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Abstract

Global tiger Panthera tigris populations mostly survive within the rggbirally fragmented forest
patchesthereby limited genetic exchange between isolated populafiseessing the genetic status of
these populations can reveal the effects of dispersal barriers and préaiédéinsights to guide future
conservation action&Jsing non-invasively collected biological samples,imvestigated fine-scale
genetic structure of tigers in the Sundarbans mangrove $imtestsectedy the complex river systems,
and which holds one of the largest global tiger populations. We gendigpéger sampleat 10
polymorphic microsatellite loci, and sequenced 33 of them for a tota?68 base-padrat four
mitochondrial gene fragmentslicrosatellite analyses exhikatsignature of fine-scale genetic
structure, which might have been the consequence of limited tigersdisdae to wide rivers across
the Sundarbans. Similarly, mitochondrial data show a historic patt@opofation isolation that might
be due to wider rivers across the entire Sundarbans shared by Bangladid&stlia Given the intrinsic
nature of the mangrove habitat embedded with numerous,rirersased commercial traffic and
human activities may further impede tiger dispersal across wide, egei@ating further genetic
isolation of the Sundarbans tigers

Keywords. Bangladesh; genetic structure; river impact; Sundarbans; tiger



Introduction

Human-induced historic land change across Asia has transformed theidespread forested areas
into a series of isolated patches, threatening the survival of many forestddep species (Walker et
al. 2000; Loxterman 2011). Large carnivores like the tigers can be aatfsdted by such habitat
fragmentation, which greatly restricts their genetic viability through reducengftactive population
size in any one forest patch (Smith, 1993preover, habitat fragmentation resultingaitimited tiger
dispersal (Ewers and Didham 2005; Joshi et al. 2013) promotes tlud ¢mseetic diversity, and
inducesgenetic ‘isolation by distance’ between population@right 1943; O’Brien et al. 1985; Vila et
al. 2003; Liberg et al. 2005). Such isolated populations are highly siedp environmental
stochasticityincreasing the likelihood of population extinction (Woodroffe 20@@proximately
4,000 individual tigers left in the world (Seidensticker, 2010) ng®/\Within isolated forest patches
(Walston et al. 2010) across just 7% of their historic range (Sanderab2@96), and have already
lost 93% mitochondrial genetic variants (Mondol et al. 2013)

The Sundarbans mangrove forests shared between Bangladesh anddmeliafithe six regional
Tiger Conservation Landscapes (TCLs) of global priority (Sandegsal. 206), and supports one of
largest populations of Bengal tigers (Barlow 2009; Dey et al. 2015; Aziz et ar2bibivever, tigers
in the Sundarbans have long been isolated from the nearest TCL (e.tjpabifiger Reserve in West
Bengal, India) by approximately 200 km of agricultural lands amdéan settlements (Sanderson et al.
2006), thereby limiting any opportunity of gene flow betweerupatipns The Sundarbans itself &
series of muddy, densely vegetated islands separated by waterwaygrgf vadths, some of which
may be barriers to tiger dispersal within this landscape (Naha et al. Edt@)stance, radio-collaring
studies have revealed that tigers rarely cross the rivers wider than #0India Sundarbans (Naha et
al. 2016) as well as 600 m in Bangladesh Sundarbans (Barlow 200§9s8ng that tiger movement
might have been compromised by wide rivers in this mangraest® Several studies have highlighted
the morphological adaptation (Barlow et al. 2010) and genetic distinctivenesls ¢6alg2015) of the
Sundarbans tigers, however none have examireseffict of barriers on the fine-scale genetic
structure of the populatiotynderstanding how landscape barriers facilitate or deter gene flow ik a hig
priority management need for an endangered population surviving angioly forest habitat (Sork
and Waits 2010)

The objectives of this study were therefore to investigate the fine-scatioggtnucture and to
assess how rivers influencing the genetic architecture of tigers living Buhdarbans. This study is
the first of its kind for the Sundarbans tigers that presideful information to guide long-term genetic

management of this uniquely adapted tiger population

Methods

Study area

Of the 10,263 krhof the world largest mangrove forest shared between Bangladesh an@Gidet

al. 2007) the Bangladesh part covers 6,017°kaf which 4,267 krhis forest and the remaining area is
water(lftekhar and Islam 2004 he north and east sides of the forest are bounded by dense human

settlements and agriculture land, and to the south by the Bay of BEimgdl). The Bangladesh



Sundarbans (hereafter Sundarbans) is managed as Reserve Forest, @acipetirareas that have
been designated as wildlife sanctuaries: Sundarbans West (7}, %kmdarbans South (370 Rnand
Sundarbans Eas3g3 knf).

The Sundarbans suppoéselatively high species diversity compared to other mangrove forests of
the world. For instance, previous studies have reported 330 species qf@lan®00 species of fish
35 species of reptiles, more than 300 species of birds and 42 speciesmélsdiom this habitat
(IUCN-Bangladesh 2001; Islam and Wahab 208%hough leopards (Panthera parflogexist with
tigers in many of the Asian forest landscapes (Karanth and Sunqoit 2@ leopard however
became extinct from the Sundarbans about a century ago (Seidenstickizi 4883) Currently,
several species of small cats including fishing cat (Prionailurus vive)rijungle cat (Felis chaus
and leopard cat (Prionailurus bengalensis) are found in the Sundarbans.

Topography of the Sundarbans is less than 1 m above the sea Evehigado and Hossain 1998)
and consists of tangled region of estuaries, rivers and watercourses, greleast number of low-
lying swampy forest islands of various shapes and sizes (Prain 29i7@pjor rivers flow from north
to south, which are interconnected by the east-west narrow channgkrefind creeks (Islam and
Wahab 2005)Three mighty rivers, namely the Arpangassia (width: 1.2 the Sibsa (width: 1.3-
3.4 km) and the Passur (width: 1.4-3.1 kdivide the forest into three larger isolated regions (Fig. 1).
In addition, the rivers Raimangal (width: 1.5-2.8 km) and Harinbh@width: 2.9-4.4 km) mark the
international boundary and bisect the entire forest into Bangladesh and Suodidarbans. Most of

these major riverhave been used as cargo channels as well as other human activities fagentur

Sample collection

Non-invasive biological samples (scat and hair of tigers) were collected froenetliffareas of the
Sundarbanswith purposive sampling from isolated forest patches separated by theAigargassia,
Sibsa and Passtirstly, we intensivdy sampled four geographically isolated areas of the Sundarbans
using 2x2 km sample grids (detail protocol and sampling effort wereildegdn Aziz et al. 2017a)
Briefly, six survey teams comprising four members in eacheudatin transect line in each sample grid
whilst actively searched for suspected scats and hairs. Once a saropleddosurveyed with one to
three repeated transects, teams moved to the next sample block. Segersdignpled the remaining
forest areas opportunistically, with specific focus to cover outsitleese four sample blocks. We
collected deposited scats, and hairs left in scratch marks on trees, @adédebe location of each
sample using handheld Global Positioning System (GPS) Garmin GPSMAPG#Nng the survey, a
total of 512 biological samples were collected (Table 1). Winter months wasercfor sampling to
avoid extreme weather conditions (e.g., rains and tidal surges inesymwith sampling from 20
November 2014 to 26 February 2015.

All biological samples were transported from Bangladesh to the United Kingdomthader
Convention on International Trade in Endangered Species (CITES) (Permit Nd.1BB02), and
authorisation of the Department for Environment, Food and Rural Aftaimised Kingdom (AHVLA
authorization: TARP/2015/111).



DNA extraction and sample screening

DNA extraction and analyses were performed at the Conservation Geneticatbapof the Durrell
Institute of Conservation and Ecology, University of Kent, UK. Two isolktbdratory spaces were
used for analyses of all biological samples to prevent potential contamindtisoat®samples were
prepared for DNA extraction under pre-sterilized fume hood conditidnatahes of 10 samples. The
workstation was sterilized before and after each use by irradiation using UVrdybtesed using
10% bleach. All PCR reactions were carried out in a separate laboratory unoher lzofad pre-
irradiated using UV light.

Genomic DNA from scat and hair samples was extracted using QlAamp3d&A mini kits and
QlAamp DNA Blood and Tissue kits (QIAGEN Inc.), respectivéiylowing the manufacturer’s
instructions. Approximately 200 mg of scat material was scrapedtfrerouter surface of each scat
sample with a sterilized razor blade and then incubated overnight witH ASLnbuffer on a
mechanical rotator at 56 °C. The DNA supernatant from the samplgseasvith 300 ul AL buffer
plus 25 ul proteinase K and incubated at 70 °C for 15 min. Four micralfteesrier RNA
(ThermoFisher Scientific, UK) was added to AL buffer to increase DNA yielt Bcat samples. To
extract DNA from blood, tissue, and hair samples, we used DNeasy™ Blood and Tissue Kits (QIAGEN
Inc.); approximately 10 hairs of each sample was added to 300 piffer incorporating 20 pl of
proteinase K and 20 ul of DTT (Dithiothreitol, Biotech) and then incubated at &8&t@ight or until
the sample was completely digested. The DNA was eluted in 75 ul of baifféos. We maintained
strict protocols to reduce the chances of contamination by using aerasa piette tips, separate pre
and post PCR rooms and UV PCR hoods for sample preparatiomgafiveecontrol (with no biological
material) was included with each batch of extractions to monitor for possili@mination during the
DNA extraction procedure. To confirm that scats had been depositegeby tather than non-target
wild cat species, extracted DNA was screened using tiger-specific ptoremplify a245base-pair
fragment (fwd TTACTAGGACTCCTCCTAGCC; rev GAATAGGGTTGTGATGGCCCC) tife
tiger cytochrome b gene (Mondol et al., 2009a; Mukherjee et al., 20QR)s screening process, PCR
cycling conditions consisted of an initial hot start of 95 °C for 1follawed by 45 cycles of 95 °C for
15s,55°Cfor 15 s and 72 °C for 15 s, and a final incubatoiod of 10 mins at 72 °C using a G-
Storm Thermal Cycler (Labtech France). PCR reaction volumes (total 27 ul) corBaihed template
DNA, 12.5 pl MyTaq Redmix (containing dNTPs and Mg®&ioline, UK), 5 uM of each forward and
reverse primer, M BSA (Bovine Serum Albumin, New England Biolabs Inc.) and 8.5 paiHPCR
products were purified and sequenced using a 3730XL analyser (Macrogsterdam, Netherlands).
Sequences were edited with Jalview v2 (Waterhouse et al. 2009) and tleechadsed and aligned
with sequences from the GenBank database (National Center for Biotechndtogyation, NCBI) to

confirm species identity for each sample prior to downstream gengtgpialysis.

Microsatellite genotyping and individual identification

Microsatellite markers (repeated sequence of nucleotides) are commonly usextigate genetic
structure (Mondol et al. 2009b; Reddy et al. 2012), spatial genetics (Sharma &2yla?d genetic
connectivity between tiger populations (Joshi et al. 2013). In iy stve used a panel of 10
microsatellits from a set of 14 optimised polymorphic loci (Aziz et al. 201#%aamplify tiger-
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authenticated DNA samples (Tal84). Four multiplexes were designed to include the full set of loci.
All forward primers were fluorescently labelled for gene-scanning (T@hleEach microsatellite PCR
reaction volume (10 ul) contained 3 pl of DNA template, 5 pl Qiagen multiggéxBRiffer mix

(Qiagen Inc.), 0.21M forward primer, 0.214M reverse primer (Eurofins Genomics), andM BSA.

For all multiplex reactions, the PCR temperature regime included an initial deaatistep for 15 min
at 95 °C with 45 cycles of denaturation (94 °C for 30 s), annealmgafges from 52 °C to 57 °C for
90 s for four multiplexes; details in Table 2), extension (72 °C fa&)98nd a final extension of 10
mins at 72 °C, using a G-Storm Thermal Cychdt PCR products were genotyped using an Applied
Biosystems 3730 DNA Analyser and ROX 500 ROX™ as the size-standard. Alleles were identified and
scored usingGgENEMAPPERV3.7 (Applied Biosystems, MA, USAWe employed the comparative
genotyping approach (Frantz et al. 2003; Hanseh 2088) by ensuring that equivalent
heterozygote genotype profiles were scored at lgase tand corresponding homozygote genotypes
at least three times (up to a maximum of five) facke sample. This approach ensured a level of
rigour in resolving the true genotype and was less laborious arelaost-effective than the multiple
tube approach (Taberlet et al. 199¥)consensus genotype was achieved if genotypes matched 100%
at all loci in at least three repeats. Any samples that could not be scored consistesyamplifiable
loci in the repeated genotype profiles were removed from the analysisqdastkal. 2016)

We usedcERVUS V3.0 (Marshall et al. 1998) to identify unique or recaptured genotypes from
pooled samples. A detailed procedure of individual identification can be foukalz et al. (2017a). In
short, matching genotypes based on five or more loci were constddsedsourced from the same
individual (Mondol et al. 2009a). Incomplete or partial genotype profiles d@etpht a minimum of
five of the 10 loci set were also used to identify unique and recapturediirads/following the
approaches of previous studies in tigers (Bhagavatula and S36¢hMondol et al. 2009a), and
badgers (Frantz et al. 2003).

We usedvICROCHECKERV2.2.3 (van Oosterhout et al. 2004) to check genotyping emertod
stuttering (e.g., incorrect repeats, typographic errors). Allele frequeabiexved o) and expected
(He) heterozygosity, allelic dropout and false alleles were estimateg eisineT v1.3.3 (Valiere
2002) Linkage disequilibrium and departure from Hardy-Weinberg equilibrium EfWere testeth
GENEPOPV4.2 (Raymond and Rousset 1995)

Mitochondrial DNA sequencing

Variable mitochondrial gene fragments are commonly used in investigatiiagphetic relationship
(Luo et al. 2004) as well as genetic status of tigers (Mondol et al. 20@9gEnerate mitochondrial
DNA dataset from tiger-authenticated DNA samples, a total of nine primer stitsiged from
Mondol et al. 2009b; Table S2) were used to amplify four genenats: control region (CR),
cytochrome b (cyt b), NADH dehydrogenase subunits 2 (ND2), arfdHNdehydrogenase subunits 5
(ND5). These four fragments were chosen primarily because these gewes sufficient variability
across tiger populations (Luo et al. 2004; Mondol et al. 2009b), whictabdsved us to compare our
sequence data with these studies. To amplify DNA fragments, PCR reagdom conducted in 27 pl
reaction volumes which contained 3 ul template DNA, 12.5 ul MyTaq Re@ioline), 5 uM of each
primer, and 10.5 pl of d}®. PCR amplification was performed using a G-Storm Thermal Cycler
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(Labtech France). The PCR profile comprised of initial denaturation (95°Crfg; 45 cycles of
denaturation (95 °C for 30 s), annealingffr 15 s), extension (72 °C for 30 s) and a final extension
phase (72 °C for 10 m). All amplicons were examined by agarose gel plenriesis to check for a
clean single band and to check for any signs of contaminationpRigiRcts were purified and

amplified using a 3730xI analyser (Macrogen, Amsterdam, Netherlands).

Fine-scale genetic structure analysis

We used Bayesian clustering approach to assess the fine-scale genetiestriabuprogram
STRUCTUREV2.3.4 (Pritchard et al. 2000). TBeRUCTUREdetermines the most likely number of
genetic clusters (K) by assigning each individual tiger to the most ltkedyers using multiple Markov
Chain Monte Carlo (MCMC) algorithms for multilocus genotypes. FtRUCTUREWaS run with
admixture and correlated allele frequency models (Falush et al. 2003)andimgal burn-in length of
20,000 followed by a total run length of 500,000 iterations (Pritchatl 2000). The admixture model
assumes that individuals can be of mixed ancestry, and is thusuitatde to studying populations
that are harder to split into arbitrary predefined populations. Ten independemterenperformed,
each time inferring the number of genetically distinct clusters (KL8)1in order to verify that the
estimates are consistent across the runs (Pritchard et al. 2000). Posterioplikedihes for the most
likely K and AK were evaluated following the Evanno method (Earl and VonHoldt 20 2RINCTURE
HARVESTER (Evanno et al. 2005; Earl and VonHoldt 2012), and averages for therfioop of
individual assignment for the 10 independent runs were estimatedausimgp v1.1.2 (Jakobsson and
Rosenberg 2007).he proportion of individuals assigned to each cluster was then graphidisplayed
usingPOPHELPERFrancis 2017) and geographically plotted with ArcGIS v10.3 to denote clustered
individuals across the Sundarbans landscape.

The GENELAND v1.0.7 using geo-referenced multilocus genotypes of sampled indisidias
applied to infer and locate genetic discontinuities between tiger populations thiétdomain of the
Sundarbans (Guillot et al. 2005b) which further improvesttrUCTUREINferencesin GENELAND, we
processed all parameters including K simultaneously by the MCMC algdotlowing
recommendations of Guillot et al. (2005a). We followed two steps ttheualgorithm: a first run to
infer K, and a second run with K fixed at the previously inferi@desto estimate other parameters
(individual assignment to the inferred populations). The first step was replidatades to check for
convergence, allowing K to vary between 1and 10 clusters. The @@rsset for the run wefex10
MCMC iterations, maximum rate of Poisson process fixed to 500, niaxinumber of nuclei in the
Poisson-Voronoi tessellation fixed to 200, and with true spatial coordinae®ifithlet model was
used for its better performance than the alternative model (Guillot et al. 2005#)en inferred the
number of population clusters from the molaf these 10 runs, and ran the MCMC 100 times With
fixed to this number, and other parameters similar to the runs with aKakVe calculated the mean
logarithm of posterior probability for each of the 100 runs,saidcted the 10 runs with the highest
values. The posterior probability of population membership for pixeth of the spatial domain was
computed for each of these 10 runs (with a burn-in of 5 id€ations). The number of pixels was set

to 900 pixels along the X axis and 750 along¥feis, to avoid having two individuals in the same



pixel. We then computed the posterior probability of population membdmtiach individual within

the spatial domain. We finally checked the consistency of results dloesgs10 runs.

Spatial genetic structure analysis
We investigated spatial genetic structure, i.e., isolation by distance by aelaton analyses that
reveals the level of variations of genetic distance as a function of geogiagtaice (Peakall et al.
2003; Guillot et al. 2005a; Peakall and Smouse 2012). This multivariate spatysisiaas in
understanding the fine-scale genetic structure generated by multiple locitiah spale (Peakall et al.
2003). First, a linear pairwise geographic distance was calculated as the Euclideaphjeaijstance
between geographic locations of all sampled tigers. Then a pairwised@ganetic distanceas
calculated using the microsatellite genotype data. These two distance matriceewerethto
estimatea spatial autocorrelation coefficient (r), bounded by -1, +1, which is a meakthe genetic
similarity between pairs of individuals whose geographic separatiomifittis the specified distance
classes (Smouse and Peakall 1999) s€Héstance classes were determined in the program GenAlEx
v6.5 using default setting (Smouse and Peakall 1999; Peakall andeS2@d2y, which created 11
geographic distance classes with 8 km interval between the minimumeaamdum sample distances
A test for statistical significance was conducted by 9,999 random permatatioreate a 95%
confidence interval around a null hypothesisraf spatial genetic structurg = 0), and 9,999
bootstrap resampling to create a 95% confidence interval around the meateestim

To complement the spatial autocorrelation analydidantel test was performed using the pairwise
geographic and genetic distances (Mantel 1967; Smouse and Peakall 1@99aritel test wasarried
out with 9,999 permutations to test for statistical significance of the corretatédficient (r) between
the geographic and genetic distances, with a significant correlation being inditatpagial genetic
structure exists in the sampled population (Mantel 1967; Smouse et@). TB8 spatial genetic
autocorrelation, and Mantel test analyses were performed using the sqpiaekage GenAlEx v6.5
(Peakall and Smouse 2012)

Phylogenetic structure analysis

The sequenced datasets of four mitochondrial gene fragments were editedraedialialview v2
(Waterhouse et al. 2009), and concatenated into a complete das=sevENCEMATRIX (Vaidya et al.
2011). To assess phylogenetic relationships between tiger populdtBasgiadesh and Indian
Sundarbans, previously reported haplotype sequence data (TIG23 ag€; TW@ndol et al., 2009b)
were obtained from GenBank (https://www.ncbi.nlm.nih.gov/genbank/; acnessiober for TIG23:
EU661642 and TIG29: EU661648), and added to our concatenated sedatset. A median joining
haplotype network was constructed in the program PopART v1.7/{{tpart.otago.ac.nz) to

demonstrate evolutionary relationshiptiger population in the Sundarbans



Results

Genetic diversity

We utilized 53 individual tiger samples from a tatéll 25samples that yielded genotype profiles for a
minimum of five to 10 microsatellite loci. The mean proportion of lggetl was 87% across the
dataset, with a mean polymorphic information content (PIC) of 0.64. @lidere polymorphic with a
mean number of alleles of 5.50 + SD 1.65 per locus. The overall expettedzygosityKle) and
observed heterozygositi#¢) were 0.68 #1SD 0.04 and 0.37 £ SD 0.02, respectively. This result
indicates that the tiger population in the Sundarbans might have lost saiseolegenetic diversity.
Several loci exhibit significant deviations from Hardy-Weinberg equilibrium (HWEnb linkage
disequilibrium was found between loci pairs (Table 2). Data available froDritael Digital
Repositoryi: https://doi.org/10.5061/dryad.3f1617m.

Fine-scale genetic structure

The model-based clustering technique implementedRUCTURESUggested three ancestral gene
clusters within the tiger populatiaf the Bangladesh Sundarbans (K = 3, where K is the number of
genetic population cluster) (Fig, 2). The STRUCTUREalso detected another peak at K, indicatinga
possibilityof further fine-scale genetic structure within the population (Fig).2At K = 3, the cluster 1
(red) included the highest (40%) number of individuals predominantly digé&tibto the western part of
the river Arpangassia. The estimated probabilijyofgndividual membership was higher for this
cluster, ranging from 0.495 to 0.969, with g > 0.817 fé¥dadividuals. The population cluster 2
(blue) and cluster 3 (cyan) containing 32% and 28% of individuals respgatiged distributedo the
regions between Arpangassia and Sibsa, and Sibsa and Baleshwar rivetvedspEoe estimated
probability of individual membership to the cluster 2 (q = 0.429:2).and cluster 3 (q = 0.372-0.716)
showed relatively higher amount of shared alleles among the populatiogs eastern regions of the
Arpangassia (Fig. 4). With regard to the clusters at K = 7, the estimatsabpity of individual
membership was unevenly distributed, specific to several clines in tlséersputheast islands, lending
additional support for subtle genetic structure within the population.

The spatial model-based clustering technique implemented GettELAND resulted in an
interesting genetic structure atk7, corresponding to the fine-scale genetic patterns detected at
STRUCTUREanalysis. The distribution of membership coefficients across the sapgpethtion has
revealed six genetiadusters containing majority of sampled populations, alongside the seventh ‘ghost
cluster’. Specifically, the cluster a (Dobeki; denoted by location naiite 1, 5) contained individuals
with high membership coefficients distributed principally between Kalagaahkidamuna rivers on
the east of the Arpangassia river. Similarly, the genetic cluster b (Supatipgated in the further east
of the Passur river; the cluster ¢ (Notabeki) between Mahmuda and Raimweegglthe cluster d
(Hangsha Raj) between Passur and Sibsa rivers; the astarbaria) between Sibsa and Passur
rivers, and the cluster f (Haldibunia) between Harinbhanga and Raintoregal (Fig. 15). The
distribution of membership coefficients was higher for the clusters SupatisHa Raj, Notabeki and
Haldibunia than the Passur and Dobeki. The seventh cluster did not contaidigitjpals, therefore

considered aaghost cluster.


https://doi.org/10.5061/dryad.3f1647m

Spatial genetic structure

Genetic isolation by distance analysis exhibited a pattern of genetic differentiéitidncrease of
geographic distances. Analysis showed that distance between gerastypésction of genetic
correlation was significantly positive from zem24 km (r = 0.038, p = 0.002) whilst significantly
negative (r=-0.044, p = 0.002) from 72 km onwards (Fig. 6). Similatthg, Mantel test with pairwise
geographic and pairwise genetic distance revealed a significant positive stlgtigr= 0.161, =
0.01), indicating significant genetic differentiation in relation to geograpsiartte (Fig. Y. Both of
these tests showed a reasonable decline of genetic similarity amonduatiViving further apayt

however this pattern is unusual for the highly dispersal animalsasutigers.

Phylogenetic structure
We detected two haplotypes (denoted as SBT1 and SBT2) from concatenatatesatf four
mitochondrial genes comprising 1263 base-pairs B8tiger samples (Fig. 8). Sixty four percent
samples contained haplotyB8T2 while 36% theSBT1. Remarkably¥0% sampled individuals in the
western region of the Arpangassia carried the hapl@¥§ie, suggesting a clear distinct pattern of
historical isolation of these individuals from the remaining populatiGosversely, 80%, 67%, and
94% individuals in the eastern regions of the Arpangassia, Sibsa and feapsatively shared the
haplotypeSBT2. The overall haplotype distribution clearly shoveegtadient that distinguishes tigers
in the western region of the Arpangassia from the rest of the Sam$affFig84). These two
haplotypes have been submitted to Genbank with accession nuithéP5526-MH427533

The haplotypes reported from the Indian Sundarbans (Mondol et al. 20@Rthisastudy revealed
that there are three haplotypes within the entire tiger population of tiieu®ans. Interestingly, the
haplotypeSBT1 was identical to the haplotype TIG29 reported by Mondol et al. (2088h)the
Indian Sundarbans. Therefore the haplotgga& 2 is unique to the Bangladesh Sundarbans while the
haplotype TIG23 to the Indian Sundarbans (Bly).

Discussion

Genetic diversity

Overallalow level of genetic diversity was found in the Sundarbans tiger poputatiopared to the
populations in the Indian landscapes. For example, the mean nunatletesf observed in this study
(5.50) is reasonably lower than reported for Northeast India;(6-5; Borthakur et al. 2013).
Similarly, the observed heterozygosity in the tiger populatfdhe Bangladesh SundarbahkkE

0.37) is also lower than the tiger population in the Indian Sundarblars @.49;n=13; Singh et al.,
2015) and Northeast Indi&l¢ = 0.47;n=15; Borthakur et al. 2013)'he overall lower levels of allele
diversity and heterozygitg in the Sundarbans population could be attributed to the fact that this
population has long been isolated from the nearest tiger populations of Sitigipakserve in West
Bengal of India, thereby completely wiped out any chance of gene #iomebn the populations
Moreover, it has been shown that habitat fragmentation limits population caitgg€tiankham 1996)
that reduces genetic diversity and increases population differentiation 3ohaet al. 2007; Dixo et al.

2009) Furthermore, the lower level of genetic diversity might be linked to limited ctimitgdetween
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locally isolated populations created by large river systems within the Sunsla@famoteit is not
unlikely that the observed differences could also be due to the diffefierss®ple area, nuclear
markers and size of sample used in these studies (Borthakur et alSk@jfi8et al. 2015).

Fine-scale genetic structure

The genetically most distinct population cluster exists in the western redithes Arpangassia river,
suggesting that a fine-scale genetic structure has been developedigéhpopulation of the
Sundarbans. With regard to the three genetic clusters (K = 3) detectedsirtieg URE a stronger
population genetic differentiation was revealed in the western part of the Arpanijass from the
remaining tiger populations. Although the analysis of the poster@giHdod values in Evano
procedure suggesting K = 3 as the most reliable genetic clusters figethgopulation (Pritchard et al.
2000), a subtle signal for substructure also appeared-at Rverall individual membership
probabilities to the population cluster 2 and cluster 3 sh@wedderate level of shared alleles between
the rivers Sibsa and Passur, whilst the population in the western rediguanijassia river retained
the lower level of shared alleles with the rest of the populations. AlthetrRifcTuREhas failed to
detect genetic evidences for stronger population isolation between Sibsa andiPaiss some level
of gene flow might have been maintained between these populationgever, the weaker genetic
structure in these regions could be linked to limited number of saiimzi8% obtained from the area
between Sibsa and Passur rivers, and relatively low level of polymanatiiers used (5.5
alleles/locus) compared to other studies (Oyler-McCance et al. 2012; Yumnar20di4alIn regard to
the substructure at K= 7, it is not entirely unlikely that the cryptic geseistructures might already
have developed within the population because of isolated forest islaatis ldundreds of rivers. This
finding was further corroborated by the resultsBRELAND which detected cryptic genetic signature
for the Sundarbans populatioffherefore, & six genetic clusters detected in ttENELAND might not
be unexpected as these clusters have been widely distributed as well as isaigtrd baving high
(1.2-4.4 km) and moderate (>1 km) widths (Fig5)l Specifically, the cluster Supati, Hangsha Raj,
Notabeki and Haldibunia showed a profound genetic structure than the PasBabakd This pattern
of genetic clustering could be explained by the river systems as suthetbafour distinct genetic
clusters (Supati, Hangsha Raj, Notabeki and Haldibunia) are separated by riveradatd-abuth
direction. Conversely the latter two clusters (Dobeki and Passur) are thighsame spatial domain
between wide rivers (Fig. 1). This further suggests that widersrimgght be precluding tiger dispersal
from east to west and vice-versa whilst the north-south movemeht naghave been restrained to
that extent. It is understood thatGENELAND, the ghost cluster, with no individuals assigned, is not
uncommon but is a poorly understbphenomenon (Guillot et al. 2005bhich however could be
linked to heterogeneous sample distribution (Fontaine et al. 2007)

A recent study using GPS-Satellite and VHS radio-collars fitted to three malleraademale
tigers in the Indian Sundarbans found that tigers rarely cross thegieatser than 400 m (Naha et al.
2016) as well as 600 m wide (Barlow 200Bherefore, we reasonably expect that the tiger population
of the Sundarbans would have developed a fine-scale genetic structure

The genetic connectivity between tiger populations across Indian landscapesthaarbpered by

human-induced landscape features such as human density, inténsétgoand human habitations
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(Joshi et al. 2013; Yumnam et al. 2014), fortunately no such lgmelbeariers yet exist in the
Sundarbans mangrove forests. Therefore, in the absence of other lertameags in the Sundarbans,
the wider rivers might have been the effective barrier to genetic exchangerb&teadly colonised
tiger populations within the forest islands. Several studies have detectegngrafiuence of rivers on
genetic structure of a range of species in the Amazon where rivers are paytigidarenough to be an
efficient barrier (Lougheed et al. 1999; Moritz et al. 2000; Hayes and Sewlal 20@&Yticular, rivers
influenced fine-scale genetic structure in the mammalian carnivore of Btarten, Martes foina
(Basto et al. 2016), strictly limited gene flow in primates (Pastorini et al. 2G88jrGan and Ganzhorn
2004; Gehring et al. 2012), Raccoon, Procyon lotor (Cullingham 2088), and White-tailed deer,
Odocaoileus virginianus (Blanchong et al. 2008)wever, the higher resolution of distinct genetic
clusters in the entire Sundarbans population could be obtained using reasondixe of samples
from each region separated by major rivers (overall sample size >2003eu0d highly polymorphic
loci (10 alleles/locus) (Oyler-McCance et al. 2012).

Spatial genetic structure

The autocorrelation analysis detected a pattern of fine-scale genetic structurehgifopulation with
positive correlations at smaller geographic distances, however with signifivagatve correlation
beyond 72 km. This result indicates that the patterns of gene flow aremogéneous due to natural
(e.q., rivers) or human-induced barriers which partitions the @bads habitat into discrete forest
patches (Mona et al. 2014)his resul further endorses the finding$ fine-scale population genetic
structure and phylogenetic clmdetected within the population. It is generally expected that genetic
distance incre&slinearly with the geographic distance in a continuously distributed!atipn

(Rousset 2000), however which may not be the case if gene flestigted withira population
(Johansson et al. 2007; Dixo et al. 200%e significantly negative genetic relatedness beyond 72 km
is inconsistent whilst tiger is a long dispersal carnivore, and thereideness that tiger are able to
maintain reasonable genetic connectivity between populations (SharmaQdt2alJoshi et al. 2013).
Therefore spatial genetic structure could have been developed withinghiatmmn due to restrictive
gene flow owing to limited dispersal between landscapes separated byiwedefSokal and
Wartenberg 1983; Epperson 1990; Naha et al. 201@ influence of rivers and watersheas
developing spatial genetic structure were documented in a range of specidisgncaiaceans
(Fontaine et al. 2007), Sitka black-tailed d€2docoileus hemionus sitkensis (Colson et al. 2013), and

Red foxes, Vulpes wulpes (Kirschning et al. 2007).

Phylogenetic structure

Spatial distribution of haplotypes in the Bangladesh Sundarbans shows @ getiiern from west to
east with a remarkably higher frequency of haplotype SBT1 otemeside of the Arpangassia than the
eastern regions. This trend is also aligteethe genetic structure demonstrated by the microsatellite
data. The distribution of detected haplotypes suggests that the Arpangassinavigheer historical
dispersal barriein developing genetic clines within tiger populatio8anilarly, the spatial distribution

of three haplotypes within the entire tiger population displayed an intergstidient, where the

common haplotype shared between Bangladesh and Indian populationspresingly detected in the
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western region of the Arpangassia; while the haplotype in the Bangl8desdharbans was
predominantly distributed between Sibsa and Pas#is result clearly suggests that tiger population in
the further eastern regions between Sibsa and Passur are phylogerditieedignt from the Indian
Sundarbanswvhich might be due to the Raimangal and Harinbhanga rivers beingcaghidispersal

barrier across the international border.

Conservation implications

Habitat connectivity is fundamental to sustaining regional tiger populatiahaftow normal dispersal
thereby gene flow (Smith 1993). The Sundarbans tigers have beetetanisolated from nearby
populations by settlement and agriculture landscapes, removing arcgafdénture genetic exchange
that is vital to long-term persistence of the population. Consequentlynthediate conservation effort
should focus on increasing the tiger population size up to the aaogpacity to ensure a genetically
viable population in the Sundarbans. This would require to curb directipgafhigers and their
major prey animals, in addition to improving the quality of habitatdhatsupport sufficient prey base
for tigers (Aziz et al. 2017b).

Microsatellite and mitochondrial data shows that the rivers might have beeajtirecontributing
factor to the genetic architecture of tigers in the Sundarbans, so ersopingtion connectivity across
wider rivers is vital to prevent further genetic differentiatidlthough human activities were not
incorporated into this analysis, similar studies in the Indian landsaapealed that human density
could significantly limit tiger dispersal between populations (Joshi et 48;2Qumnam et al. 2014)
Therefore the future tiger management effort in the Sundarbankistim to reduce the intensity of
human activities (e.g., regulation of cargo movement at night@mttol of loud whistle from the
vessels) across wider rivers to facilitate normal dispersal of tigers. Giednstorical genetic clines
detected within the populations between Bangladesh and Indian Sundégsaasnh the entire

Sundarbans should be managed as a single population disregarding tbal polithdary.
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Figure captions

Fig. 1 The Bangladesh Sundarbans showing sampling locations and regpanated by the major
rivers.

Fig. 2 Plot of (A) mean likelihood L(K); (B) rate of change of the liketidodistribution of mean; (C)
absolute value of second order rate of change of the likelihotrbdi®n of mean, with variance per

K value from thesTRUCTUREON a dataset containing 53 individuals genotyped at 10 microsatellite loci.
Evanno method (D) detected AK values indicating the higher probability of number of K, that fiest

the data. Here, three clusters are clearly detected, with the next higher AK at K=7.

Fig. 3 Genetic structure of tiger population showing in the bar plot 80RUCTUREat K = 2, K= 3K
= 4 and K=7 for 53 individuals typed at 10 microsatellite loci. Each baesepts one individual,
where colouration corresponds to the percentage of genotype sharettienittspective clustefFor
instance, BK = 3, red colour corresponds to the tiger population cluster 1 owehktern side of the
river Arpangasia whilst the cyan denotes the population cluster 2 between tkeArgangasia and
Sibsa and the blue denotes the population cluster 3 between the rivers 8iBséeahwar

Fig. 4 Geographical representation of the assignment probabilities for 53 tiger samples typed at
microsatellite loci to each of the clusters, proportional to the colour of eachaite (a) K = 2, (b) kK

3, and (c) K= 7. The placement of each pie chart indicates the salogation. Note that a distinct
pattern of spatial genetic structure of tigers appeared in all clustered K &erogsstern regions of the
Sundarbans.

Fig. 5 Maps of GENELAND individual assignments 1€ = 7 clusters for 53 individuals typed at 10
microsatellite loci. The six plots represent the assignment of pixels to each clustier. al (Dobeki)
between Kalagachhia and Jamuna rivers on the east of the Arpangassieuster b (Supati) located
in the further east of the Passur river; cluster ¢ (Notabeki) between Jafahnaida and Raimongal
rivers; cluster d (Hangsha Raj) between Passur and Sibsa rivers; elii$éebaria) between Sibsa and
Passur rivers, and cluster f (Haldibunia) between Harinbhanga andmghmivers. The assignments
of pixels to the seventh cluster were not shown, as no individualsassigned to it ("ghost cluster”,
see text for details). The plot is based on the highest-probability run at tieaiofdd. The highest
membership values are in light yellow and the level curves illustratp#ti@lschanges in assignment
values.

Fig. 6 The spatial autocorrelation at various distance classes for 53 tiger safnfilesSundarbans
genotyped at 10 microsatellite loci. The correlograms showing genetic conglatis a function of
distance, with 95% CI about the null hypothesis of a random distnibwf genotypes, and 95%
confidence error bars around r as determined by bootstrap resampling.

Fig. 7 The diagram showing the results of Mantel test between pairwise gemgaagdigenetic
distance matrices, with test of significance by permutation. The dots represennthéepeiger
samples, with regression line indicating the level of genetic differentiatiorgeegraphic distances.

Fig. 8 Distribution of haplotypes identified in 33 tiger samples for 1,263 base pgiisrsces across
the (a) Bangladesh Sundarbans, and (b) the entire Sundarbans, usfrgddandol et al. (2009b)
for Indian Sundarbans. Two haplotypes were shown in inset aiitiple sizes of SBT1 (n = 12) and
SBT2 (n = 21). Note that sample locations for Mondol et al. (2009b) prexamate.
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Table 1 Sample area and number of samples used in this study

Area Samples Samples  Samples
Sample area (Km?) Protection status collected screened  genotyped
Satkhira block 342 Reserve forest 77 30 15
West wildlife 715
sanctuary Protected area 152 82 33
Chandpai block 544 Reserve forest 127 74 33
East wildlife 383
sanctuary Protected area 84 44 24
Opportunistic B
sample Both types 72 35 20
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Table 2 Characteristics of microsatellite loci used: locus name, number of allelelggned heterozygosity (Ho), expected heterozygosity (He), polymdnbrmation
content (PIC), null allele (NA), allelic dropout (AD), False allele (FA), Hardy-WaigkEquilibrium (HWE), and the probability of identity for siblings Rl at 10
microsatellites for 53 individuals

Locus name A Ho He PIC NA AD FA HWE PID(sibs)
Fca304 4 0.35 0.71 0.65 0.33 0.00 0.11 No 9.77E03
Fcal26 5 0.18 0.69 0.62 0.48 0.00 0.02 No 1.91E03
F41 5 0.61 0.65 0.58 0.02 0.00 0.40 Yes 9.10E04
Fca230 9 0.13 0.70 0.66 0.37 0.00 0.14 No 4.26E03
E7 4 0.30 0.45 0.38 0.19 0.00 0.10 Yes 3.00E04
Fca279 7 0.62 0.81 0.77 0.13 0.16 0.00 Yes 3.67E01
D15 4 0.49 0.74 0.68 0.20 0.11 0.00 Yes 2.25E02
Fca43 5 0.44 0.58 0.50 0.11 0.00 0.13 Yes 4.80E04
Fca90 5 0.34 0.79 0.75 0.39 0.00 0.12 No 1.40E01
Fca672 7 0.28 0.78 0.74 0.47 0.34 0.00 No 5.43E02




