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Abstract Population decline and fragmentation often lead to reduced genetic diversity
and population differentiation. Habitat destruction throughout Madagascar has caused
population decline and extinction of many endemic species. Lemur populations,
including those of the largest extant lemur, /ndri indri, have been fragmented into
remaining forest patches. We assessed the level of genetic diversity in indri populations
in three protected reserves by genotyping a total of 43 individuals at 17 microsatellite
loci. Genetic diversity in terms of heterozygosity was high in all three reserves, with no
differences between reserves. Population structure and Fgr analyses revealed
Analamazaotra Forest Station and the Torotorofotsy Conservation Area, which are
separated by ca. 18 km to be genetically differentiated from each other with some
admixture. Betampona Strict Nature Reserve, which is separated from the other
reserves by ca. 130 km, exhibited clear population genetic differentiation, with no
signs of admixture with the other reserves. Our genetic diversity estimates are similar to
those for other Indridae in similar habitats and may reflect past rather than current
population processes, given that populations have declined recently. Our results suggest
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that Betampona may be genetically isolated and that it is important to maintain gene
flow between remaining populations to prevent loss of genetic diversity for the future
conservation of Indri indri.

Keywords Bottleneck - Habitat fragmentation - Microsatellite

Introduction

Habitat fragmentation and population declines are critical threats to biodiversity and
have been correlated with genetic diversity loss in numerous species (Bellemain ef al.
2007; Curtis and Taylor 2004; Goossens et al. 2006). Reduction of genetic diversity
results in decreased effective population size and a general increase in homozygosity,
often leading to decreased fitness (Templeton et al. 1990). Population genetic studies
are useful in evaluating current levels of diversity, assessing existing habitat connec-
tivity, and identifying putative corridors that should be maintained or established for
population conservation (Cushman et al. 2009). They also can provide insight into
population processes, including identification and timing of population size changes
(Cornuet and Luikart 1996; Storz and Beaumont 2002). For example, isolation through
reduced dispersal of offspring associated with habitat fragmentation can cause an
accumulation of relatives in habitat patches, putting populations at risk for inbreeding
(Frankham et al. 2002). Local extinctions are also more common in small fragmented
populations, making migration and recolonization of habitat patches critical for long-
term persistence (Kindlmann and Burel 2008).

Madagascar is valued for its high level of biodiversity, but has faced massive habitat
destruction, with ca. 40% of its forest cover lost from 1950 to 2000 (Harper ef al. 2007,
Mittermeier et al. 2010). More than 100 species of lemurs are endemic to Madagascar,
with most facing extinction threat due to this habitat loss (Mittermeier et al. 2010). The
genetic consequences of this fragmentation have been studied for several lemur species
(Craul et al. 2009; Olivieri et al. 2008; Quéméré et al. 2010). These studies showed that
lemurs have variable responses to habitat loss, with some species displaying high
genetic diversity despite habitat fragmentation (Quéméré et al. 2010), while others
show signatures of genetic diversity loss in fragmented habitats (Craul et al. 2009;
Olivieri et al. 2008). All of these studies found strong genetic differentiation between
sampling sites.

The indri, Indri indri, is the largest of all extant Malagasy primates and the sole
member of its genus, and is currently listed as Endangered on the IUCN Red List
(Andriaholinirina et al. 2014). Indris live in territorial groups consisting of an adult pair
and their offspring, with both males and females dispersing when mature (Pollock
1979; Powzyk 1997). Indris are distributed throughout the northeastern rainforests of
Madagascar, north from Anjanaharibe-Sud and Antohaka Lava, and south to Anosibe
An-ala Classified Forest (Mittermeier et al. 2010). They live in isolated patches of
remaining forest at low population densities (5.2-22.9 individuals km?; Glessner and
Britt 2005; Powzyk and Thalmann 2003). Subfossil indris have been found in the far
northern and central highlands of Madagascar, but indris have been extirpated from
much of their historical range, likely due to long-term climate change and/or human
disturbance (Jungers et al. 1995). Indris are typically found at elevations from near sea
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level to 900 m, but also inhabit forests up to 1800 m (Goodman and Ganzhorn 2004).
Although two subspecies of indri have been proposed based on pelage color, genetic
research has indicated this is clinal variation in color form and not indicative of distinct
lineages (Andriaholinirina et al. 2014; Groves 2001). Indri populations have declined
by >50% over the past 50 year, with the greatest current threat to remaining populations
being habitat destruction through human deforestation (Andriaholinirina et al. 2014;
Mittermeier et al. 2010). Habitat destruction and degradation have reduced indri
population sizes, decreased their home range sizes and increased population densities
in disturbed forests (Glessner and Britt 2005; Pollock 1979; Powzyk 1997). Hunting is
also becoming a significant threat to populations as taboos against hunting the indri
have diminished (Britt ez al. 2003).

We investigated the genetic diversity and differentiation of indri populations in three
reserves in Madagascar that have all experienced habitat fragmentation and loss due to
development of surrounding forests. We aimed to examine 1) genetic variation within
populations and 2) genetic differentiation between populations. Because of the ob-
served population declines and habitat fragmentation of the indri range, we hypothe-
sized that genetic diversity would be low and genetic differentiation would be high
between reserves.

Materials and Methods
Study Populations and Sampling

We sampled indris from the Betampona Strict Nature Reserve (Betampona), the
Torotorofotsy Conservation Area (Torotorofotsy), and the Analamazaotra Forest Sta-
tion (Analamazaotra), a secondary-growth forest managed by the Mitsinjo Association
(Table I). Betampona (2228 ha) is an isolated, relatively pristine, low-altitude forest
habitat that has received the highest level of protection in Madagascar, including
restricted human access. It has an estimated population of 77-147 indris (Glessner
and Britt 2005). Torotorofotsy (9900 ha) and Analamazaotra (700 ha) are located in the
Analamazaotra Forest Complex, a fragmented mid-altitude forest habitat, with an
estimated population of 21-32 indris (Junge et al. 2011). Betampona is isolated from
other indri populations, while Torotorofotsy and Analamazaotra are surrounded by
fragmented forest that may allow for migration (Fig. 1).

We darted and anesthetized 43 indris between August 2007 and October 2009 using
Type “C” Disposable Darts (Pneu-Dart, Williamsport, PA; Junge et al. 2011) and
tiletamine and zolazepam (Fort Dodge Animal Health, Overland Park, KS; 15 mg/kg,
i.m.) (Table I). After darting, we processed all individuals on a blanket on the ground at
the darting site. Recovery times varied by body size, but would take anywhere from 1
to 4 h. We kept indri warm with a sheet and project staff held them until fully
recovered, at which point we released them at the darting site. If captured at twilight,
we held indri overnight for recovery and released at the darting site in the morning. No
indri was darted unsuccessfully, and there were no visible injuries on the individuals.
We collected eight samples from Betampona as blood samples preserved on Whatman
FTA® cards (Table I). We collected all other samples as 1 x 1 mm ear snips preserved
in 95% ethanol.
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Table I Details of indris sampled for this study at Betampona Strict Nature Reserve, Analamazaotra Forest
Station, and Torotorofotsy Conservation Area, August 2007—October 2009

Forest complex  Locality Geographic Adult Adult Juvenile Total no. Sample
coordinates of forest males females females of type
complex samples
Betampona - —17.93139°S, 9 16 2 27 Blood
Strict Nature 49.20333°E (8
Reserve Tissue
19

Analmazaotra Analmazaotra ~ —18.93162°S, 5 5 0 10 Tissue
Forest Forest 48.41027°E (10)
Complex Station

Analmazaotra Torotorofotsy —18.76842°S, 2 4 0 6 Tissue
Forest Conservation 48.43066°E (6)
Complex Area

Microsatellite Genotyping

DNA isolation techniques varied with sample preservation. For blood samples, we took
a 2x2 mm punch from the FTA card, washed it three times with 200 pl of FTA
purification reagent, and then washed it twice with 200 ul of TE buffer (10 mM Tris—
HCI, 0.1 mM EDTA, pH 8.0). We used the FTA card punch as the DNA template in all
polymerase chain reactions (PCRs). We extracted DNA from tissue samples using a
Qiagen DNeasy Blood and Tissue Kit.

We genotyped individuals at 19 indri-specific microsatellite loci using primers
identified by Zaonarivelo et al. (2007; Table II). We optimized PCR annealing tem-
peratures for different primer pairs with thermal gradient PCR and carried out PCR
reactions in 20-pl reactions (10% buffer, 10 mM dNTPs, 10 uM of each primer, 5 units
of Taq polymerase, and 100 ng of template DNA) using the protocol in Schuelke
(2000). Thermocycling consisted of an initial denaturation of 5 min at 95 °C followed
by 35 cycles of 95 °C for 30 s, 50°-65° for 45 s, and 72 °C for 45 s with a final
elongation at 72 °C for 10 min. We used negative PCR controls to rule out contami-
nation. We ran PCR products on a capillary sequencer (Applied Biosystems 3730) and
visualized and manually genotyped them using Peak Scanner (Applied Biosystems). To
assess the repeatability of genotypes from individuals, we randomly selected two
microsatellite loci from each individual and repeated the PCR and genotyping process.
All loci were included in at least one genotyping repetition. Repeated genotypes were
consistent in all but two loci (67HDZ27 and 67HDZ28), and we removed these loci
from all analyses.

Genetic Analyses

We screened for typographical and genotyping errors using Micro-Checker (Van
Oosterhout ez al. 2004). We assessed the effect of null alleles on results using FreeNA
(Chapuis and Estoup 2007). To determine if the full data set produced results that were

similar to the data set that excluded null alleles, we calculated Fgt measures of
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Fig. 1 Locations of the three study sites where we sampled indris between August 2007 and October 2009.
Reserve sizes are in parentheses. Forested areas are shaded. Map was created in Arcmap 10.2, with forest
cover estimates taken from Harper ez al. (2007). The forested areas are not intended to represent the boundaries
of conservation areas or reserves, the boundaries that were not available as data layers.

population differentiation from the full data set and a data set that excluded potential
null alleles with 95% confidence intervals (CI) using 1000 bootstrapped replicates. We
focused our assessment of genetic diversity on allelic richness and Hy, which are
expected to be less biased than Hy in response to differing sample sizes and null alleles
(Chapuis ef al. 2008).

We tested for deviations from linkage disequilibrium between all pairs of loci and for
deviations from Hardy—Weinberg equilibrium (HWE) with Bonferroni corrections
using GenePop v 4.0.1 (Raymond and Rousset 1995). We estimated observed (Hop)
and expected (Hg) heterozygosity, and standardized allelic richness (calculated using
rarefaction based on the minimum number of samples per population) in FSTAT v 2.9.3
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Table I Genetic diversity in three populations of indri at Betampona Strict Nature Reserve, Analamazaotra
Forest Station, and Torotorofotsy Conservation Area between August 2007 and October 2009

Betampona Strict Nature Analmazaotra Forest Torotorofotsy Conservation
Reserve Station Area
Mean allelic richness  5.366 (1.177) 4.814 (1.026) 5.444 (1.354)
(SD)
Fis (95%CI) 0.154 (0.077-0.187) 0.143 (=0.041 to 0.195) 0.250 (—=0.080 to 0.293)
Hg 67THDZ17 0.749 0.620 0.778
Hg 67THDZ76 0.656 0.815 0.806
Hg 67THDZ39 0.862 0.800 0.722
Hg 67THDZ18 0.822 0.775 0.736
Hg 67THDZ3 0.893 0.785 0.653
Hy 67THDZS5 0.815 0.800 0.722
Hg 67THDZ16 0.721 0.735 0.833
Hg, 67THDZ5 0.457 0.625 0.583
Hg 6THDZ177 0.886 0.685 0.806
Hg 67THDZ180 0.757 0.725 0.875
Hg 67THDZ72 0.766 0.765 0.722
Hg 67THDZ4 0.819 0.845 0.819
Hg 67THDZ114 0.870 0.760 0.740
Hy 67HDZ41 0.882 0.815 0.764
Hy 67HDZ210 0.837 0.500 0.722
Hg 67THDZ25 0.834 0.750 0.861
Hg 67THDZ161 0.820 0.865 0.847
Mean Hg, (SE) 0.791 (0.026) 0.745 (0.022) 0.764 (0.019)

Measures of allelic richness (averaged across loci and based on a population size of six diploid individuals)
and Fis for each sampling locality, and measures of expected heterozygosity (Hg) per locus for each
population. Loci that significantly deviate (P <0.05) from Hardy—Weinberg equilibrium are in bold

(Goudet 1995). We calculated Fis and estimated 95% confidence intervals by
bootstrapping loci 10,000 times using GENETIX v 4.05 (Belkhir et al. 1996). We
evaluated differences in genetic variation among sampling sites using independent-
samples Kruskal-Wallis tests in Systat v12.02 (OSYSTAT Software Inc. 2007).

To assess population genetic structure across sampling sites, we used a Bayesian
assignment analysis implemented in Structure v 2.3.2 (Pritchard ez al. 2000) to estimate
the number of genetically distinct clusters (K). We used a model that allowed for
admixture and correlation of allele frequencies among clusters for all analyses. We used
K ranging from 1 to 10, with 20 replicate runs, a burn-in value of 100,000 generations,
and 1,000,000 generations used to estimate the posterior distribution. To estimate the
optimum value of K, we calculated the statistic AK using the estimated natural log
probability of the data across replicates for each K (Evanno ef al. 2005). To account for
possible biases due to unequal sample sizes, we repeated the above Structure procedure
using a subsample of six individuals from each population.

To test for genetic distance between sampling sites, we calculated pairwise Fgt
(Weir and Cockerham 1984) between all three sampling sites, and with Analamazaotra
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and Torotorofotsy combined, in Arlequin v 3.5.1.2 using permutation tests for signif-
icance (1000 permutations; Excoffier and Lischer 2010). We examined hierarchical
partitioning of genetic variance using an analysis of molecular variance (AMOVA) to
examine the distribution of genetic variation in GenAlEx (Peakall and Smouse 2006).

Population Size Changes

We tested for signatures of population bottlenecks with BOTTLENECK v 1.2.02
(Cornuet and Luikart 1996) and Wilcoxon’s test (Piry e al. 1999) under three different
mutational models: infinite allele mutation model (IAM), the stepwise mutation model
(SMM), and the two-phase model (TPM) with 70% SMM and 30% multistep mutation
events (Di Rienzo et al. 1994). This test identifies heterozygosity excess under an
assumption of mutation-drift equilibrium, a characteristic of populations that have
recently experienced a decline in effective population size (N, Cornuet and Luikart
1996). We also tested for mode-shift in allele frequencies as populations that have
experienced a bottleneck will lose rare alleles and have increased frequency of common
alleles (Cornuet and Luikart 1996). We repeated these analyses using various sampling
strategies: 1) all samples pooled, 2) the geographically close Analamazaotra and
Torotorofotsy combined, and 3) all sampling sites assessed separately. Gene flow
and/or population structure can generate false signals of bottlenecks (Chikhi ez al.
2010; Stadler et al. 2009). By pooling samples from multiple sites we aimed to assess
whether the metapopulation as a whole has experienced a change in N, possibly
through overall habitat fragmentation.

To further test for population size changes, we used a full likelihood-based Bayesian
approach implemented in MSVAR v 1.3 to quantify and date changes in N.. For
MSVAR analysis, we analyzed Betampona separately and pooled Analamazoatra and
Torotorofotsy (which are geographically close to one another) to increase sample size.
This method assumes a stable ancestral population size (N;) that experienced an
exponential population size change T years ago relative to the current population size
(No) (Storz and Beaumont 2002). Prior distributions for Ny, Ny, 7, and u are assumed to
lognormal. We used different prior distributions for each run to test their influence on
posteriors (Electronic Supplementary Material [ESM] Table SI). We performed four
independent Markov chain Monte Carlo (MCMC) runs for each population with
4% 10'° iterations and a thinning value of 5 % 10%, with the first 10% of each tun
discarded as burn-in. We checked convergence of MCMC chains visually and tested
this with the Gelman and Rubin convergence statistic in the coda package in R v 3.20
(Gelman and Rubin 1992; R Core Team 2015). We defined convergence as values <1.1
(Gelman and Hill 2006). We estimated of the mode and 90% highest posterior density
(HPD) intervals for each parameter using the boa package in R.

Ethical Note

All research adhered to the American Society of Primatologists’ Principles for the
Ethical Treatment of Non-Human Primates, and complied with protocols approved by
the St. Louis Zoo and Duke University’s Institutional Animal Care and Use Committee

(Permit # A282-07-10-(1)), as well as all research requirements in Madagascar and

@ Springer



Population Genetics of Indri 695

Convention on International Trade in Endangered Species of Wild Flora and Fauna
(CITES) regulations (Permit ID #US182626/9).

Results
Marker Performance and Genetic Variation

Micro-Checker detected no evidence of large allele dropout or stuttering but detected
null alleles in each sampling locality: Betampona (67HDZ39, 67THDZ3, 67THDZ16,
67HDZ177, 67THDZ72, and 67HDZ41), Analamazaotra (67HDZ76, 67HDZ16,
67HDZA1, and 67HDZ161), and Torotorofotsy (67HDZ76, 67HDZ18, 67HDZ180,
67HDZ72, and 67THDZ114). These null alleles were not consistent across localities.
Pairwise Fgt estimates between the three sampling localities produced slightly lower
Fgr estimates based on a data set that excluded null alleles, relative to Fgr estimates
based on the full data set (ESM Table SII). However, the 95% bootstrapped Cls for
both the uncorrected and corrected Fgt estimates largely overlapped, indicating that
null alleles have minimal impact on results. Therefore, we used the full data set with all
loci in all subsequent analyses.

There was evidence of linkage disequilibrium in one locus pair in Betampona
(67HDZ39 and 67HDZ18; P <0.0001). We observed deviations from HWE at six loci
in Betampona and one locus in Torotorofotsy (Table II). There were no significant
differences between sample sites in HE, or allelic richness (Table II). At Betampona, Fig
was significantly greater than zero, while at the other sites Cls overlapped zero
(Table II). Results for Betampona were similar with null alleles removed
(F1s=0.14156; 95% CI: 0.07033-0.18517).

Population Structure

Structure analysis revealed two distinct population genetic groups using the statistic
AK. Mean log probability (InPr(K)) values plateaued at K=5 but AK calcula-
tions favored K=2. At the K=2 level all individuals from Betampona were
placed in one cluster, with all individuals from Analamazaotra and
Torotorofotsy placed in a second cluster (Fig. 2). The division between
Analamazaotra and Torotorofotsy was less clear, with analysis of K=3 sug-
gesting admixture between the two populations (Fig. 2). AK calculations from
Structure analyses that included only Analamazaotra and Torotorofotsy similarly
identified them as separate genetic clusters. The subsampled data set identified
the same genetic clusters, with AK calculations favoring K =2 and the analysis
of K=3 suggesting admixture between Analamazaotra and Torotorofotsy (ESM
Fig. S1).

AMOVA analyses indicated that the majority of genetic variation is accounted for at
the intraindividual level (Table III); however, significant Fsr values indicated genetic
structure among populations (Table III). This result was similar when we treated all
three populations as separate groups or when we treated Analamazaotra and
Torotorofotsy populations as a single group. Pairwise Fgr estimates involving
Betampona (vs. Analamazaotra, Fgp=0.113; vs. Torotorofotsy, Fgr=0.129) were
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Betampona Torotorofotsy

Posterior Probability

Fig. 2 Results of Structure analyses for indri at Betampona Strict Nature Reserve, Analamazaotra Forest
Station, and Torotorofotsy Conservation Area sampled between August 2007 and October 2009. The upper
plot presents individual assignment results of analyses assuming a model of two genetic clusters (K =2). The
lower plot presents individual assignment results of analyses assuming a model of three genetic clusters
(K =3). Vertical bars indicate the posterior probability of each sampled individual’s assignment to a distinct
genetic cluster.

larger than that between Analamazaotra and Torotorofotsy (Fst = 0.0746). All values of
Fst were significantly different from zero (P <0.05).

Population Size Changes

Using BOTTLENECK each sampling strategy and population showed a bottleneck
signature under the IAM model (Table IV). The bottleneck signature was less clear
using TPM and SMM models. Only Analamazaotra showed a mode shift in allele
frequencies with a disproportionate loss of rare alleles.

Table III Results of analysis of molecular variance of indri under two different models of population
partitioning among Betampona Strict Nature Reserve, Analamazaotra Forest Station, and Torotorofotsy
Conservation Area, sampled between August 2007 and October 2009

Locality groupings Fsr Fis Fir
Betampona, Analamazaotra, Torotorofotsy 0.102 0.214 0.294
Betampona, Analmazaotra Forest Complex 0.091 0.224 0.295
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Table IV Results of BOTTLENECK analysis for indri from Betampona Strict Nature Reserve,
Analamazaotra Forest Station, and Torotorofotsy Conservation Area sampled between August 2007 and
October 2009. Values in bold represent statistical significance (P < 0.05).

Population Mutation model P-value
All IAM 0.00001
TPM 0.88997
SMM 0.00025
Analmazaotra Forest Complex IAM 0.00033
TPM 0.04433
SMM 0.85364
Betampona IAM 0.00014
TPM 0.26332
SMM 0.00053
Analmazaotra IAM 0.00316
TPM 0.03954
SMM 0.30605
Torotorofotsy IAM 0.00316
TPM 0.02322
SMM 0.20689

Using MSVAR, the Gelman—Rubin diagnostic indicated poor convergence across
the independent MCMC runs. The Gelman—Rubin convergence statistics were
Mpyo=1.10 (1.20) and My, = 1.06 (1.13) for Betampona and My, = 1.15 (upper 97.5%
quantile = 1.33) and My, = 1.05 (1.13) for Analamazaotra and Torotorofotsy combined.
The marginal posterior distributions for N; (ancestral population) overlapped or were
nearly identical to those for N, (Fig. 3). However, the marginal posterior distributions
for N, were broad and largely tracked those of the prior distributions (Fig. 3), suggesting
a lack of information for ancestral population size. Analyses of the combined
Analamazaotra and Torotorofotsy populations resulted in modes of log;oN, ranging
3.51-5.27, logoN; ranging —0.87 to 4.67, and log;(7 ranging 2.86-8.49. Analyses of
the Betampona population resulted in modes of log;oN, ranging 2.67-6.22, log;oV;
ranging —0.68 to 5.85, and log,o7 ranging —0.22 to 10.64.

Discussion
Genetic Variation Within Populations

The three indri populations we surveyed had measures of heterozygosity (global
Hg =0.85; population range Hg = 0.75-0.79) similar to those for other Indriidae species
in similarly disturbed habitats (Propithecus coquereli Hg = 0.77 in Rakotoarisoa ef al.
2006; P. verreauxi Hg =0.71 in Lawler et al. 2001; P. tattersalli Hg = 0.72 in Quéméré
et al. 2010). These measures are high, and may relate to the slow decline in
heterozygosity in previously large populations after a bottleneck (Cornuet and
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Density

Density

|Og10N

Fig. 3 Results of MSVAR analyses for indri at Betampona Strict Nature Reserve, Analamazaotra Forest
Station, and Torotorofotsy Conservation Area sampled between August 2007 and October 2009. The upper
plot presents results from Betampona and the lower plot presents results for pooled samples from
Analamazaotra and Torotorofotsy. The solid black lines represent posterior distribution of the present (log
Ny); dashed black lines represent past (log N;) population size. Red lines represent the prior distributions.

Luikart 1996). Because allele number is reduced faster than heterozygosity after a
bottleneck, heterozygosity may remain elevated until a new mutation-drift equilibrium
is reached (Nei et al. 1975). The three indri populations also showed similar levels of
genetic diversity, although they differ in density and anthropogenic impact levels
(Junge et al. 2011). These genetic diversity estimates may be more reflective of past,
rather than current, landscape patterns as populations may not have reached equilibrium
(Keyghobadi et al. 2005).

Bottleneck analysis were sensitive to different mutation models, with all sites and
pooling strategies showing a bottleneck under the IAM, and more varied signatures
under the SMM and TPM. These results indicate a lack of power to detect robust
signatures of population decline. MSVAR analysis also yielded no meaningful results
and we were unable to draw conclusions about the magnitude and timing of population
size change. These results may be due to the low sample size. Future studies of indris
may benefit from next generation sequencing (NGS) methods, which can generate
more comprehensive surveys of genome-wide variation and provide the level of genetic
information needed to validate potential bottlenecks (Allendorf et al. 2010). Other
lemur species show bottleneck signatures in response to human deforestation (Craul
et al. 2009; Holmes et al. 2013; Lawler 2011; Olivieri et al. 2008; Quéméré et al. 2012;
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Razakamaharavo et al. 2010) and such signatures may become more apparent in indris
with additional data, as habitat fragmentation and human disturbance have resulted in
contraction of indri populations in the past 50 year (Andriaholinirina et al. 2014;
Mittermeier et al. 2010).

The deforestation surrounding our sampling sites has occurred relatively recently,
within the past century (Harper et al. 2007). Given the long life span and generation
time (ca. 12 years) of indris, only a limited number of generations have occurred during
this time period (Andriaholinirina ef al. 2014; Mittermeier et al. 2010; Pollock 1977).
Long-lived individuals in our samples may buffer the loss of genetic diversity (Lippe
et al. 2006). Betampona is the oldest reserve of the three (established in 1927), but the
surrounding land is largely agricultural, likely isolating this indri population (R. Junge
pers. obs.), which may explain the elevated Fig in comparison to the other sites. The
more recently established Torotorofotsy conservation area (established 2005) and
Analamazaotra forest station (established 1970) may be connected by the
Analamazoatra Special Reserve and Mantadia National Park, and the Ankeniheny—
Zahamena Corridor (425,000 ha), a stretch of somewhat contiguous forest that has been
protected since 2005 (Fig. 1).

Population Structure

We observed genetic differentiation among the three sampling sites. The geographically
close Analamazaotra and Torotorofotsy populations (separated by ca. 18 km) were
moderately genetically differentiated from each other, and both showed higher levels of
genetic differentiation from the Betampona population (ca. 130 km away). Given that
populations are likely not in drift-migration equilibrium, some of the detected genetic
differentiation may represent historical patterns prior to forest fragmentation (Whitlock
and McCauley 1999). However, the extent of genetic differentiation is not surprising
given the current patchy distribution of indris, and the greater geographic isolation of
Betampona from the other forest reserves. Although Analamazaotra and Torotorofotsy
are geographically close, contiguous forest is fragmented and the land separating these
sites is affected by human land use, which may further explain their population
differentiation.

The results of our study indicate isolation of indri populations separated by nonforest
on a relatively small spatial scale compared to their overall range. However, given the
wide variation in density of indri populations (Pollock 1975), improved sampling is
needed to understand fully the population structure across the entire indri range. The
structure we detected may also reflect past, not current, population structure due to the
lack of drift-migration equilibrium, furthering the need for more intense sampling.

Conservation Implications

Our results suggest that indri populations in Madagascar possess moderate to high
genetic diversity in terms of heterozygosity, which is encouraging for the conservation
of the species, but may reflect past, rather than current, population processes. Indri
display plasticity in their ability to live in a range of forest sizes, with varying degrees
of fragmentation (Glessner and Britt 2005). However, we observed population differ-
entiation between sites and Betampona may be genetically isolated. Further studies are
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needed to elucidate the demographic history of populations and to estimate gene flow
and migration rates, which influence the chances of future inbreeding. Conservation
efforts should aim to protect large continuous blocks of forest with migration corridors
between them in order to maintain genetic diversity and avoid further genetic isolation
of populations.
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