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Abstract The current range of the red ruffed lemur
(Varecia rubra) population is primarily restricted to forests
of the Masoala Peninsula on the northeastern coast of
Madagascar. Whereas much of the peninsula is protected as
Masoala National Park, parts of the forest are at risk from
anthropogenic pressures and habitat fragmentation. We
sampled 32 individual red ruffed lemur from two sites:
Ambatoledama (DAMA), a narrow forest corridor across
an area of degraded habitat connecting larger blocks of
forest in the northwestern reaches of the park, and
Masiaposa (MAS) forest, a largely pristine forest on the
lower western side of the peninsula. Population genetic
parameters were estimated for these two populations
employing 15 microsatellite loci derived from the V. var-
iegata genome. We found that by exceeding the expected
heterozygosity at mutation-drift equilibrium, the DAMA
population has undergone a recent population bottleneck.
Population structure analysis detected individuals harbor-
ing genotypic admixture of the DAMA genetic cluster in
the MAS population, suggesting a possibility of unilateral
gene flow or movement between these populations.
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Introduction

The island of Madagascar has been identified as one of the
world’s top biodiversity hotspots (Myers 1988; Myers et al.
2000; Mittermeier et al. 2004) with global conservation
priority (Hannah et al. 1998; Myers 1998). As its natural
resources are rich in endemism (Jenkins 1990; Nicoll and
Lagrand 1993), there is an increased awareness and con-
cern over the alarming rate of deforestation (Green and
Sussman 1990; Nelson and Horning 1993). With 40% of
the Malagasy forest lost since 1950, all species are under
increasing pressure from continued forest degradation and
habitat fragmentation (Allnutt et al. 2004). This can be
attributed to a two-fold attack on the forest habitats: a loss
in forest coverage and an increase in forest fragmentation
(Harper et al. 2007).

Masoala National Park (MasNP), 2,300 kmz, established
in 1997, and Makira Natural Park (MakNP), established in
2004, are the only protected areas harboring populations of
the red ruffed lemur, Varecia rubra (Geoffroy-Saint Hilare
1812; Patel and Andrianandrasana 2008). The majority of
red ruffed lemur populations is found on the Masoala
Peninsula [Conservation Breeding Specialist Group
(CBSG) 2002; Vasey and Tattersall 2002]. Sparse rem-
nants occur in the region north of Antongil Bay where
MasNP and MakNP are loosely connected by forest frag-
ments (Hekkala et al. 2007). These northern populations
have been drastically reduced within a geographic range
that stretches into forests south of Andapa (Tattersall 1977;
Petter et al. 1977; Hekkala et al. 2007). The northern dis-
tribution limit of the species is considered to be the Lokoho
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River (Goodman and Ganzhorn 2004), and the western
limit is the Antainambalana River (Hekkala et al. 2007).
The historic range of V. rubra at one time was in contact
with V. variegata north of Antongil Bay (Vasey and
Tattersall 2002), possibly resulting in a hybrid zone, but
this cannot be confirmed, as the zone is now heavily
degraded and primarily contains remnant, isolated ruffed
lemur populations (Simons and Lindsay 1987; Hekkala
et al. 2007).

Ruffed lemurs are considered among the most arboreal
and frugivorous of all lemurs (Vasey 1997a, 2002) and are
thus sensitive to forest health (Balko and Underwood
2005), requiring mature forests for their survival (Morland
1991; White 1991; Rigamonti 1993). Human—animal con-
flict arises as about half of the tree species preferred by red
ruffed lemurs as dietary sources are also harvested pref-
erentially by local villagers on the Masoala Peninsula
(Merenlender et al. 1998). A little more than a decade ago,
forest restoration was begun in the northwestern reaches of
the MasNP to establish forest corridors between blocks of
forest (Holloway 2000).

Vasey (2003) compiled many studies of the two Varecia
species, noting that populations at low elevation have
higher densities than do populations at high elevation,
putting aside populations living in anthropogenically iso-
lated forest fragments. Varecia tend to range in groups of
two to five individuals within fission—fusion societies of up
to 31 individuals and spend most of their day feeding,
traveling, and resting high up in the forest canopy (Vasey
2003). Their territoriality varies from location to location,
and overall, the two species appear to practice rather
flexible social behavior. Both sexes are known to disperse,
although few instances of dispersal have been observed
(Ratsimbazafy 2002). Their social organization seems to
respond to reproductive cycles, season, and food avail-
ability (Balko 1998; Vasey 2003, 2006).

We investigated the population structure of red ruffed
lemurs (V. rubra) sampled from two forests differing in
degrees of anthropogenic disturbance. Fifteen informative
microsatellite markers generated from the V. variegata
genome (Louis et al. 2005) were amplified in 32 individual
lemurs from the Ambatoledama (DAMA) and Masiaposa
(MAS) forests of MasNP. The MAS forest is considered to
be largely pristine and not severely affected by anthropo-
genic pressures. On the other hand, as with many forests
located north of Antongil Bay, the DAMA forest has
undergone significant fragmentation. However, this forest
was one of three localities in the northwestern part of the
park where a reforestation project began more than a
decade ago (Holloway 2000). This effort augmented the
DAMA forest to form a narrow corridor approximately
1-km wide, designed to connect the MakNP to the north-
western corner of the MasNP (Hekkala et al. 2007).
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Limited studies on the genera Varecia (Louis et al.
2005), Propithecus (Lawler 2008; Quéméré et al. 2009),
Microcebus (Olivieri et al. 2008; Radespiel et al. 2008;
Gligor et al. 2009), and Mirza (Markolf et al. 2008) have
been published in which baseline population genetic esti-
mates have been established for lemur species. Our genetic
analysis provides the first information on the genetic
architecture of red ruffed lemur populations.

Methods
Sample collection

We collected samples from two forests in the MasNP: MAS
(S15°40" E049°58"), located on the western side of the
Masoala Peninsula, and DAMA (S15°17 E050°01") in the
northern part of the park (Fig. 1). We selected lemur indi-
viduals by proximity to the immobilization team while
considering the safety of the lemur with respect to position
and dart placement. We sampled » = 10 individuals from
the five resident social groups (Total census: n = 25 indi-
viduals) observed in the DAMA forest. The groups com-
prised adult pairs with two or three nursing juveniles each, or
40% of the red ruffed lemur population known to inhabit the
2-km? DAMA forest. Vasey (1997b) estimated the red ruffed
lemur density for the Masoala Peninsula to be between 31.2
and 53.73 ind/km?. Using these estimates, we would expect
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Fig. 1 The boundaries of Masoala National Park and Makira Natural
Park outlined in black and the two study areas, Masiaposa Forest and
Ambatoledama Forest, marked by asterisks
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125-215 individuals to inhabit the 4-km? sampling area of
the MAS forest. The 22 individuals we sampled would
constitute 10.2-17.6% of the red ruffed lemurs expected to
live in the sampling area. We sampled the forests on two
separate expeditions (MAS 25 October to 11 November 2002
and DAMA 20-25 November 2006). All lemurs were
immobilized, handled, and released as described in Louis
et al. (2005) for DAMA, and Dutton et al. (2008) for bio-
medical evaluation in MAS. We exported all samples with
appropriate permits issued by the Ministére des Eaux et
Foréts of Madagascar and imported with the appropriate US
Fish and Wildlife Service permit to Henry Doorly Zoo
(HDZ), Omaha, NE, USA.

DNA extraction and microsatellite genotyping

We extracted whole genomic DNA from each individual
from a quartered 2-mm biopsy ear punch. DNA extraction
and polymerase chain reaction (PCR) protocols were fol-
lowed in accordance with Louis et al. (2005) to generate
genotype data using 24 microsatellite loci developed from
the V. variegata genome. PCR products were electropho-
resed on an ABI 3100 automated DNA analyzer (Applied
Biosystems, Foster City, CA, USA). Fragment lengths
were assigned with Genescan-500 (ROX), and allele
scoring was conducted with Genescan software (Applied
Biosystems).

Data analysis

We checked the genotype file with both Micro-Checker
(van Oosterhout et al. 2004) and Microsatellite Analyzer
(MSA; Dieringer and Schlétterer 2002), which detect
typographical errors, significant null allele problems, and
scoring errors due to allelic stuttering and large allele
dropout that can significantly affect Hardy—Weinberg
equilibrium (HWE) estimates (Morin et al. 2009). Next,
CERVUS 2.0 (Slate et al. 2000) was used to estimate null
allele frequencies for each locus and the utility of the
markers as polymorphic information content (PIC). We
opted to delete the few loci with moderate null allele fre-
quencies (nf > 0.1) to reduce the bias from misclassifica-
tions of null heterozygotes as homozygotes (Callen et al.
1993; Hoffman and Amos 2005) and thus control the
variance of parameter estimates that would be caused by
excessive null allele frequencies in the analysis according
to the result of Chapuis and Estoup (2007) who demon-
strated the effects of moderate (0.05 < nf < 0.20) and high
(0.20 < nf) null frequencies on population-genetic param-
eter estimates.

We verified the accepted loci for independence of
linkage disequilibrium (LD), with Bonferroni-adjusted P
values, in FSTAT (Goudet 1995, 2001). We tested the set

of microsatellite loci globally and by population for devi-
ation from HWE via Fisher’s exact probability test in the
web-based Genepop3.4 (Raymond and Rousset 1995).
Initially, we used the default settings for the Markov chain
Monte Carlo (MCMC) estimation of HWE and then
increased the batch size from 100 to 250 to reduce the
standard error (SE) of the P value to <0.01. We tested
genic differentiation to determine whether or not allelic
distributions were the same in both populations, then we
examined genotypic differentiation to determine whether
or not genotype distributions were the same. Genic dif-
ferentiation was tested with Fisher’s exact test. We used an
unbiased estimate of the P value as G (log likelihood of an
exact test) to test genotypic differentiation. Both were
performed by locus and pair-wise differences between
populations in GenePop 3.4. We estimated Hg (gene
diversity) and AR (rarefaction allelic richness) by locus
and population, f as Wright’s Fig (within population f
statistic) and 0 as Wright’s Fgr (among population f sta-
tistic) using Weir and Cockerham (1984) and Ggr (analo-
gous g statistic) with FSTAT. We estimated gene flow
between populations as Ny, (migrants per generation) using
the private alleles method in Genepop 3.4. We tested for
sex-biased dispersal of individuals from social groups
using the methodology of Goudet et al. (2002) as imple-
mented in FSTAT. The test assumes even sex dispersal so
that if the dispersal is biased, the dispersing sex or group is
expected to have a positive and higher Fig, a lower Fgr,
and lower Hg than the philopatric sex.

We estimated the number of effective breeders (Ng,)
using NeEstimator (Peel et al. 2004) to establish a range of
Nep (Waples 1991). The two most commonly used esti-
mators, LD (Hill 1981) and heterozygote excess (HEx)
(Pudovkin et al. 1996), are applicable to single-sampled
populations as opposed to temporally sampled populations.
In using the latter method, Pudovkin et al. (1996) and
Luikart and Cornuet (1999) found that it may overestimate
Nep, whereas Waples (1991) found several flaws in the
basic assumptions of the model. However, Balloux (2004)
found that despite the limitations, HEx is advantageous for
populations sampled once only rather than multiple times
on a temporal scale. Therefore, as suggested by Waples
(1991), we report both estimators in this study and compare
them with the population census estimates based on density
(Vasey 1997b) and our observations (MAS and DAMA,
respectively).

Having met the minimum statistical threshold required
by Bottleneck 2.0 (Cornuet and Luikart 1996; Cornuet
et al. 1999; Piry et al. 1999), 20 alleles and 10 individuals
per population, we examined both populations for evidence
of a recent genetic bottleneck (Nei et al. 1975). We used
the three models available: the infinite alleles model
(IAM), the stepwise mutation model (SMM), and the
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two-phase model (TPM)—the latter permitting stepwise as
well as multi-step mutation events (Di Rienzo et al. 1994).
Additionally, under neutrality, alleles at low frequency
(<0.01) are expected to outnumber those with intermediate
frequencies, regardless of the underlying mutation model
(Chakraborty et al. 1980; Luikart et al. 1998). Mutation-
drift equilibrium is characterized by an L-shaped distribu-
tion, whereas a recent genetic bottleneck can be inferred
by a shift in allele counts from low to intermediate fre-
quency classes (Luikart et al. 1998) disrupting the expected
L-shaped distribution.

As an exploratory measure to test for cryptic substructure
in the populations, we used the model-based clustering
program STRUCTURE 2.0 (Pritchard et al. 2000). The
procedure uses a Bayesian clustering method to determine
whether the two populations should be further subdivided
into genetically distinct groups to reflect the population
substructure. STRUCTURE endeavors to identify popula-
tion subsets that are at HWE and minimize LD via multilocus
genotypes (Pritchard et al. 2000). We used the ancestry
model, correlated allele frequencies, different Fgt values
assumed for each subpopulation, a uniform prior for alpha
[maximum 10, standard deviation (SD) for updating 0.025],
constant lambda value of 1, prior Fst mean (0.01), and SD
(0.05). We analyzed data for K = 1-6 genetic clusters, as
Evanno et al. (2005) suggests, estimating a range of at least
three clusters more than the number of sampling locations.
We set the initial burn-in period at 10° iterations to reduce
noise before launching 10° MCMC repetitions to obtain
genetic cluster proportion estimates (g) for each individual.
Occasionally, STRUCTURE overestimates the number of
genetic clusters in a data set by generating similar likelihood
values for adjacent values. We used the ad hoc test statistic
AK (Evanno et al. 2005), developed to overcome that limi-
tation, to aid in elucidating the most likely number of genetic
clusters. We then compared the model with the highest
posterior probability and the model with the maximum AK to
the sampled demographic populations. Whereas Cornuet and
Luikart (1996) and Paetkau et al. (2004) warn of small
sample size bias in their simulations, Pritchard et al. (2000)
demonstrated the utility of the program with small data sets
(n = 4 individuals typed with 7 loci).

We used GeneClass 2.0 (Piry et al. 2004) to co-analyze
the substructure for migrant probabilities. This nonequi-
librium approach uses Bayesian methodology to identify
migrants (Rannala and Mountain 1997) and assign indi-
viduals of unknown population affinity to potential source
populations using multilocus genotypes (Paetkau et al.
1995; Rannala and Mountain 1997; Cornuet et al. 1999).
To identify first-generation migrants, we computed the L
value or likelihood ratio from the population from which
the individual was sampled (L-home) over the highest
likelihood value among all populations sampled (L-max;
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Paetkau et al. 2004). We calculated the logarithm of the
likelihood odds ratio (LOD) for each individual’s assign-
ment to the most likely population of origin by jackknifing
the data set in the WHICHRUN population assignment
program (Banks and Eichert 2000).

We acknowledge that implicit theoretical assumptions
built into analysis programs may be somewhat violated.
We tested for HWE at the locus and population levels and
for independence between the marker loci assuming equal
sex ratios, random mating, and discrete generations, though
in most in situ studies, these assumptions are often over-
looked in the absence of pedigree information. Finally, the
minimum sample size (n = 10) and locus number (n = 10)
were met for the most stringent program, Bottleneck 2.0
with n = 10 individuals (DAMA) and n = 15 loci.

Results

Of the 24 loci amplified, we found that two markers that were
polymorphic in V. variegata were monomorphic among the
V. rubra samples and an additional seven loci had moder-
ately high or high null allele frequencies (nf > 0.10, data not
shown). The seven loci were dropped from the genotyping
suite, resulting in 15 informative microsatellites (Table 1).
None of the locus pairs tested significant for LD, thus, marker
independence was assumed. We report the relative quality of
the loci as PIC values in Table 2 for the use of researchers
who might evaluate the application of these markers for
future studies. The mean number of alleles was 6.2, ranging
in count from 3 (51HDZ339) to 10 (51HDZ20) alleles per
locus. None of the loci and neither of the two sample sites
deviated by exact tests from HWE, thus meeting the equi-
librium assumptions set in the analysis programs. Several
loci varied considerably in AR between the two populations,
though the difference in the population averages was not
significant (Table 2).

We present population genetic parameter estimates by
locus and population in Table 2 to establish baseline data for
V. rubra. We estimated the genetic differentiation between
the MAS and DAMA populations by f and g statistics: 0 as
0.077 and g as 0.039. We found both genic and genotypic
differentiations to be highly significant (P < 0.00001)
between the two sampling locations. In both populations, we
found that the observed heterozygosity was slightly but not
significantly higher (0.651 and 0.681) than the expected
heterozygosity (0.629 and 0.656, P = 0.09 and P = 0.24,
MAS and DAMA, respectively). We also found that the Fig
estimate was negligible and nonsignificant in both popula-
tions (—0.034 and —0.035, MAS and DAMA, respectively).

We estimated the N, for the MAS (31.7, 151.4; LD and
HEXx models, respectively) and DAMA (10.2, 22.4; LD and
HEx models, respectively) populations. We found no
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Table 1 List of microsatellite loci used in this study and their primer sequences, corresponding dye labels, and optimized annealing

temperatures

Locus Sequence Annealing temp (°C)

51HDZ20 F: 5-FAM ATG ACT TGT AGC TTA AAT CTT TTG G-3' 50
R: 5-TAC TTG GCT GAT TCG GGA G-3'

51HDZ25 F: 5-FAM GTC AAA CGG GGA AAA TGC-3' 54
R: 5-TCA AAT CGG TAG CTC TCG G-3'

51HDZ247 F: 5-HEX AGG AAG GTA CAC TAA AAC AGA GAC T-3 50
R: 5-TGT ATC CTC CAT TTA TCT CCT TG-3'

51HDZ339 F: 5-FAM ATG ATATTA TTA GTC TGG GTT CTC C-3' 58
R: 5-TAG ACC TCC TGC CTT CCT G-3'

51HDZ436 F: 5-HEXCCC ACA CAG TTC AAA CCA ATG-3' 52
R: 5-AAT GGA TTA TGT ATT TGT CAG AGT TCT C-3’

51HDZ461 F: 5-FAM AGG GCT AAC CTT CTC AGA AAT C-3’ 52
R: 5-AGA CGG TTT GAG TAA TCC TGA AG-3'

51HDZ560 F: 5-FAM CAC TTC TGC CTC CAA TCA CTC-3' 52
R: 5-AAC ATC CCG TGG TCA CTA CAG-3’

51HDZ609 F: 5-HEXCCA ACC CCA TAG TTT AGG AAA GAG-3 50
R: 5'-TGC CAC ATA CCC CTG TAG C-3'

51HDZ646 F: 5-FEXGGG TTT TTG CAT CCA TGT TC-3' 56
R: 5-CCA GAT AGG TTC ACA GCT AAA TTC-3'

51HDZ691 F: 5-FAM CCA TGA CGT TAA TTC CTC TGC-3 50
R: 5'-GCC ACC ATC ACC CAG TTG-3'

51HDZ790 F: 5-HEXCCA CCC CAG TCC TGT CCT TA-3 50
R: 5-TTG TTG CCT CTC TGC CAA GTA G-3'

51HDZ816 F: 5-HEXAGA GGC CAC TAC TGA CAA CG-3' 54
R: 5'-CCC CCA CAC ACA AAT ACT AAA C-3

51HDZ833 F: 5-FAM CTT TCA AGG ATT CTA GTC ACA CAT AT-3 56
R: 5-GTA GAC AGG GCA TTA AAA GCA G-3'

51HDZ963 F: 5-HEXGGC TCC TTG GAT AGA TGT GC-3' 60
R: 5-TCA CCT ACA GCA GTT TCC CAG-3'

51HDZ988 F: 5/-FAM CTC CCC CAC ACC CAC ATA-3' 50
R: 5'-GCC TGA AGA AGC ACC AAC A-3

F Forward, R reverse

evidence in the MAS population of a genetic bottleneck
under any model. However, we found in the DAMA pop-
ulation a significant heterozygosity excess departing from
mutation-drift equilibrium under the IAM (P < 0.001) with
continuing significance using the TPM up to a 68% SMM
contribution (P < 0.05) and a shift in the modal allele
distribution from low to intermediate frequency classes
disrupting the expected L-shaped allele frequency
distribution.

From the test for sex-biased dispersal, estimates for Fig,
Fst, and Hg were —0.022, 0.063, and 0.626 for males and
—0.040, 0.087, and 0.649 for females, respectively. Neither
sex had a significantly higher (or positive) estimator for Fig
(P = 0.40), lower estimator for Fgt (P = 0.23), or lower
Hg (P = 0.80). Thus, dispersal was not favored in either
sex. We estimated an effective gene flow of 1.09 migrant

exchanges per generation following a correction for sample
size, indicating movement or gene flow between the
populations.

We found no evidence of substructure or significant
admixture of ancestral genetic architectures in the DAMA
population. The posterior likelihood of the data maximized
at K = 2 (log likelihood = —1,349.9) in the samples as
supported by the ad hoc test statistic, Evanno et al.’s (2005)
AK (data not shown). In the MAS population, 67.6% of the
genetic pool was attributed to cluster 1 and 32.4% to
cluster 2. In the DAMA population, only 5.9% of the
genetic pool was attributed to cluster 1 and 94.1% to
cluster 2. Two types of individuals with marked differences
in ancestral genetic architecture were detected in MAS: one
representative of DAMA (white) and the second clustering
(grey) only in MAS (Fig. 2).
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Table 2 Locus information: total number of alleles (k) and poly-
morphic information content (PIC) for the 15 microsatellite loci used
to generate the population genetic parameters rarefacted allelic

richness (AR), observed (H,) and expected (H.) heterozygosities, and
Fis estimates to describe the Masiaposa (MAS, n = 22) and
Ambatoledama (DAMA, n = 10) Varecia rubra populations

Locus By

Locus MAS DAMA

k PIC k AR H, H, Fis k AR H, H. Fis
51HDZ20 10 0.77 7 5.16 0.864 0.763 —0.135 7 6.66 0.889 0.759 —0.058
51HDZ25 5 0.7 5 3.98 0.762 0.691 —0.105 4 3.97 1 0.753 —0.353
51HDZ247 8 0.69 7 4.63 0.545 0.55 0.008 8 7.36 0.900 0.879 —0.025
51HDZ339 3 0.14 3 221 0.227 0.21 —0.082 1 1 0 0 NA
51HDZA436 5 0.75 5 4.71 0.727 0.786 0.077 5 4.8 0.700 0.789 0.119
51HDZ461 6 0.57 5 3.96 0.545 0.462 —0.186 5 4.6 0.700 0.663 —0.059
51HDZ560 5 0.46 4 2.73 0.636 0.552 —0.157 4 3.6 0.400 0.600 0.345
51HDZ609 5 0.65 5 4.25 0.773 0.699 —0.109 5 4.77 0.800 0.753 —0.067
51HDZ646 5 0.57 5 4.22 0.773 0.710 —0.090 3 2.8 0.400 0.353 —0.143
51HDZ691 5 0.65 5 4.18 0.682 0.677 —0.008 4 3.97 0.900 0.737 —-0.237
51HDZ790 4 0.3 3 2.31 0.318 0.280 —0.140 3 2.97 0.300 0.426 0.308
51HDZ816 9 0.74 7 4.92 0.727 0.748 0.029 7 6.2 0.900 0.805 —0.125
51HDZ833 7 0.67 6 4.32 0.727 0.720 —0.011 5 5 0.625 0.800 0.231
51HDZ963 9 0.77 7 5.23 0.591 0.727 0.217 5 4.96 0.700 0.800 0.131
51HDZ988 7 0.79 7 6.23 0.864 0.852 —-0.014 4 3.97 1 0.721 —-0.417
Avg 6.2 0.61 54 4.20 0.651 0.629 —0.034 4.7 4.44 0.681 0.656 —0.031
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Fig. 2 Genotypic proportion of the Masiaposa (MAS) and Ambatoledama (DAMA) Varecia rubra individuals with individual identification on

the x-axis and the proportion of admixture (g) depicted on the y-axis

Two individuals (MAS8 and MAS17) in the MAS
sample set were identified as first-generation migrants from
the DAMA population with GENECLASS2 (P < 0.05).
WHICHRUN marginally assigned MASS8 (f, LOD 2),
MASIS5 (m, LOD 2), and MAS17 (m, LOD 1) to DAMA
and MASI (f, LOD 2), MAS14 (f, LOD 2), MAS24 (f,
LOD 2) and MAS32 (m, LOD 2) to MAS. No DAMA-
sampled individuals were assigned to the MAS population
(LOD > 3). Correct assignment in this data set was 84%.

Discussion
Red ruffed lemur populations have been drastically

reduced (Tattersall 1977; Petter et al. 1977; Hekkala et al.
2007; Goodman and Ganzhorn 2004). Substantial
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populations are found only on the Masoala Peninsula
(CBSG 2002; Vasey 2003). Whereas most of the peninsula
is protected as MasNP, anthropogenic pressures such as
fuel-wood harvesting, tavy (slash-and-burn clearing), and
local subsistence hunting affect red ruffed lemur popula-
tions, with hunting among the top threats (Vasey 1997b;
Hekkala et al. 2007).

From this study, we established baseline population
genetic parameters for red ruffed lemurs from DAMA and
MAS forests. Although the sampling sites are approxi-
mately 40 km apart, a significant habitat corridor connects
them. The two genetic clusters represented by the MAS and
DAMA populations are not clearly defined. The genetic
imprint represented by the DAMA genetic cluster in the
MAS population may be an indication of the utilization of
the reforested DAMA corridor. Based on the size of the
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MAS sampling area, Vasey’s (1997b) red ruffed lemur
(Nep) density estimates were used to calculate an expected
population size of 124.8-214.8 individuals. In this study,
the number of N, of the MAS forest was estimated to be
31.7 by the LD method and 151.4 by the HEx method. The
DAMA population was the focus of a long-term study in
which population demographics were well known to the
research team. A total of five social groups were observed,
each composed of an adult pair with two to three nursing
juveniles for a total population census at the time of our
sample collection of 25 individuals (B. Martinez, personal
communication). We estimate the N, of the DAMA pop-
ulation to be 10.2 by the LD method and 22.4 by the HEx
method. The introduction of sampling bias due to small
sample size is often considered problematic. In this case,
the sample size consisted of all of the adults, representing
40% of the total population, in the DAMA forest corridor.
Moreover, for the estimation of N, precision of estimation
is more affected by the number of loci used. The potential
for bias in the estimate and the noise or sampling variance
decreases by increasing the number of loci from 8 or 10 to
15 (Waples 1991). In this case, we feel confident that the
sample size is not adversely affecting the parameter esti-
mates, as the LD method accurately estimated N, which
was the same as the census number of adults in the pop-
ulation. The HEx method, on the other hand, overestimated
N.p, Which is often the case.

Data indicates that DAMA suffers from a demographic
bottleneck or reduction of the effective population size,
implying potential genetic consequences for future gener-
ations (Garza and Williamson 2001), whereas MAS does
not. The negative Fig suggests that despite the reduction in
effective population size, the population is likely not
undergoing detectable inbreeding (Pollack 1987; Frankham
et al. 2004).

The sister species, V. variegata, disperses before
reproduction and is not sex-biased according to the few
records available (Ratsimbazafy 2002). In the MAS and
DAMA populations, no significant differences in estima-
tors for Fig, Fst, or Hg between the sexes were identified.
Thus, there was no evidence to reject the null hypothesis of
equal sex dispersal. However, we did detect a genetic
signal of gene flow between the DAMA and MAS popu-
lations at an effective migrant (V) estimate of one indi-
vidual per generation. From the STRUCTURE analysis, we
found two genetic clusters, supported by both the asymp-
tote of the likelihood curve and AK. We found individuals
of both sexes in MAS populations, with admixture repre-
sentative of the genetic cluster found in the DAMA pop-
ulation. This is supported by the GENECLASS?2 analysis,
which identifies two individuals as DAMA migrants
(MAS8 and MASI17). The WHICHRUN population
assignment misassigned the same two individuals and

MAS15 to DAMA (Fig. 2) and four more MAS-sampled
individuals to the MAS population but without significant
support (MAS1, MAS14, MAS24, and MAS32; Fig. 2).
From the samples we collected, the movement appears to
be unilateral, as we found no evidence of individuals har-
boring admixture representative of the MAS population in
the DAMA sample set.

At least two hypotheses could be entertained that might
generated these results. One thought could be that a
founding group of individuals with genetic architecture
more similar to the minority of individuals in the MAS
forest population might have left the pristine forest and
migrated into the disturbed DAMA forest region to inhabit
the newly planted forest corridor. The second might be that
individuals in the DAMA forest region could be moving
out of this highly disturbed region and beginning to
encroach upon the pristine MAS forest habitat. Either could
result in a recent population bottleneck in the DAMA forest
region and a higher proportion of one genetic cluster in the
DAMA compared with the MAS forest.

As red ruffed lemurs are now confined to such a
restricted region of the island, populations are especially
imperiled by current anthropocentric habitat fragmentation
and from stochastic events such as the major cyclones that
devastated Manombo Special Reserve on Madagascar’s
southeastern coast in 1997 (Louis et al. 2005). The results
from this study provide a sound baseline for future popu-
lation studies of this species on the Masoala Peninsula. We
suggest that the detection of unilateral movement from
DAMA into MAS, coupled with evidence of a population
bottleneck in DAMA, suggests our hypothesis of move-
ment by DAMA individuals into the far less human pop-
ulated MAS forest. Whereas evidence supports that
anthropogenic pressure may be more adversely affecting
the populations of the northern part of the park, additional
populations between the DAMA and MAS forests should
be sampled and studied to confirm, reject, or expand on this
hypothesis.
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