlife Forensic Labora-
tory in Cheras, Kuala Lumpur, with all samples remaining in Malaysia as property of the
Department of Wildlife and National Parks Peninsular Malaysia. Samples were prepared
in separate dedicated areas for faecal and blood sample preparation to avoid cross-con-
tamination. All surfaces were cleaned prior to extraction with 10% bleach, and all extrac-
tion equipment was sterilised under a UV hood and thereafter with 10% bleach before and
throughout the extraction process, to limit the possibility of contamination.

We used the Qiagen QIAamp DNeasy Blood and Tissue Kit (Qiagen, Inc.) for fae-
cal and blood sample extraction using the manufacturer’s protocol with the following
modifications: (i) an extended initial incubation step (from three hours to overnight
homogenisation in an incubator shaker at 56 °C); (ii) an additional 30 pl Proteinese
K added during the initial incubation step; (iii) 4 ul of carrier RNA (cRNA) added
to 330 ul of AL buffer during the second incubation step; (iv) warming the elution
buffer AE at 70 °C; (v) extending the final elution step: to increase DNA yield, 50 ul
of warmed elution buffer was added to the spin column containing the sample; (vi)
standing eluted DNA at room temperature for 10 min, then spinning for two minutes;
(vii) steps (v) and (vi) were repeated to produce a final elution of 100 ul. We found the
Qiagen QIAamp DNeasy Blood and Tissue Kit with AL buffer more effective for DNA
extraction compared to the Qiagen Stool kit with ASL buffer during initial lab testing,
and so continued with the DNeasy Kit for all subsequent extractions. Samples were
processed in batches of eight, with extractions repeated between three to six times to
maximize the likelihood of obtaining sufficient quantity and quality of DNA for PCR
amplification. A negative control was included with each batch to monitor for contami-
nation during both the extraction and PCR process.
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Species identification

In addition to tiger, there are six other wild cat species known to currently inhabit
the forests of Peninsular Malaysia: Indochinese leopard (Panthera pardus delacouri),
Clouded leopard (Neofelis nebulosa), Asian golden cat (Catopuma temminckii), Flat-
headed cat (Prionailurus planiceps), Marbled cat (Pardofelis marmorata), and Leopard
cat (Prionailurus bengalensis) (Ratnayeke et al. 2018). Therefore, genetic authentica-
tion was required to identify those faecal samples originating from tiger and those from
non-target felid species. All subsequent analyses used samples that were only from tiger.

To discriminate tiger scats from samples produced by non-target felids, we ampli-
fied a mitochondrial cytochrome-b fragment using primer set TIGCYTB2 (5’-CGTCTG
TCTATACATGCA-3’, 5-TACTCTACTAGGTCGGTC-3’) developed by Mondol et al.
(2009a). Primers were tested and optimised with positive samples of blood, hair/skin, and
extracted faecal DNA from captive Malayan tiger, clouded leopard and leopard. The TIG-
CYTB2 primer set produced a~200 base-pair fragment of the cytochrome-b gene from
faecal samples from captive tiger, clouded leopard, leopard and leopard cat, and was
thus included in the initial screening process. To identify and discriminate lesser (small
and medium) cat species, we designed a shorter 165 base-pair cytochrome-b primer set
GCCYTB (5’-CTTTGGATCCCTGCTAGGAGTC-3’, 5°’- GCTCCGTTGGCATGTATG
TATC) to amplify in wild faecal samples belonging to Asian golden cat, using the Primer
Design function in Geneious Prime v2020.2.4 (Biomatters, Auckland, New Zealand). At
least two PCRs were performed for each sample to confirm a positive result, indicated by a
single, clear PCR band of the expected size, whilst negative samples produced no band or
multiple stutter bands indicating non-specific primer binding. PCR cycling conditions for
the initial screening process comprised the following: initial hot start of 95 °C for 1 min; 45
cycles of 95 °C for 30 s; 52 °C for 15 s; 72 °C for 30 s; final incubation period of 10 min
at 72 °C. PCRs were performed in reaction volumes of 20 pl, containing 2 pl of template
DNA, 10 pl of MyTaq Hot start Red mix (Matrioux, Malaysia), 0.2 pl of each forward and
reverse primer, and 7.6 pl of ddH2O. Positive PCR products were purified using ExoProS-
tar 1-Step PCR Clean up (Illustra, USA), and outsourced to Apical Scientific Malaysia for
direct Sanger sequencing. We visually checked, edited and aligned resulting forward and
reverse sequences using Geneious Prime v2020.2.4, then compared the aligned sequences
with reference sequences for each species from GenBank (National Center for Biotechnol-
ogy Information, NCBI) for further checking and edits of any ambiguous nucleotides.

A common problem when discriminating between species in the genus Panthera (e.g.
tiger and leopard) arises from the presence of pseudogenes (‘numts’): regions of mtDNA
which integrate into the nuclear genome, creating nuclear gene ‘copies’ which, when
amplified, can cause misidentification of a species (Morgan et al. 2021). To identify stop
codons present in the mitochondrial data, we pairwise aligned sequences, and translated
consensus sequences into six reading frames and checked for stop codons (represented as
an ‘asterix’ in a mitochondrial sequence) which indicates the presence of a pseudogene
(presence of two or more stop codons was taken to confirm the presence of a pseudogene).
We investigated the presence of a single stop codon in a sequence further by screening
the original sequence quality at positions of the three known stop codon motifs: TAG
TAA TGA. Unambiguous sequence at these nucleotide positions confirmed the presence
of a stop codon. Once amplified pseudogenes were removed, we used the remaining true
mtDNA sequences as a search query in GenBank using the Nucleotide Basic Local Align-
ment Search Tool (BLAST) to confirm species identity.
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Mitochondrial gene fragments are often used to assess genetic diversity in tiger popula-
tions (Mondol et al. 2009b. To generate mtDNA data from verified tiger DNA samples,
three primer sets optimised from Mondol et al. (2009a) were used to amplify fragments
from the cytochrome-b gene region: TIGCYTB2, TIGCYTB3, and TIGCYTB4 (Supple-
mentary Information, Table 1). We initially amplified three mtDNA gene regions: con-
trol region (CR), cytochrome-b and NADH dehydrogenase subunits 5 (NDS5) but due to
incomplete amplification of fragments for each gene region, we were unable to concatenate
sequences to form complete datasets for each gene region. PCR conditions and reaction
volumes were the same as those given above for primer set TIGCYTB2. Sequences were
edited and aligned with Geneious Prime v2020.2.4. Samples with multiple fragments of
sequence missing were removed from the dataset (n=4) leaving a final dataset of n=22
sequences of a single 174 bp cytochrome-b fragment present across all samples.

Microsatellite amplification and genotyping

We tested and optimised a panel of 16 polymorphic microsatellite markers from an ini-
tial set of 40 drawn from previous studies on tiger, clouded leopard and leopard (Menotti-
Raymond et al. 1999; Bhagavatula and Singh 2006; Mondol et al. 2009a, b, 2015; Singh
et al. 2017; Smith et al. 2018). Given the documented severe population decline and likely
genetic impoverishment of this species, it was considered necessary to select markers based
on polymorphism; therefore, marker selection was based on the following thresholds: mini-
mum number of alleles (k=5) and minimum level of heterozygosity (Hg > 0.6) per locus.
The final set of microsatellite markers comprised the following 16 loci: FCA232, FCA304,
FCA126, FCA441, FCA628, FCA310, FCA672, FCA043, FCA090, FCA230, FCA279,
FCA229, E7, D15, F41, and ZN (Supplementary Information, Table 2). We designed four
multiplexes using Multiplex Manager v1.2, to include the full set of 16 loci. All forward
primers were fluorescently labelled with HEX, FAM, or ROX dyes (Supplementary Infor-
mation, Table 3). Each microsatellite PCR reaction volume (10 pl) contained 5 ul Qiagen
Multiplex buffer mix (Qmix’, Qiagen Inc.), 1 pl primer mix, 2 ul BSA, and 2 ul template
DNA. Multiplex PCR cycling conditions comprised an initial hot start of 95 °C for 1 min;
45 cycles of 94 °C for 30 s; 55 °C for 90 s; 72 °C for 90 s; final incubation period of 10 min

Table 1 Mitochondrial diversity calculated within five tiger subspecies and two subpopulations of Malayan
tigers from this study, based on a 136 bp cytochrome-b fragment

Subspecies Population N A S h ]
Malayan tiger Peninsular Malaysia 22 4 4 0.260 0.00887
Sub-sites in Malaysia GTIN 11 4 5 0.709 0.01989
MR 11 4 6 0.600 0.02369
Indochinese tiger Thailand 11 4 3 0.691 0.00695
Sumatran tiger Sumatra 10 3 12 0.378 0.01765
Bengal tiger Southern India 9 4 13 0.694 0.02369
Amur tiger Siberia 11 1 n/a n/a n/a

N: number of samples, A: number of haplotypes, S: number of segregating sites, h: haplotype diversity, and
7: nucleotide diversity

GTN Greater Taman Negara, MR Main Range
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Table 2 Nuclear diversity

Populati H H, SD H H,SD A,
statistics for global (Peninsular) opulation v o ° oS ’
and two putative subpopulations GTN 0.459 0.075 0.253 0.047 1.81

MR 0.601 0.051 0.400 0.052 3.56

Global 0.602 0.050 0.350 0.036 3.88

at 72 °C. We performed a minimum of three and up to six PCRs for each microsatellite
locus for every sample confirmed to have originated from tiger.

Alleles were identified and scored using Geneious Prime v2020.2.4. To validate the true
genotype of each sample, we adopted a multi-tube method (Taberlet et al. 1996) followed
by a comparative genotyping approach (Frantz et al. 2003; Hansen et al. 2008) whereby
genotype profiles were used in the event of too few replicates to obtain consensus genotypes
for each sample. Peak calls and motifs were checked using the programme CERVUS v3.0.7
(Kalinowski et al. 2007). To assist with the process of differentiating between samples sus-
pected of coming from the same individual, genotypes were checked visually and against
known sample history (sample location and date of collection). Samples with matching but
incomplete genotypes were then assessed using the following criteria: (1) collected more
than three years apart and (2) collected from different locations that extended beyond the
average of an Indochinese tiger’s home range (average between male and female of 168
km? (7 km radius) (Simcharoen et al. 2014) or separated by more than an average dispersal
distance of 49 km (Suttidate et al. 2021). Based on these criteria, samples were considered
unlikely to be duplicates from the same individual, though we acknowledge that these cri-
teria could result in a positive bias on the extent of inbreeding. We consider three years to
be a minimum duration beyond which it is unlikely that two samples collected in the same
area will be from the same individual based on documented knowledge of the high level of
recent habitat loss and fragmentation and extreme pressure from illegal poaching, whereby
the population has crashed by over 95% (Ten et al. 2021). These specificied conditions
were met whereby, following these checks, all samples were retained in the dataset because
all individuals were deemed to be unique. The presence of null alleles and allele dropout
was checked using MicroChecker (Van Oosterhout et al. 2004).

Assessment of nuclear genetic diversity

We designated samples as belonging to one of two geographically defined putative subpop-
ulations: the Main Range (MR), and Taman Negara National Park and surrounding areas,
(hereafter referred to as the Greater Taman Negara region, GTN), based on geographic
location of samples, and the location of previous sampling efforts largely focusing on these
two tiger strongholds. Allele frequencies, observed (H,) and expected (H,) heterozygosity,
null allele frequency, and polymorphic information content (PIC), were calculated using
CERVUS v3.0.7, GenAlEx v6.503 (Peakall and Smouse 2012), and Microsatellite toolkit
(Park 2001) for subpopulation diversity statistics. We tested for deviation from Hardy-
Weinberg Equilibrium and linkage disequilibrium using GenePop v4.7x (Rousset 2008).
However, as the overall population was unlikely to meet assumptions of HWE (random
mating and large outbred population with minimal genetic drift) and likely to be inbred
as a consequence of population decline, we retained all loci in the dataset. We quantified
allelic diversity for the global (i.e. peninsular) population and each of the two putative sub-
populations using FSTAT v2.9.4 (Goudet 1995), which uses rarefaction to calculate allelic
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richess. The observed number of alleles in a sample is highly dependent on sample size,
whereas allelic richness is a measure of the average number of alleles per locus, independ-
ent of sample size, thus allowing a comparison between groups with different sample sizes
(Trouvae et al. 2003).

Analyses of structure, gene flow and migration

We performed a Principal Component Analysis (PCA) for an initial assessment of popu-
lation structure. This approach is sensitive to sample size but enables a visual overview
of genotype variation across the sample set. We imported genotype data into R studio for
PCA analysis using the R package Adegenet v2.1.0 (Jombart 2008). We next performed
Bayesian assignment tests with microsatellite data in STRUCTURE v2.3.4 (Pritchard
et al. 2000) to explore fine-scale structure of the tiger population across the sampled land-
scape of northern Peninsular Malaysia. STRUCTURE infers (a) the most likely number of
genetic clusters (K) using Markov Chain Monte Carlo (MCMC) algorithms, and (b) which
cluster (population) each individual originated from. The analysis was run with correlated
allele frequencies using two ancestry models: Admixture model, whereby each individual
has ancestry from one or more of K genetically distinct sources and putative subpopula-
tions are not considered completely isolated and some admixture is assumed; and Popula-
tion Informed (also with admixture), whereby prior population information is used to test
for migrants and assign individuals to clusters. Putative subpopulations are not considered
completely isolated and admixture is assumed.

We did not use a model without admixture, as it is unlikely that tiger subpopulations are
completely discrete, and therefore some mixing is expected. An accurate detection of the
number of genetic clusters can be difficult to estimate if sampling effort or sample sizes are
uneven. (Puechmaille 2016). Nevertheless, genotype data were split into two putative sub-
populations (the GTN region and MR) given the approximately even distribution of sam-
ples amongst these two regions. Population IDs were incorporated as sampling location
information using the LOCPRIOR model to improve analytical performance in the event
that the data were only weakly informative about population structure (Pritchard et al.
2000). We varied ancestry priors for each subpopulation using Wang’s alternative ances-
try priors, which infers a different degree of admixture to account for uneven sampling
(Wang 2017). Each analysis was performed with 10 independent runs, each time specify-
ing a value for K between 1 and 3, with each run comprising 500,000 MCMC iterations
with a burn-in of 50,000. Results were analysed in Structure Selector (Li and Liu 2018)
and Structure Harvester (Earl and von Holdt 2012) using (i) AK (Evanno et al. 2005), (ii)
K clusters (Puechmaille 2016), and (iii) highest average negative log likelihood (X -LnP),
whereby the higher the X -LnP, the more likely that the number of clusters assigned is
correct (Frantz et al. 2014). AK represents the change in X -LnP with an increase in the
number of inferred ancestral groups, with the AK peak showing the optimal number of
inferred groups. The proportions of individual assignment were plotted at the geographical
locations for each sample using ArcMap v10.5.1.

We tested for significance of differences detected between populations (groups) using
the hierfstat package in R Studio (Goudet 2005). F-statistics (fixation indices) describe the
statistically expected level of heterozygosity in a population; more specifically the extent
of (usually) a reduction in heterozygosity compared to what we would expect under HWE.
We calculated F-statistics in GenePop v4.7x: allele frequency-based correlation: one-locus
estimates following standard ANOVA (Weir and Cockerham 1984), and F; (global F) to
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describe the level of genetic differentiation across the landscape between subpopulations
(MR and GTN).

To investigate contemporary immigration among the two putative subpopulations, we
used the programme BayesAss v.3.0 (Wilson and Rannala 2003). BayesAss assumes link-
age equilibrium and relaxes the assumption that populations are in HWE. The analysis was
run with default settings of seed=10, 3 x 100 iterations, 1x 10° burn-in, and samples col-
lected every 2000 iterations (Sharma et al. 2013). Using BayesAss we inferred (posterior
mean) migration rates between the two subpopulations, whereby m;; is the fraction of indi-
viduals in population ; that are migrants derived from population ; (per generation) (Shriver
et al. 1993; Li and Chakraborty 1995; Smith 2012). We tested for the presence of a recent
reduction in effective population size (<4Ne generations in the past), using the programme
BOTTLENECK v1.2.02 (Cornuet and Luikart 1996) which assumes that populations that
have undergone a dramatic reduction in population size will have lost a large number of
alleles, but with limited effect on heterozygosity (e.g. Biswas 2021). Non-bottlenecked
populations are assumed to be at mutation-drift equilibrium and so each locus will have
an equal probability of heterozygosity excess or deficiency. We used the stepwise mutation
model (SMM) which microsatellites are considered to follow more reliably (Shriver et al.
1993; Li and Chakraborty 1995; Smith 2012), whereas the infinite allele model (IAM)
tends to predict a lower equilibrium value for heterozygosity and is more likely to indicate
that a significant heterozygosity excess exists (Luikart et al. 1998). Significant deviations
from the mutation-drift equilibrium are assessed by the probability given by three tests:
the Standardised differences test, Wilcoxon test, and Sign test. The one-tailed Wilcoxon
text is used to detect excess heterozygosity (HE): a probability of p <0.05 would allow
accepting the hypothesis of a genetic bottleneck within the analysed data. The Standardised
differences test requires at least 20 loci to yield reliable results, whilst the Sign test and
Wilcoxon test require less (at least four polymorphic loci for the Wilcoxon test) to detect a
significant (p < 0.05) bottleneck signal. The standardised differences test and Wilcoxon test
are applied to estimate the probability of heterozygosity excess under three mutation mod-
els: IAM, SMM, and two-phase mutation model (TPM). Given these different test require-
ments, we compared results for the heterozygote excess method (H,) for the IAM, SMM,
and TPM mutation models with 10,000 iterations. Significance values for multiple com-
parisons were adjusted using the Bonferroni correction.

Assessment of mitochondrial genetic diversity

To compare levels of genetic diversity between Malayan tigers and other subspecies, we
calculated haplotype and nucleotide diversity measures for the wild populations of five
of the six remaining tiger subspecies (Table 1): the Amur tiger (P. t. altaica), Northern
Indochinese tiger (P. t. corbetti), South China tiger (P. t. amoyensis), Malayan tiger (P. t.
Jjacksoni), Sumatran tiger (P. t. sumatrae), and Bengal tiger (P. t. tigris). The South China
tiger was excluded from the dataset, as it is thought to survive now only in captivity (Sei-
densticker et al. 2010). Measures of haplotype diversity, nucleotide diversity, and segregat-
ing sites for the Malayan tiger were estimated using the DNA Polymorphism function in
DnaSP v6.12.03 (Rozas et al. 2017). Sequences for other tiger subspecies were obtained
from GenBank for comparison (Rovie-Ryan unpubl. data; Dubach et al. 2013; Cracraft
et al. 1998, Supplementary Information, Table 4).

The combined datasets contained 103 unique cytochrome-b sequences. Sequences were
initially aligned using Geneious Prime v2020.2.4 (Biomatters, Auckland, New Zealand)
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and shared sequence fragments then analysed. Malayan tiger samples from this study were
analysed separately for subpopulation (geographical clusters) and subpopulation compari-
sons. We constructed haplotype networks to assess relationships between the Malayan tiger
and other tiger subspecies. Networks were constructed using TCS V. 1.21 (Crandall et al.
2000) with a 95% connection limit and gaps treated as a fifth state. TCS networks were
illustrated using TCSBU (Mdrias dos Santos et al. 2016).

Results

A total of 295 suspected carnivore samples were collected over 12-months, including
fresh scat (n=140), DNA from a fresh pug mark (n=1), old scat samples between five
and 12 years old (n=138; collected 2009-2016), old tiger spray samples (n=12; collected
2014-2015), and old blood samples (n=4; collected 2010-2019, Supplementary Informa-
tion, Table 5). Fresh scats were found primarily on old logging roads and naturally estab-
lished animal trails through disturbed and undisturbed forest. Here we define fresh scat as
faecal material estimated to have been deposited within one month prior to collection, with
estimated age based on appearance. Most fresh scat samples were heavily degraded due
to high temperature and humidity, and in some cases only prey remains (hair clump and
bone fragments, for example) with little faecal matter remaining. Old scats available for
this study were up to 10 years old, the majority of which were also degraded.

DNA amplification was a significant challenge in this study due to low sample detection
and subsequent small sample size consisting of mainly poor quality degraded scat sam-
ples, leading to a very low DNA amplification success rate (Alam et al. 2021; e.g. Thapa
et al. 2018). Nonetheless, amplification success often improved when scat samples were
thoroughly air-dried, additional cRNA and ProK added during the extraction process, and
positive PCR products purified using ExoProStar 1-Step PCR Clean up (Illustra, USA),
though the difficulties associated with DNA extraction from heavily degraded scat samples
from humid forest environments meant these patterns were inconsistent. Such issues con-
cerning degraded DNA extraction and downstream genotyping of tiger samples remains a
significant challenge and is well-documented in the literature (Alam et al. 2021). 26 sam-
ples were authenticated as having originated from tiger. 22 of these samples (84%) yielded
enough DNA of sufficient quality for microsatellite analysis and were used in this study. 18
samples (69%) amplified at five or more loci, and 22 samples (84%) yielded sufficient DNA
sequence for analysis of mtDNA variation.

Descriptive statistics, inbreeding and bottleneck events

No linkage disequilibrium was found between pairs of microsatellite loci. Significant devi-
ations from HWE after Bonferroni correction were detected at nine loci (441, 232, 090,
279, 043, 229, 628, 310 and 672) (i.e. 56% not in HWE). Following testing of all loci for
scoring error, allelic dropout and null alleles, three loci (232, 090, 229) produced signifi-
cant evidence of null alleles (i.e. 18% with a positive value of >0.2 and thus a null allele
frequency of 20% or more) due to an excess of homozygotes (Supplementary Information,
Table 6), though results should be treated with caution due to missing data. To correct for
this, adjusted allelic frequencies and genotypes were calculated using the correction algo-
rithm by Van Oosterhout et al. (2004). Corrected genotypes produced comparable results
(Table 2) and were used in downstream analysis. Overall, mean observed heterozygosity
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(H,) was 0.35+SD 0.036 and unbiased expected heterozygosity (,He) was 0.60 +SD 0.050
(Table 2). Mean number of alleles per locus was 3.88 + 1.45. Mean polymorphic informa-
tion content (PIC) was 0.50.

Unbiased expected heterozygosity (,H,) Nei (1978), observed heterozygosity (H,),
allelic richness, (A,). Subpopulations: Greater Taman Negara (GTN), Main Range (MR),
and Northern Peninsular tiger subpopulation (Global).

Whilst mean H, and H, appeared lower in tigers from the GTN region compared to the
MR (GIN - n=13, He 0 45, H, 0.25, and MR - n=9, He 0.60, H, 0.40 respectively),
the observed difference was not 51gn1ﬁcant (H, p=0.088 and H, p=0.139) (Supplemen-
tary Information, Fig. S1). Allelic richness was also observed to be higher in the MR tiger
subpopulation (3.56) compared to the GTN region (1.81) and the difference was significant
(»=0.000).

We found expected heterozygosity (H,) in Malayan tigers to be comparable with other
tiger subspecies but observed heterozygosity (H,) to be lower - particularly compared
to Indochinese and Sumatran tiger subspecies, which have also experienced popula-
tion decline and isolation (Fig. 2 and Supplementary Information, Table 7). Mean H, in
Malayan tigers is 55% lower than expected. Overall allelic richness was lower in Malayan
tigers (3.88 £ SD 1.45), compared to the Bengal tiger subspecies in India (7.30+SD 2.25,
Luo et al. 2004), Bangladesh (5.5+SD 1.65, Aziz et al. 2017) and Indochinese tigers in
Northern Indochina (6+SD 1.81, Luo et al. 2004), but higher compared to Sumatran
tigers in Sumatra (3.60+SD 1.48, Luo et al. 2004) and Amur tigers in the Russian Far
East (3.47+SD 1.22, Luo et al. 2004). To the best of our knowledge, markers used across
published studies were directly comparable, however there may be some differences due to
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Fig.2 Bar charts illustrating genetic diversity and genetic impoverishment between tiger subspecies with
95% confidence intervals represented by error bars. Circular maps provide visual representations of each
subspecies’ range. Southeast Asian subspecies are grouped first (browns; Malayan tiger (this study) in red
outline), Bengal tigers from three different geographic locations (Nepal, Bangladesh, India) are grouped
second (blues), and Amur tigers are grouped third (pale grey). Tests for significance between subspecies
were not possible because raw genotype data were not available for all studies. Diversity metrics were taken
from Luo et al. (2004), Aziz et al. (2017), and Thapa et al. (2018)
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ascertainment bias. Tests for significance were also not possible because raw genotype data
were not available for all subspecies.

Estimation of the ‘inbreeding coefficient’ of an individual with respect to its local sub-
population (inbreeding as non-random mating) generated an F; of 0.463 for the Malayan
tiger. This observed level of inbreeding was relatively high in comparison to other tiger
subspecies (Table 3). BOTTLENECK detected a significant signal for heterozygosity
excess for the entire data set under the IAM mutation model (p =0.05, Bonferroni-adjusted
p=0.02) with the standardised differences test, however our dataset comprised only 16
loci which is below the minimum recommended (n=20) (Cornuet and Luikart 1996), and
results should thus be considered with caution. However, all other tests for excess heterozy-
gosity found no evidence of a recent bottleneck (p >0.05). The SMM model of mutation,
which provides a more conservative assessment and is considered to reflect microsatellite
mutation most closely, did not find evidence of a recent bottleneck.

Population structure, gene flow and migration

We performed principal component analysis (PCA) based on 22 individuals, with samples
grouped into either GTN or MR region (Supplementary Information, Fig. S2). Overlap of
the centres of the two PCA ellipses indicates similar genetic composition between the two
putative subpopulations, though the overlap is not total. The larger-sized ellipse for the MR
subpopulation reflects the higher levels of genetic diversity observed there. To deal with
missing genotype data, the PCA analysis used mean imputation, whereby missing values
were replaced with mean values for the observed allele frequencies of each loci. Whilst this
is one approach to dealing with missingness, visualising population structure with mean-
imputed missing data may bias the results (Yi and Latch 2022). Although the PCA sug-
gests there is little differentiation in the population and is therefore consistent with other
findings in the study, this result should be treated with caution.

STRUCTURE analysis revealed mixed results for each evaluation method. AK (Evanno
method) consistently inferred structure with two distinct clusters (k=2). Kplots (Puech-
maille method) and X-LnP values inferred no structure (k= 1) for the Admixture model and
Population Informed model, and STRUCTURE bar plots were consistent with this result
(Supplementary Information, Fig. S3). BayesAss analysis indicated a marginally higher
level of contemporary migration from MR to GTN (m=0.2606, 95% CI: — 0.080+0.104),
compared to migration in the opposite direction (GTN to MR: m=0.2365, 95% CI:
—0.138£0.176).

Table 3 Summary of F-statistics between tiger subspecies

Subspecies Population Fg Fj Source

Malayan tiger Peninsular Malaysia -0.022 0.463 This study

Bengal tiger Terai Arc Landscape 0.060 0.23 Singh et al. (2017)
Bengal tiger India 0.013 0.18 Sharma et al. (2013)
Siberian tiger Russian Far East - 0.125 Caragiulo et al. (2015)
Indochinese tiger - - - -

Sumatran tiger Sumatra - —0.2911 Smith (2012)
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Estimation of average inbreeding relative to the total population (i.e. inbreeding due to
population subdivision) generated an Fst of — 0.022 for the Malayan tiger, indicating little
or no differentiation between putative subpopulations.

Mitochondrial diversity

In this study, we constructed two hapolotype networks: one specific to the Malayan tiger
(174 bp sequence) and a second network to include all tiger supspecies (shared 136 bp
sequence), though results should be treated with caution due to limitations of sequence
data. We constructed the first haplotype network from a 174 bp cytochrome-b sequence,
obtained from 22 tiger samples from Peninsular Malaysia, revealing a total of eight hap-
lotypes (H1-H8, Fig. 3), of which two (H3 and HS5) were unique to GTN and two (H4 and
H8) were unique to MR. We compared the newly-collected Malayan tiger cytochrome-b
sequences in this study to mtDNA haplotypes in Luo et al. (2004) (COR4, CORS5, CORS6,
COR?7, CORS) and J. Ryan unpubl. data (EF17935-EF179376 and EU184691-EU184702),
and found new sequences from this study overlap with previously discovered haploytypes
from Luo et al. (2004) (Supplementary Information, Fig. S4).

We constructed a second haplotype network (Supplementary Information, Fig. S5) from
a 136 bp cytochrome-b sequence, available for 103 tiger samples across five subspecies.
This network revealed 14 unique haplotypes across all tiger subspecies (H9-H22). One
haplotype (H9) represented 39 individuals and was unique (95%) to all subspecies found in
Southeast Asia (Malayan, Indochinese, Sumatra) and Amur tigers. Two individual Bengal
tigers (5%) shared haplotype H9. Six haplotypes were unique to Malayan tigers: one with
six individuals (H10), and the remaining five haplotypes (H11, H12, H13, H14, H15) each
with just one individual. Two further haplotypes (H16, H17) were unique to Malayan tigers
from a previously unpublished study (Rovie-Ryan unpubl. data), and one (H18) was shared
by Sumatran and Bengal tigers.

Haplotype diversity was marginally lower in the MR (h=0.600) compared to the GTN
region (h=0.709), but nucleotide diversity was marginally higher in the MR compared to
the GTN area (r=0.024 and 0.200, respectively). The Malayan tiger exhibited substan-
tially lower haplotype diversity (upph=0.260) in comparison to Indochinese, Sumatran
and Bengal subspecies (h=0.691, 0.378 and 0.694, respectively). Malayan tigers have mar-
ginally higher nucleotide diversity (x=0.009) compared to Indochinese tigers (x=0.007),
but notably lower than Sumatran and Bengal tigers (x=0.018 and 0.024, respectively)
(Fig. 4; Table 1).

Discussion

Here we provide the first insights into the extent and distribution of genetic diversity in the
wild tigers of Peninsular Malaysia. Where previous genetic assessments have been con-
ducted on a combination of wild and captive individuals (e.g. Luo et al. 2004), data avail-
able for this study was limited by a number of factors, and findings should thus be interpre-
tated appropriately. Nonetheless, we offer fresh information on the contemporary genetic
diversity of Malaysia’s remaining wild tigers.

Malayan tigers have declined by 97% and have become increasingly fragmented in the
last 70 years (Ten et al. 2021). Although overarching results point to a connected popu-
lation, the patterns of contemporary nuclear and mitochondrial DNA diversity we have
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Fig.3 Haplotype map for the Malayan tiger containing eight haplotypes (H1 to H8). Coloured circles rep-
resent individual tiger samples collected from two geographic areas: the Main Range (orange) and Greater
Taman Negara (dark blue). The haplotype network (inset) displays each haplotype as a pie chart, with light/
dark blue colour corresponding to the origin of samples belonging to each haplotype (MR or GTN)

observed in tigers between the two regions allow us to consider that these are very early
signals of differentiation - driven by the recent extensive habitat fragmentation and anthro-
pogenic change in land use on the Malay peninsula. This interpretation is consistent with
the expectation that at least 10 generations are required to detect changes in levels of
genetic diversity and population structure (Mona et al. 2014). For Malayan tigers, nine to
ten generations have passed since the onset of population decline in the 1950s (Goodrich
et al. 2022; Ten et al. 2021).
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Fig.4 Bar plots of nucleotide diversity () and haplotype diversity (h) between five wild tiger subspecies.
The last two bars (pale grey, separated by a dashed line) provide n and h for two putative subpopulations in
Peninsular Malaysia, and are given for comparison. Circular maps provide visual representations of each
subspecies’ range

Interpretation of population connectivity

Genetic structure develops within a species when random mating ceases and subpopula-
tions form, among which gene exchange via dispersal or mating is impeded (Waples and
Gaggiotti 2006; Colonna et al. 2009). STRUCTURE and PCA analysis indicated no evi-
dence of population structure and the pairwise population F of — 0.022 also suggested
the population is unstructured. However, speculatively, the observed patterns of genetic
diversity may be early indications of the impact of genetic drift but tempered with contin-
ued dispersal and gene flow. Both Admixture and Population Informed models consistently
inferred a cluster of k=2 under AK (Evanno method). This result is consistent with the
observation that there are private alleles predominantly found in the GTN region-a possible
indication that structure could be emerging as a consequence of loss or fixation of alleles
caused by genetic drift, or as a consequence of uneven genotyping success across samples.
Indeed, three of the 16 loci (loci 229, 230 and 310) contain private alleles unique to GTN.
However, Kplots consistently inferred k= 1. This finding is also consistent with the PCA
which found no distinct population structure.
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Migration appears to be marginally higher (though not significantly so) from the MR
to GTN, which possibly supports the notion that the contiguous highlands that form the
backbone of the Main Range serve as a functional corridor that allows tigers to disperse to
other areas more easily (Mohamad et al. 2013). We found levels of migration and inferred
gene flow between tiger subpopulations in Peninsular Malaysia to be generally high when
compared with similar tiger studies in Nepal (Thapa et al. 2018) and Sumatra (Smith et al.
2018). These observed levels of migration are consistent with the STRUCTURE result of
observable gene flow between the two putative subpopulations.

Differences in levels of genetic diversity within Peninsular Malaysia

Despite limitations concerning the scale of the study and panel of loci, we observed con-
sistently lower levels of genetic diversity in the GTN region compared to the MR, in terms
of H,, H, and A, although differences between these two putative subpopulations were
not significant. It is possible that statistical power was reduced due to small sample size
(n=22), and the continued collection of samples will help improve this for future assess-
ments. We speculate that the levels of inbreeding observed to be occurring in both sub-
populations are consistent with a recent period of population isolation due to contemporary
habitat fragmentation, however the exact magnitude of observed inbreeding may be exag-
gerated by the presence of null alleles or allelic dropout, and proportion of missing data.

Differences in the extent of isolation and presence of natural corridors between these
two areas suggests that greater effects of genetic drift on the increasingly fragmented GTN
subpopulation-particularly at the peripheries-may have precipitated a more rapid rate of
loss of genetic diversity compared to tigers in the MR. Whilst GTN covers a larger area,
the region is becoming increasingly fragmented due to forest loss and conversion of sur-
rounding land to monoculture plantations (Taher et al. 2017; Clements et al. 2021), though
it may retain a higher level of intactness than the MR and still enable some dispersal. The
MR has also suffered fragmentation, but its highland areas continue to provide a corridor of
connected habitat from north to south of the central forest spine. Areas in the MR may also
remain forested due to the presence of indigenous Orang Asli villages (Sze et al. 2022).
The higher observed levels of genetic diversity in the MR compared to the GTN region
might also be explained by greater movement of tigers in mountainous areas north to south
of the central spine, or the possibility that genetic diversity in the MR has been enhanced
via movement of Malayan tigers between Peninsular Malaysia and southern Thailand. This
interpretation is supported by the prevalence of mtDNA haplotype H9, which is shared
predominantly by Malayan tigers, Indochinese (Thailand and Cambodia), and Sumatran
subspecies. However, given the population size in southern Thailand is thought to be small
(Suttidate et al. 2021) this scenario is unlikely and further research is needed to validate
this hypothesis.

Mitochondrial haplotype analysis inferred a difference in genetic diversity of tigers
between GTN and the MR, with four haplotypes corresponding geographically with the
two putative subpopulations: H3 and HS5 with tigers in GTN, and H4 and H8 with tigers in
the MR (Fig. 3). However, these patterns do not completely align with patterns observed
for nuclear genetic diversity. Although unique haplotypes were identified in each sub-
population, haplotype diversity was similar in both regions (i.e. number of haplotypes =4,
Table 1). The identification of four unique haplotypes can be interpreted in two ways: (i) a
consequence of initial contemporary divergence as a result of recent habitat fragmentation
and population decline, with differences in haplotype frequency emerging as haplotypes
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become lost, perhaps the most likely scenario given the precipitous population decline,
or (ii) a consequence of female tiger dispersal behaviour. Female tigers are known to be
philopatric and remain close to the maternal home range (Sharma et al. 2011), so haplotype
assignment could be the result of maternal clustering due to philopatry. As haplotypes were
derived from mtDNA, which is derived from a maternal lineage, this may reflect the pat-
terns of diversity and presence of unique haplotypes. Two additional mtDNA haplotypes
unique to Malayan tigers (H16 and H17) were identified from sequences from a previously
unpublished analysis (J. Ryan unpubl. data). However, a lack of information on the origin
of most of the tigers in the unpublished study limit detailed interpretation. The Malayan
tiger subspecies exhibits greater haplotype diversity in comparison to the two other subspe-
cies in Southeast Asia (Indochinese and Sumatran), possibly due to haplotype diversity in
Sumatran tigers being constrained due to their geographic range, and loss of haplotypes in
Indochinese tigers due to early population collapse (Luo et al. 2004; Ash et al. 2021).

Evidence of genetic impoverishment in the Malayan tiger

The proportional difference in mean H, and H, within Malayan tigers is relatively large
(58%), such that the levels of heterozygosity expected in the contemporary population were
not subsequently observed—a signal consistent with an inbred population.

Whilst there may be minor differences in marker sets between studies (Aziz et al. 2017;
Luo et al. 2004; Thapa et al. 2018) which deserves a degree of caution when comparing
marker sets, to the best of our knowledge they are comparable. Comparisons of nuclear
genetic diversity between tiger subspecies suggested overall heterozygosity may be lower
in Malayan tigers when compared with Sumatran and Amur tigers, but not Indochinese
tigers, which have also suffered the effects of habitat fragmentation, population decline and
isolation. Indeed, 95% ClIs suggest substantially lower H, in Malayan tigers compared to
Amur, Sumatran and Indochinese subspecies, and low H, and allelic richness in Malayan
tigers compared to Bengal tigers (Bangladesh and India) and Indochinese tigers (Thailand
and Cambodia). Higher values for some of the other subspecies may reflect the larger sized
populations of tiger (for example, in India n=~3000; (Jhala et al. 2021). Equally, lower
values in Sumatran tigers (Smith et al. 2018), Bengal tigers in the Terai Arc, Nepal (Thapa
et al. 2018), and Amur tigers in the Russian Far East (Luo et al. 2004) may reflect simi-
lar recent effects of extreme population decline and isolation due to habitat fragmentation
and poaching. It should also be considered that differences in genotyping or sample qual-
ity between studies could account for the recovery or observation of more alleles in other
populations, and the limitations of this study in terms of sample size and scale also mean
our findings should be treated with caution.

We did not find robust evidence of a population bottleneck in the Malayan tiger popula-
tion. Whilst it is possible the population has experienced a recent bottleneck, given the
widely-documented evidence of extensive habitat loss over several decades (Ten et al.
2021), the low sample size available for this analysis means that failure to detect a bot-
tleneck signature is not surprising. We note that our microsatellite dataset of 22 tiger indi-
viduals represents > 10% of the estimated population of ~ 150 tigers remaining in Peninsula
Malaysia (Abdullah 2022), though the negative F,, value obtained for the Malayan tiger
(F,, = — 0.022) may be a potential indication that sample sizes are too small (Gerlach et al.
2010). Moreover, significant deviations from HWE were detected at ten of the 16 micros-
atellite loci.
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Our findings suggest that there is continuing dispersal and gene flow between tigers
in the MR and GTN, in Peninsular Malaysia. Our results did not find consistent evi-
dence of structure in the contemporary population, further indicating a level of geneflow
between these two critical tiger areas. We detected relatively small differences in allele
frequencies between MR and GTN, consistent with the reasonably recent fragmentation
of a once single, large population. However, the continuation of rapid loss and fragmen-
tation of habitat presents a growing threat to gene flow, and we therefore expect the MR
and GTN subpopulations to become increasingly genetically differentiated and inbred
with time.

Of the two putative tiger subpopulations, the more isolated GTN subpopulation may
continue to lose genetic diversity more rapidly than the MR subpopulation because of
(1) a greater effect of drift, and (ii) greater movement of tigers from north to south of the
mountainous Main Range forest spine, facilitated by highland habitat which can serve
as a natural corridor.

The Malayan tiger appears to have low levels of genetic diversity in comparison to
most other tiger subspecies. This finding is consistent with a contemporary bottleneck
and may reflect the sharp population decline of over 95% that has been documented in
the Malayan tiger in the last 70 years (Ten et al. 2021). The levels of genetic impover-
ishment that we have observed for the Malayan tiger are of potential concern given the
role of genetic variation in a population’s resilience and its ability to respond and adapt
to future environmental change (Willi et al. 2022).

Given these emerging patterns of genetic diversity, we recommend the following
actions for conservation management of tigers in Peninsular Malaysia to enhance func-
tional connectivity between known tiger sites. Actions focus on reducing the net rate of
loss of genetic diversity, strengthening gene flow, and slowing the rate of further accu-
mulation of inbreeding.

(1) Preserve existing forest linkages as a critical priority. This should be achieved through
the protection and improvement of linkages in the CFS Masterplan (CFS1, Fig. 1) as
a matter of urgency. Conservation measures should prioritise:

i. PLI/C-PLI to facilitate movement between GTN and the MR.

ii. PL3/D-PLI and PL6/C-PL2 to ensure forest connectivity remains functional
from the MR, and specifically PL3/D-PLI to ensure connectivity on the western
side of the MR within Perak State to help tigers from the northern MR reach
PL6/C-PL2.

iii. PL2/A-PLI to facilitate movement between the forest complex containing Hala
Bala Wildlife Sanctuary and Bang Lang National Park in Thailand and Royal
Belum State Park, with the rest of the MR. This area is the only location where
the tiger populations in Malaysia and Thailand are now connected.

iv. PL4/A-PL2, PL5/K-PLI and PL8/A-PL3 to ensure connectivity to tigers
between the MR and Bintang Range. Secondary linkages are also potentially
important - particularly when primary linkages are degraded and cannot be
relied on for reconnectivity. In this case, SL3/ASLI is also important due to the
short distance between the two forests, as well as its land use, with relatively
low human activity.

v. Re-establish and enhance linkages for the tiger population in CFS2 (Fig. 1) to
restore genetic connectivity in the Greater Endau Rompin Complex.
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(2) Restore and reinstate ecological linkages to facilitate tiger movement between land-
scapes. It is essential to maintain ecological integrity within the forested landscape
- particularly where transport infrastructure has been built. More roads are planned
across intact forest, including a new major road between Muallim Perak and Kuala
Lipis (contruction 21/10/2022-20/10-2026) which will cut across the MR. Infrastruc-
ture such as tar roads which provide access deeper into forests to enhance accessibility
to interior communities would also make the forest more penetrable and potentially
worsen poaching activities. We recommend ensuring there are multiple linkages with
good habitat where there are roads to avoid becoming over-reliant on a single small
linkage. It is vital to identify further areas as additional linkages to maintain and
improve connectivity across roads and other linear infrastructure.

(3) Prohibit development and land-use change around new roads. New transport networks
often open up surrounding land to further development, in addition to the degazette-
ment of once-protected forest. We recommend ensuring that forests on both sides of
roads (which dissect forested landscape) are not degraded, degazetted, or converted
into other land use, including shifting cultivation, forest plantation, or other activities
under temporary occupation license, to promote tiger movement and geneflow.

(4) Assess the genetic status of southern tigers in the Endau Rompin Complex, to gain a
more comprehensive overview of tigers in Peninsular Malaysia. Tigers in the Endau
Rompin Complex are assumed to be largely geographically isolated from both the GTN
and MR regions, but their existence there and any additional genetic diversity may
yet play a critical role in contributing to the future persistence of tigers in Peninsular
Malaysia.
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