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Abstract The Asian elephant is a flagship species for

conservation in tropical Asia, but reliable population esti-

mates are available only from a few populations. This is

because the species can be elusive and occurs at low

densities in dense habitat over a large part of its range.

Phnom Prich Wildlife Sanctuary in the Eastern Plains,

Cambodia, which is part of one of the largest protected area

complexes in South-East Asia, is one such habitat that had

not been systematically censused for elephants. We,

therefore, used fecal-DNA based capture-mark-recapture

sampling to estimate the population size for establishing a

monitoring baseline. Five sampling sessions targeted all

areas in and adjacent to Phnom Prich Wildlife Sanctuary

believed to be used by elephants. Fresh dung was collected

as the source of DNA and genotyping was carried out

based on nine microsatellite loci. The 224 samples col-

lected yielded 78 unique genotypes. Using model averag-

ing of closed population capture-mark-recapture models,

the elephant population in Phnom Prich Wildlife Sanctuary

was estimated to number 136 ± 18 (SE) individuals. Our

results suggest that eastern Cambodia supports a regionally

important Asian elephant population.
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Introduction

Asian elephants (Elephas maximus) are globally endan-

gered and restricted to isolated populations across their

ancestral range, where they are threatened by poaching,

illegal capture for trade, habitat loss and fragmentation, and

human-elephant conflict (Leimgruber et al. 2003; Sukumar
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2003; Choudhury et al. 2008). Despite the species’ per-

ceived status as a conservation flagship, there are few

robust population estimates from the species’ range, hin-

dering conservation efforts (Blake and Hedges 2004). This

is especially true of South-East Asia, which is at the epi-

centre of the global conservation crisis. Here, biodiversity

loss has been driven by the most rapid global rate of forest

conversion and intense pressures on natural resources from

high human population densities (see Sodhi et al. 2004;

Nijman 2010). Despite chronic threats to the region’s

biodiversity, few robust monitoring programmes exist

within South-East Asia to assess the response of focal

species to conservation interventions or management

activities. Effective surveys of Asian elephant in South-

East Asia based on direct sightings are hindered by the

elusive nature of the species, its low density, and presence

in dense, forest habitat that is difficult to survey.

Indirect methods of elephant population estimation may

include the use of elephant signs such as dung (for exam-

ple, Barnes 2002; Varma et al. 2008), acoustics (Payne

et al. 2003), and genetic techniques (Eggert et al. 2003,

2008; Vidya et al. 2007). While the second requires spe-

cialized equipment to be deployed in the field, the first and

third usually do not require this, and staff can be trained to

carry out the fieldwork required. However, when elephant

density is low, obtaining sufficient dung piles on transects

to calculate densities can often be difficult. Genetic meth-

ods rely on fresh dung being collected but it might be

possible to at least obtain a minimum population size with

limited dung samples. When samples can be obtained

repeatedly from the same area, capture-mark-recapture

estimates of abundance, based on non-invasive sampling of

genetic material, can be used for monitoring rare and elu-

sive mammals (Kohn et al. 1999; Creel et al. 2003; Eggert

et al. 2003; Bellemain et al. 2005; Prugh et al. 2005). There

have been only a few studies using non-invasive sampling

of dung, followed by genotyping, to obtain minimum

population sizes of Asian elephant populations (Vidya et al.

2007; Ahlering et al. 2011; Chakraborty et al. unpublished

data) or using capture-mark-recapture and non-invasive

sampling to estimate Asian elephant population size (Pol-

lard et al. 2008; Hedges et al. 2013).

The status of Asian elephants in Cambodia has been

unclear, with estimates of 250–600 elephants (Sukumar

2003; Choudhury et al. 2008). While the Cardoman

Mountains of southwestern Cambodia are believed to hold

substantial elephant populations, the Eastern Plains land-

scape in eastern Cambodia is also thought to be significant

for Asian elephant conservation (Pollard et al. 2008).

Phnom Prich Wildlife Sanctuary (PPWS) forms part of the

Eastern Plains landscape, one of the largest protected area

complexes in South-East Asia, which includes Mondulkiri

Protected Forest, Seima Protected Forest, Lumphat

Wildlife Sanctuary, and Yok Don National Park (Vietnam).

PPWS was recognized as a core area for elephants ranging

in the landscape (Timmins and Ou 2001; Desai et al. 2002)

and a minimum of 42 elephants was estimated from camera

trap photographs (WWF, unpublished data). In the present

study, we used capture-mark-recapture in concert with non-

invasive sampling of dung to estimate the population size

of elephants in PPWS.

Materials and methods

Study area

PPWS is located in the west of Mondulkiri Province,

eastern Cambodia (centered on 12.8� N, 106.5� E), and

covers 2,225 km2 (Fig. 1). It is part of a relatively undis-

turbed larger landscape as mentioned above. The climate is

highly seasonal, with a cooler wet-season (July–Novem-

ber) and a hot dry-season, in which precipitation is extre-

mely rare (December–June). PPWS is dominated by

deciduous dipterocarp and mixed-deciduous forest, with

smaller areas of semi-evergreen forest at higher elevations

and along watercourses, and is home to many endangered

species of mammals and birds.

Sampling design

Sampling design followed the principles of closed capture-

mark-recapture studies with five sampling sessions, during

which elephant fecal samples were collected. Sampling

was conducted during the late dry-season, February–May,

2009. Each sampling session lasted 8–10 (mean 8.2) days,

with 10–13 (mean 12) days between successive sampling

sessions. Sampling was designed to ensure approximately

equal survey coverage across all key dry-season elephant

Fig. 1 Study area in eastern Cambodia indicating survey hot-spots

and survey blocks used for dung sampling. Inset mainland South-East

Asia with the location of the study area
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locations within the PPWS core area during each sampling

session. To maximise the chances of demographic and

geographic closure across the study period, the study was

conducted during the dry-season when elephant movement

was restricted due to limited water availability. The overall

survey period (\90 days) was also kept to a minimum in

order to satisfy requirements of demographic closure.

We obtained information about past elephant occurrence

within PPWS from camera-trapping and enforcement ranger

patrol data. Using this information, 11 ‘hot-spots’ of

approximately 10–15 km2 each, where high concentrations

of elephant signs had been recorded, and 3 ‘survey blocks’ of

30–60 km2 each, where elephants were known or believed to

occur, were identified (Fig. 1). One of the three survey

blocks was located largely within the boundaries of the

adjacent Mondulkiri Protected Forest (Fig. 1); however this

area surveyed is ecologically contiguous with PPWS and was

surveyed by the same field teams as all other hot-spots and

survey blocks. During each sampling session, each ‘hot-

spot’ and ‘survey block’ was visited and searched for signs of

elephant. Dung was collected by three teams comprising two

Ministry of the Environment rangers, trained by the authors

to collect samples, a local guide with knowledge of the

protected area, and one of TNE Gray and P Sovanna in two of

the teams. Each team was allocated between 3 and 4 ‘hot-

spots’ and one ‘survey block’. Each ‘hot-spot’ and ‘survey

block’ was accessed by motorbike or on foot and searched for

2 days (approx. 08h00–17h00) by one team.

Searches within ‘hot-spots’ and ‘survey blocks’ focussed

around deep water pools in otherwise dry river channels,

natural springs, salt-licks, animal tracks moving through the

semi-evergreen forest, and the ecotone between semi-ever-

green and deciduous dipterocarp forest. Upon encountering

elephant signs, survey teams collected samples from all

‘fresh’ and ‘reasonably-fresh’ dung piles following the

protocols of Hedges and Lawson (2006). When multiple

dung piles were associated with a group of elephants, efforts

were made to collect samples from all the different indi-

viduals present, based on bolus size and distribution of dung

piles. Approximately 10 g of dung was placed in each case

into sterile tubes filled with *20 ml of Queen’s College

Buffer (20 % DMSO, 100 mM Tris pH 7.5, 0.25 M EDTA,

saturated with NaCl; Amos et al. 1992).

Genetic analysis

DNA was extracted from dung samples following Fer-

nando et al. (2003). The purified DNA was eluted into

30–40 ll of elution buffer and stored at -20 �C. PCR

amplification of nine microsatellite loci was carried out:

EMU03, EMU04, EMU07, EMU10, EMU12, EMU14,

EMU15, EMU17 (all from Kongrit et al. 2008), and FH94

(Comstock et al. 2000). PCRs were carried out in 12.5 ll

volumes, using 0.25 ll of each 10 lM primer, 0.1 ll of

5 U/ll Taq DNA polymerase (Fermentas Life Sciences,

Thermo Fisher Scientific Inc.), 2–2.9 ll DNA, and PCR

mix with dNTPs, BSA, and buffer. The PCR consisted of

an initial denaturation step at 95 �C for 3 min, followed by

40–45 cycles of denaturation at 93 �C for 1 min, annealing

for 1 min (‘‘touchdown PCRs’’ for some loci), and exten-

sion at 72 �C for 1 min, followed by a final extension at

72 �C for 15 min. PCR products were electrophoresed,

along with the internal size standard GS500LIZ, in an ABI

PRISM 3730 DNA Analyzer (Applied Biosystems) in the

JNCASR Sequencing Facility, and genotypes were scored

using the GeneMapper software, version 4.0 (Applied

Biosystems).

Every set of PCR reactions included a negative control,

in which the DNA extract was replaced by water, and

several sets of PCRs also included positive controls, which

were DNA extracts from fresh dung samples (obtained

upon observed defecation) from southern India, which we

had previously amplified successfully. If two PCRs pro-

duced the same heterozygote with clear peaks in the

electropherograms, no further PCRs were carried out for

that sample at that locus. If both the PCRs produced the

same homozygote but showed peaks of intensity \5,000 in

the electropherograms (which was usually the case), a third

repeat was run. If the first two PCRs did not work, or

amplified with small peaks, or showed different results,

they were re-run up to an additional six times. Care was

taken to prevent contamination by using dedicated areas

and instruments for pre- and post- amplification work and

using aerosol-resistant barrier tips for pipettes. We used

Pedant v 1.0 (Johnson and Haydon 2007) to calculate

allelic dropout rates based on only the first two amplifi-

cations of a sample at a locus. Therefore, the subsequent

amplifications would take care of most allelic dropout

problems. We checked for the presence of null alleles using

FreeNA (Chapuis and Estoup 2007).

We examined microsatellite genotypes using the Excel

Microsatellite Toolkit (Park 2001) to check for duplica-

tions in this sample set, with the criterion that up to two

alleles need not match, since it was possible to have allelic

dropout. Pairs of samples that had two allele mismatches

were then examined to determine whether the mismatches

were of the heterozygote-homozygote type at two loci

(for example, Sample A: 139/139, 217/219; Sample B:

139/141, 217/217) or heterozygote–heterozygote type, with

no shared allele, at one locus (for example, Sample A:

217/219; Sample C: 215/221). Both the above combina-

tions have two mismatches, but the probability of scoring

heterozygotes as homozygotes at two loci because of allelic

dropout is likely to be much higher than the probability of

wrongly scoring one heterozygote as another with no
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alleles shared between them, repeatedly. Therefore, when

we found two allele mismatches that corresponded to dif-

ferent heterozygotes (with no alleles shared), confirmed by

repeated PCRs, the samples were treated as different

individuals. In a previous study on African elephants using

dung extracted DNA, differences in one or two loci were

used as the cut-off to identify matching individuals (Eggert

et al. 2008). Samples that differed at four or fewer alleles

were re-examined, and those with up to two different

alleles and the same sex were considered the same indi-

vidual in an Asian elephant population (Ahlering et al.

2011). Our procedure was similar to those in the studies

above, but included additional checks of heterozygote–

homozygote versus heterozygote–heterozygote mis-

matches. The dataset of unique genotypes was then used to

examine if the loci conformed to Hardy–Weinberg and

linkage equilibria. These tests were done using Genepop

v.3.1 (Raymond and Rousset 1995), with Markov chain

parameters of 1,000 dememorization steps, 100 batches,

and 1,000 iterations per batch. Type I errors were adjusted

for by applying the Bonferroni test (Rice 1989). The

expected Probability of Identity (PID) for each locus was

calculated using Identity-4 (Wagner and Sefc 1999). The

observed PID was calculated as the proportion of all pos-

sible pairs of identical genotypes based on an increasing

number of loci. This was done for the locus with the

highest heterozygosity first, and loci were added in

decreasing order of heterozygosity and observed PIDs

recalculated (see Waits et al. 2001).

Capture-mark-recapture analysis

Based on the observed genotypes, we developed capture

histories in a standard ‘X-matrix’ format with rows repre-

senting the capture histories of each unique genotype

(n = 78) and columns representing captures in each sam-

pling session (n = 5). We formally tested for population

closure during the sampling period using the Stanley and

Burnham (1999) test in software CloseTest and open Pradel

models in software MARK (White and Burnham 1999).

For the Pradel models, we compared Akaike Information

Criteria (AICc) scores, corrected for small sample size,

between a model in which survival (h) and recruitment

(f) were constrained to 1 and 0, respectively (representing

population closure), and an open model in which these

parameters were estimated (Boulanger and McLellan 2001;

Harihar et al. 2009).

The results of the closure tests suggested that abundance

estimation within a closed capture-mark-recapture frame-

work was reasonable (see Results). We, therefore, esti-

mated the PPWS elephant population size using full closed

captures with heterogeneity modeling, implementing

Pledger mixture models with two mixtures of capture and

recapture probabilities (White 2008). Models M-0, M-t,

M-h and M-th (sensu White 2008) were run and model

averaging (Burnham and Anderson 2002), based on AICc

weights, used to estimate population size. These analyses

were carried out using software MARK. Model M-b, the

behaviour model in which capture and recapture proba-

bilities differ, was not modeled as it was biologically

unlikely given the non-invasive fecal sampling employed

in the study.

Results

A total of 224 elephant fecal-DNA samples were collected,

with 34–55 (mean 45) samples collected per sampling

session (Table 1). The number of alleles per locus varied

between 5 and 7, with observed heterozygosities not very

different across loci, with the exception of EMU17, which

had an unusually high heterozygosity of 0.929 (Table 2).

Based on the nine loci used, the total exclusion probability

was 0.995. The expected total PID across loci was

4.09 9 10-8 and the total PID(sib) was 1.47 9 10-3, which

are sufficiently low to prevent different individuals from

being wrongly identified as the same individual. The

observed PID was much higher than the expected total PID

as is usually the case (see Waits et al. 2001), but was

sufficiently low to discriminate between individuals accu-

rately (observed PID = 0.003 using six loci and 0.002 using

eight loci) since the expected population size was not

greater than a few hundred individuals at most (Supple-

mentary Figure 1). Allelic dropout was found to be 13.2 %

on average, based on only the first two amplifications of a

sample. Three loci were not found to be in Hardy–Wein-

berg equilibrium after Bonferroni corrections: EMU10,

FH94, and EMU14. EMU14 and FH94 did not show any

departure from Hardy–Weinberg equilibrium in southern

Indian elephant populations (Chakraborty et al. unpub-

lished data; Nandini Shetty, Keerthipriya P, TNC Vidya,

unpublished data) or in a population in Lao (Ahlering et al.

2011), but EMU10 showed departure from Hardy–Wein-

berg equilibrium in the Lao population (Ahlering et al.

2011). The same three loci were identified as having null

alleles by FreeNA software (frequency of null alleles:

EMU10: 0.11, FH94: 0.15, EMU14: 0.12). Null alleles are

not expected to be a concern in elephants because mutation

rates are very low, even in the relatively fast mutating

mitochondrial DNA d-loop (see Vidya et al. 2009). Cha-

puis and Estoup (2007) showed that the prevalence of null

alleles would be low for populations with Nel\0.001 (Ne:

effective population size, l: mutation rate across the seg-

ment considered per generation) and that population pro-

cesses would be more likely to result in signatures of null

alleles. Based on mitochondrial DNA d-loop mutation rate
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in Asian elephants (Vidya et al. 2009), which would be

orders of magnitude faster mutating than nuclear DNA

sequence, l = 4 9 10-6. Even if the census size (rather

than Ne) in the larger landscape were considered (*300

elephants), Nel *0.001. If the true mutation rate and Ne

were taken into account, Nel would be two or three orders

of magnitude smaller. Further, primers of microsatellites

isolated from African elephants have been previously

amplified successfully across different Asian elephant

populations (Vidya et al. 2005, 2007; Chakraborty et al.

unpublished data; Nandini Shetty, Keerthipriya P, TNC

Vidya, unpublished data); hence it is unlikely that muta-

tions in primer binding sites have occurred at three of the

loci in only this Cambodian elephant population. It is much

more plausible that historical population declines, frag-

mentation and the resulting non-random mating gave rise

to the departure from Hardy–Weinberg equilibrium and

signatures of null alleles observed. Since the removal of

these highly polymorphic loci could have reduced dis-

criminatory power and wrongly classified different indi-

viduals as the same individuals, these loci were initially

included for assignment of identity. However, the analyses

were also repeated after excluding the loci.

The 142 samples that could be genotyped successfully

corresponded to 78 unique individuals (Table 1). Based on

bolus size, 11 (14 %) of these were neonates/juveniles, 36

(46 %) were sub-adults, and 31 (40 %) were adults. Forty-

seven of the unique genotypes were sampled on single

occasions, 14 were sampled twice, six genotypes on three

occasions, six genotypes on four occasions, two genotypes

on six occasions and single individuals on five and eight

occasions. Excluding within-session recaptures, a total of 55

individual elephants were caught during a single sampling

session, 18 individuals during two sessions and 5 individuals

during 3 sessions. CloseTest supported the assumption of

population closure across the five sampling sessions

(v2 = 7.1; df = 6; P = 0.31). In MARK, the open Pradel

model estimated survivorship (h) at (mean ± 1.96 SE)

0.79 ± 0.196 and recruitment (f) at (mean ± 1.96 SE)

0.15 ± 0.059. However the constrained Pradel model, in

which h was set at 1.0 and f at 0.0 (the closed model), was

better supported than the open model based on AICc scores

(D AICc 0.84). Therefore the population size was estimated

Table 1 Number of Asian elephant fecal-DNA samples collected

and successfully genotyped, and number of unique individual ele-

phants captured and re-captured, during each capture-mark-recapture

sampling session (S1 through S5) during 2008/09 dry-season in

Phnom Prich Wildlife Sanctuary, eastern Cambodia

S1 S2 S3 S4 S5

Number of samples

collected

39 41 34 55 55

Number of samples

genotyped (%)

28 (72) 34 (83) 33 (97) 21 (38) 26 (47)

Number of unique

individuals

25 26 16 16 19

Number of unique

individuals

captured

for the first time

25 21 8 11 13

Number of unique

individuals

re-captured

0 6 8 6 7

Table 2 Sample size of individuals (n), the number of alleles, allelic range, probability of identity for individuals drawn at random (PID) and for

siblings (PID(sib)), expected heterozygosity, observed heterozygosity, and P value for Hardy–Weinberg equilibrium test

Locus n No alleles Allele range (bp) PID PID(sib) Exp H Obs H HWE P

EMU03 65 5 132–140 0.214 0.524 0.625 0.538 0.031

EMU04 69 5 97–105 0.339 0.656 0.506 0.362 0.053

EMU07 63 6 108–124 0.181 0.522 0.634 0.635 0.851

EMU10 68 6 94–106 0.221 0.570 0.588 0.353 \0.001*

EMU12 71 5 139–152 0.187 0.495 0.655 0.718 0.734

EMU14 68 7 127–141 0.115 0.433 0.726 0.500 0.002*

EMU15 65 6 142–154 0.166 0.505 0.651 0.631 0.295

EMU17 56 7 118–134 0.066 0.367 0.807 0.929 0.153

FH94 65 7 215–229 0.060 0.360 0.817 0.523 \0.001*

* Loci that are not in Hardy–Weinberg equilibrium after Bonferroni correction (Bonferroni corrected P value = 0.005)

Table 3 Asian elephant population estimates (N ± standard error)

for Phnom Prich Wildlife Sanctuary, and small-sample size corrected

AICc, delta AICc in comparison with the best supported model, and

Akaike Weights (Wi) for competing models, in full closed capture

with heterogeneity modeling in MARK

Model AICc D AICc Akaike weight (Wi) N ± SE

M-0 -117.5 0 0.66 136 ± 18

M-h -115.4 2.5 0.23 136 ± 18

M-t -114.0 3.1 0.11 135 ± 18

M-ht -108.7 8.8 \0.01 143 ± 29

Model definitions follow White (2008)
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using full closed captures with heterogeneity models in

program MARK. Model M-0 was the best supported model

based on AICc scores, and this estimated the PPWS popu-

lation at (mean ± 1.96 SE) 136 ± 35 individuals (Table 3).

Additional models were ranked M-h [ M-t [ M-ht with

mean population estimates of between 135 and 145 indi-

viduals (Table 3). The model averaged Asian elephant

population estimate for PPWS was 136 ± 35 individuals.

When the analyses were carried out excluding the loci

EMU10, EMU14, and FH94, the model averaged population

estimate was 103 ± 13 individuals.

Discussion

The most recent range-wide estimate, based on best gues-

ses, of the Asian elephant population in South-East Asia

suggested 250-600 individuals in Cambodia, 500–1,000 in

Laos, 70–150 in Vietnam, and 2,500–3,200 in Thailand

(Sukumar 2003). Our finding that PPWS harbours

136 ± 35 elephants and that the population has moderate-

high heterozygosity at most of the loci examined indicates

that PPWS is significant, nationally and at the landscape

level, for Asian elephant conservation. PPWS forms part of

the trans-boundary Eastern Plains landscape protected area

complex, which also includes Mondulkiri and Seima Pro-

tected Forests, Lumphat Wildlife Sanctuary, and Yok Don

National Park. Seima Protected Forest is estimated to have

a population of 101–139 elephants based on a fecal DNA

study (Pollard et al. 2008). We simultaneously recorded a

minimum of 21 unique individuals in Mondulkiri Protected

Forest based on genetic analysis (TNE Gray, TNC Vidya

et al. unpublished data) and elephants are also known to

occur in Yok Don National Park. Therefore, this landscape

possibly harbours at least 300 elephants. Away from the

Eastern Plains landscape, large Asian elephant populations

in Cambodia are restricted to the Cardoman Mountains of

south-western Cambodia, where the population has been

estimated at a minimum of 175 individuals (M Maltby,

Fauna and Flora International personal communication). In

Laos, large elephant populations are restricted to the Nakai

plateau, with approximately 140 individuals (Hedges et al.

2007, 2013), and Nam Pouy National Protected Area,

estimated at \30 individuals (K Khounboline, WWF,

personal communication). We, therefore, suggest that the

Eastern Plains landscape Asian elephant meta-population is

of high regional significance and that the landscape, which

remains extensively forested and supports a mosaic of

forest types, should be a priority for Asian elephant con-

servation in South-East Asia.

One individual elephant from PPWS, genotyped during

this study, was subsequently sampled *60-km to the north–

east, in Mondulkiri Protected Forest during the period of our

fifth sampling session. This demonstrates the large home-

ranges of Asian elephant within the Eastern Plains Land-

scape and illustrates that elephant conservation requires

collaboration between protected areas. We recommend

radio or GPS telemetry studies to further understand Asian

elephant movements across the landscape, including into

Yok Don National Park, Vietnam, and thus facilitate

effective landscape-wide Asian elephant conservation.

Although close test suggested population closure across

the five sampling sessions, open Pradel models indicated

some evidence of elephant movement in and out of the

study area. This was confirmed with the re-capture of the

individual mentioned above in Mondulkiri Protected For-

est, outside our study area. Thus abundance estimates from

closed population capture-mark-recapture models must be

viewed with some caution and it is possible that the pop-

ulation estimate refers to the overall ‘super-population’

using the study area (sensu Boulanger and McLellan 2001)

rather than an Asian elephant population restricted to the

Phnom Prich Wildlife Sanctuary core, i.e. our study area.

However when the assumption of geographic closure is

violated, it is difficult to robustly estimate abundance, the

key parameter of interest in conservation monitoring of

rare and globally threatened species, using current capture-

mark-recapture techniques. POPAN models (Schwarz and

Arnason 1996) have been used for estimating population

size in Asian elephant in India (Goswami et al. 2007) when

populations are not closed. However this approach is

constrained in that it only allows animals to enter or leave a

population on one occasion (i.e. deaths/births and perma-

nent emigration or immigration). Therefore, whilst a useful

approach for estimating abundance in long-term studies

where violations of the assumption of demographic closure

are likely, POPAN models are likely to be less robust when

populations are geographically open during the survey

period.

Based on our results and those of Hedges et al. (2013),

we recommend the use of non-invasive genetic sampling

for monitoring Asian elephant populations in south-east

Asia where elephant populations are relatively small and

occur in low density in dense evergreen forest. The current

baseline will be used for future monitoring of the popula-

tion; we plan repeat surveys in the dry-season of 2013–14.

Hedges et al. (2013) compared the costs and precision of

population estimates based on fecal-DNA capture-mark-

recapture with those obtained from dung density surveys.

They concluded that DNA based methods provided more

precise abundance estimates and were cheaper than dung

density based estimates, provided that the cost of genetic

analysis was less than the cost of dung decay rate moni-

toring. The cost of genetic analysis depends in part on the

quality of samples collected, which determines the number

of times amplifications have to be repeated.
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The overall amplification success from our samples

(63 %) was lower than that from previous work on Asian

elephants, for example, 98 % amplification by Fernando

et al. (2003) and Chakraborty et al. (unpublished data), and

up to 97 % in Vidya et al. (2005), all of which used exactly

the same laboratory protocols as in our study, and 81 %

amplification from Pollard et al. (2008) and Hedges et al.

(2007). The low amplification rates were a result of poor

sample quality, as the electropherograms had lower inten-

sities than those of positive controls, which were dung-

extracted DNA samples collected within a few hours of

observed defecation from elephants in southern India

(Nandini Shetty, Keerthipriya P, TNC Vidya, unpublished

data). Excluding loci that could possibly have null alleles

led to similar population estimates as those including these

loci, but the upper interval was higher when the loci were

included. We obtained allelic dropout rates of about 13 %,

which was much higher than that seen by Fernando et al.

(2003), but similar to those seen in several other studies

(see Broquet and Petit 2004). Since we usually carried out

at least three PCRs per sample and genotyped nine loci, the

allelic dropout rate per sample would be 0.021 on average

(0.1323 9 9). We would, therefore, expect about five sin-

gle locus errors in the 224 samples analysed. We, however,

carried out multiple repeat amplifications for samples

depending on the intensity of their amplification, which

would have taken additional care of such error. We also

allowed for mismatches between genotypes (as explained

in the Methods) while obtaining unique individuals so that

erroneous genotypes would not be recorded as new cap-

tures in the analysis, which would positively bias the

population estimate (see Creel et al. 2003). Therefore, our

approach is likely to have been conservative in estimating

population size, given the allelic dropout rate. There was a

large variation across sampling sessions (Table 1) and

collection teams (97–50 %). Since low amplification rates,

and hence low numbers of samples successfully genotyped,

may lead to reduced precision in population estimates due

to decreased individual capture and recapture probabilities

(Gray and Prum 2011), future studies should aim to max-

imize successful genotyping rates through better field

training for sample collection.
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