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Abstract Human activities directly and indirectly

influence the gene flow of wildlife populations,

significantly affecting their population structure. On

Bali, Indonesia, long-tailed macaque (Macaca fascic-

ularis) populations are associated with relatively

undisturbed forest remnants, providing resources for

macaques through human worship practices. To

evaluate the long-term impact of this anthropogenic

landscape on gene flow in macaques, we measured the

microsatellite heterozygosity and genetic distance of

15 populations across the island. We then used

assignment tests to measure more contemporary

movement between populations. We found significant

population structure across the island and found that

despite this significant structuring, contemporary

macaque dispersal across the island is relatively high,

with a number of first generation migrants detected.

Moreover, we identified one population in the core of

the island that acts as a magnet for migrants, receiving

50 % of the first generation migrants in this analysis.

Finally, we used individual-level Bayesian clustering

analysis combined with kriging techniques to measure

fine-scale genetic structure and identify significant

boundaries relative to the landscape. Significant

genetic structure suggests that the existence of

forested temple sites and long-term co-existence with

humans may have contributed to relative isolation

between populations, even though macaques are

known for their high dispersal abilities. However,

more recent changes in land use practices in Bali, such

as reallocation of lands for tourism, are influencing the

patterns of dispersal and increasing the movement of

individuals between novel sites, shifting the popula-

tion structure of the macaques and potentially reduc-

ing island-wide genetic diversity.

Keywords Macaques � Island � Population

structure � Gene flow � Anthropogenic landscape

Introduction

Human actions can both directly and indirectly affect

genetic structure of wildlife populations by altering

the landscape and creating potential corridors and

barriers to gene flow. For example, the regional

Osceola–Ocala wildlife corridor in Florida, designed

to maintain gene flow between wildlife populations
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through secondary habitat, resulted in black bear

(Ursus americanus floridanus) movement in largely

one direction. This movement resulted in limited

population mixing, but with evidence of successful

gene flow determined through assignment tests (Dixon

et al. 2006). Human activity, via landscape alterations,

can also shift population mating dynamics indirectly.

For example, Macdougall-Shackleton et al. (2011)

compared the structure of the songbird Melospiza

melodia in urban island populations and true island

populations and found that within urban islands—

created through the development of roads and housing

projects—there was a significant increase in homozy-

gosity and inbreeding.

As the increased inbreeding in songbirds of urban

islands exemplifies, the population structure of island

species is of special importance. Genetic diversity is

demonstrably lower in small populations, including

island populations (Ellsttrand and Elam 1993; Frank-

ham 1996, 1997; Eldridge et al. 1999). These small

population effects can result in a reduced evolutionary

flexibility within these populations (Frankham 1996,

1997; Lacy 1997; Reed et al. 2003), as shown in studies

of brown bears (Paetkau et al. 1998), pygmy rabbits

(Estes-Zumpf et al. 2010), and turtles (Avise et al.

1992). For example, in an island population of black-

footed rock wallaby (Petrogale lateralis), reduced

genetic diversity, due to high levels of inbreeding,

contributed to reduced fitness while not driving the

populations to extinction (Eldridge et al. 1999).

Contrary to the potential genetic costs experienced

by island-living species, several wildlife species such

as raccoons, deer, and coyotes in the US (Tigas et al.

2002; Dharmarajan et al. 2009), badgers in the UK

(Byrne et al. 2012), and rats globally (Clark 1981),

thrive in anthropogenic landscapes, utilizing the

landscape in a way that challenges traditional thinking

about urban areas as wildlife barriers (Blanchong et al.

2013). For example, recent work on raccoons (Procy-

on lotor) found that raccoons living in urban environ-

ments readily disperse through the landscape and

found no evidence of either isolation by barrier or

isolation by distance, despite finding significant pop-

ulation structure at the neighborhood level, suggesting

fine scale fragmentation is important in determining

dispersal patterns in this landscape (Dharmarajan et al.

2009). Work demonstrating the role of the urban

landscape as significant in shaping the population

structure of wildlife species—either by creating a

barrier or corridor for gene flow—has also been shown

in bobcats, black bears, frogs (Hitchings and Beebee

1997; Dixon et al. 2006; Ruell et al. 2012). This

suggests that some wildlife populations are capable of

living alongside human populations, using the land-

scape in previously unexpected ways, which results in

subsequent and unanticipated effects to the genetic

structure of these wildlife populations.

Long-tailed macaques (Macaca fascicularis),

found throughout Southeast Asia, exhibit strong

female philopatry and male dispersal (Fooden 1995;

Fa and Lindburg 1996; Lane et al. 2010; Gumert

2011). Macaques thrive in areas of high human density

and disturbances by exploiting human land use

changes to maintain gene flow between subpopula-

tions (Fuentes et al. 2005; Lane et al. 2010). On the

island of Bali, Indonesia, 42 populations of long-tailed

macaque have been previously identified (Southern

2002; Fuentes et al. 2005; see Fig. 1). These popula-

tions exist in a complex, anthropogenic landscape,

dominated by riparian corridors, terraced rice agricul-

tural land, and community temples (Lansing 1991;

Wheatley 1999). Each population consisted of approx-

imately 22–300? individuals in 1–5 groups who

utilize a consistent range associated with specific

locations and habitats most often including a temple

and/or shrines and associated forest patches (Fuentes

et al. 2005; Lane et al. 2010). Interactions with nearby

human communities include feeding, both direct

feedings and indirect provisioning via offerings,

cooperative efforts between macaques and local

community members to entertain tourists, and can

include crop raiding, hunting of macaques, and bites

and scratches from macaques (Lane-deGraaf et al.

2013a). Increases in urbanization in and around the

island’s core in the last 100 years may have resulted in

shifting macaque population dynamics, including

altered patterns of dispersal and gene flow (Lane

et al. 2011). The close association of these non-human

primates with human populations can intensify effects

on population structure. This occurs as humans create

potential barriers to gene flow, through land use

alterations (Radaspiel et al. 2008; Liu et al. 2009), or

facilitate opportunities for gene flow, through the

direct movement of animals or the preservation of

natural corridors (Luckett et al. 2004; Nasi et al. 2008;

Shepherd 2010).

Long-term residential macaque populations, com-

bined with recent landscape changes in the form of
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increased terracing for rice agriculture and growing

urban areas potentially important in creating bound-

aries to gene flow, provide a unique system for

examining the genetic structure of a cosmopolitan

species across several populations on a small island as

well as for evaluating the effect of recent landscape

alterations on gene flow. Here, we characterized the

genetic variation at 15 populations of long-tailed

macaques across the island of Bali, Indonesia, using

measures of heterozygosity (HE), allelic richness (AR),

and genetic distance (FST), with the intent of deter-

mining the extent of population structure that exists on

this relatively small island. We further used individual

level landscape genetics analyses, including assign-

ment and exclusion tests to identify first generation

migrants and Bayesian cluster analyses and kriging

analyses to identify significant genetic barriers at the

individual level, providing a dual picture of historic

and more contemporary gene flow between popula-

tions. Our goals, then, were twofold. First, we aimed to

identify the level of genetic structuring among

macaque populations across a relatively small island.

Second, we sought to understand how this genetic

structure is shaped by the landscape, including

anthropogenic features of that landscape. We hypoth-

esized that if historical gene flow has been occurring to

nearest neighbor populations, then we expect a pattern

of isolation-by-distance (IBD) over time to dominate

the structure of macaque populations in Bali.

Alternatively, if recent anthropogenic developments

are influencing macaque movement, we expect human

barriers to dominate island-wide macaque population

structure.

Methods

Study design

Island-wide sampling was performed in order to best

evaluate multiple hypotheses and to fully develop an

overall picture of the population structure of the

macaques across landscapes. The use of power

analysis in genetic sampling is often challenging due

to the frequency of rare alleles, the use and analysis of

multiple loci, and the determination of F-statistics

involving an additional layer of replication (Ryman

et al. 2006; Landguth et al. 2010). However, given the

cost and effort involved with sampling, a power

analysis was performed to ensure our sampling was

appropriate for producing interpretable results. Deter-

mination of sampling effort was based on censused

population sizes and an estimation of 12 loci used for

microsatellite genotyping, according to the following

equation: x = 1/H(nm), where n is the number of

individuals estimated in the population and m is the

number of molecular markers (Patterson et al. 2006).

This lower number of loci than actually sampled was
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Fig. 1 Map of Bali, including elevation, forest cover, and streams shown. Focal macaque populations in this study are marked in black
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chosen in an effort to accurately determine an

appropriate number of samples to collect per popula-

tion while assuming a likelihood of the occurrence of

problematic, and thus uninformative, loci. We found

that large populations (\300 individuals; U, PU, PL,

AK, and S) required sampling from only 20 % of the

total population size in order to make statistically and

biologically relevant inferences, while smaller popu-

lations required sampling from as much as 45 % of the

total population in order to make the same inferences.

We also determined that one population—BT—

required approximately sampling 130 % of the total

population (n = 22) due to its small population size.

While this population was not eliminated from the

overall analysis, it was excluded from analyses that

required additional replication steps beyond the level

of F-statistics, such as the determination of effective

population size and the assignment of first generation

migrants. Finally, Landguth et al. (2010) determined

that landscape genetics methods, including several

employed here, were especially sensitive to analyses

with extremely large sample sizes. Thus, our findings

of sampling 20 % from the largest populations min-

imizes the potential for any method-introduced bias.

Sample collection

Blood and fecal samples (n = 345) were collected at

15 populations across the island of Bali, Indonesia,

which is near the southern range of M. fascicularis

(Fig. 1). Fecal samples (n = 226) were collected

during single day collections from each population,

following a census to determine population size. Only

fresh samples were collected, and when necessary,

monkeys were fed in order to facilitate fresh sampling.

Upon collection, feces were immediately placed on

ice. Samples were shipped to the US on dry ice and

remained frozen at -85 �C until DNA extraction.

Blood samples (n = 119) were collected at five of the

fifteen populations by darting during the summer of

2007 (n = 57) or during the summer of 2001 (n = 62;

by Lisa Jones-Engel and collaborators). Darting

protocols have been previously described (Jones-

Engel et al. 2006).

DNA was extracted using QIAGEN DNA Mini Kit

and Stool Mini Kit (Valencia, CA), according to the

manufacturer’s protocol, with an extended 30 min

incubation time as the only modification to the protocol.

Microsatellite loci were chosen for their known

variability, ease of amplification, and locations across

the macaque genome (Hadfield et al. 2001; Evans et al.

2001; Penedo et al. 2005). Loci span the genome,

including locations on chromosomes 1, 6, 7, 8, 11, 13,

14, 17, and 22. Between 3 and 5 ll of extraction product

was used for subsequent amplification.

PCR occurred in 30 ll final volumes, containing

20 pmol of each primer pair (ABI Human Mappairs),

0.25 mM of each dNTP (Thermo Scientific), 19

incubation buffer with 1.6 mM MgCl2 (Invitrogen), 1

U Taq DNA polymerase, and 19 BSA (bovine serum

albumin, New England BioLabs) to minimize inhibi-

tion, in a (BioRad iCycler). Samples were amplified

under one of two sets of cycler conditions (Hadfield

et al. 2001; Penedo et al. 2005). Amplification condi-

tions A (D1S550, D7S503, D8S272, D11S925,

D13S317, D14S306, D17S1290, D22S345) began with

an initial denaturation at 94 �C for 1 min, followed by 5

cycles consisting of a denaturing step at 94 �C for

1 min, an annealing step at 52 �C for 90 s, and an

extension step at 72 �C for 90 s, followed by 45 cycles

consisting of a denaturing step at 94 �C for 1 min, an

annealing step at 57 �C for 90 s, and an extension step

at 72 �C for 1 min, and a final extension step at 72 �C

for 5 min. Amplification conditions B (D6S276,

D6S2876, D6S2741, D6S291, MICA) began with an

initial denaturation at 90 �C for 5 min, followed by 4

cycles consisting of a denaturing step at 94 �C for

1 min, an annealing step at 58 �C for 30 s, and an

extension step at 72 �C for 30 s, followed by 30 cycles

consisting of a denaturing step at 94 �C for 25 s, an

annealing step at 58 �C for 30 s, and an extension step

at 72 �C for 30 s, and a final extension step at 72 �C for

10 min. Amplification was verified by electrophoresis

and visualization in 1 % agarose gels stained with

ethidium bromide (0.5 lg/ml) in UV light.

Purified samples were genotyped at each of 13 loci

on an ABI 3730x (Applied Biosystems) at the Yale

DNA Analysis Facility on Science Hill, according to

their protocols, using 1 ll of template and 0.5 ll of

Liz 600 size standard (Applied Biosystems). Allele

sizes were determined in GeneMapper v3.7 (Applied

Biosystems). Linear regressions were performed to

compare the genetic diversity of MHC specific loci

used (n = 5) to neutral loci (n = 8) to control for the

hypervariability of the MHC region in our analyses.

No significant patterns were found (NA: r2 = 0.171,

p = 0.284; HE: r2 = 0.094, p = 0.349), and so all loci

were included in subsequent analyses.
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Data validation

Given the suboptimal quality of DNA extracted from

feces, which includes an increase in inhibition factors

and sources of non-target DNA from food and gut

microbiota, as well as the potential for cross contam-

ination associated with using human-targeted primers,

data confirmation and validation were important in

ensuring the quality of our data, and ultimately, our

findings (Paetkau 2003). Both positive (known blood

and fecal samples) and negative control samples were

used throughout the analyses to both confirm ampli-

fication and to eliminate the possibility of researcher-

driven cross contamination. In addition to the above

described sampling scheme designed to minimize

repeated sampling of individuals, internal validation

of allele calls and testing for null alleles within loci

was performed. While recommendations for data

checking include triple checking (from amplification

through allele calling) homozygotes and sevenfold

checking for all heterozygotes (Taberlet et al. 1996),

the cost efficacy and feasibility of this are not

conducive to large scale studies, such as this. How-

ever, more recent work with fecal DNA (Hoffman and

Amos 2005; Pompanon et al. 2005) suggests that a

replication of only 10 % of the dataset, in conjunction

with conservative bounds for the detection of null

alleles and large allele dropout, are sufficient to ensure

confidence in datasets of DNA extracted from fecal

samples. Thus, approximately 75 % of samples were

amplified in duplicate. Allele calls for each amplifi-

cation were made in duplicate, by two separate

researchers, and compared for consistency in calling.

When discrepancies occurred between calls, PCRs

were performed a third time, allele calls were again

performed in duplicate, and final assignments made.

Samples that did not fit into the published repeat motif

were reanalyzed. If a discrepancy existed, samples

were analyzed a third time. Alleles were officially

called when the most recent calls matched reanalyzed

calls. When a discrepancy remained due to amplifica-

tion difficulty or allele call standardization issues,

samples were eliminated from the analysis. After

completing this process, approximately 20 % of the

dataset was reanalyzed and compared to the original

allele size calls for internal consistency.

The dataset was initially screened for outliers and

data entry errors by the creation of an allele frequency

table generated in Convert 1.31 (Glaubitz 2004). A

secondary examination of the dataset was performed

using Micro-Checker 2.2.3 (Van Oosterhour et al.

2004). Presence of putatively null alleles, large allele

dropout, and scoring error due to stuttering was

checked by individual loci. Two loci (D6S276 and

D6S2876) were determined to have a high likelihood

of null alleles based on a determination of excess

homozygotes for most allele size classes, with 95 %

CI, and were subsequently eliminated from the

analysis. The adjusted data set was then re-checked,

and no additional loci were found to have a high a

likelihood of null alleles, large allele dropout, or

stuttering, and thus, were used for all subsequent

analyses.

Genetic analyses

Deviations from Hardy–Weinberg equilibrium (HWE)

were tested for at each locus within each population in

GENEPOP v.4.1 (Raymond and Rousset 1995; Rousset

2008), using exact tests. Observed and expected

heterozygosities, pairwise FST values, and allelic rich-

ness were determined using Arlequin 3.11 (Excoffier

et al. 2005). Within locus tests of heterozygote excess

or deficiency, significant in determining evidence of

past bottlenecks, were calculated in Bottleneck v.1.2

(Cornuet and Luikart 1996), under the Infinite Alleles

Model, a biologically appropriate model that captures

the evolution of microsatellites. Both the test for mode

shifts in allelic distributions and the test of heterozy-

gosity excess or deficiencies (DH/sd) were used to

determine the existence of past bottlenecks. Differen-

tiation between populations, measured by F-statistics

computed according to Weir and Cockerham, and Nei’s

standard genetic distances were analyzed using FSTAT

2.9.3.2 (Goudet 1995). Linkage disequilibrium values

(r2) and effective population sizes (NEF) for individual

populations were calculated in LDNe (Waples and Do

1997), using a model of random mating individuals and

the standard temporal method for determination of

effective population sizes. LDNe calculates r2 based on

Weir’s (1979) unbiased estimator, which controls for

sample size limitations and can be standardized to

accommodate variability in allele frequencies and

generating pairwise values for linkage disequilibrium

(Waples and Do 2008). Estimates of 95 % confidence

intervals (CI) for NEF were also calculated in LDNe.

LDNe utilizes a jackknife estimate for computing 95 %

CI for estimates of effective population sizes, which
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outperformed traditional parametric estimates in cap-

turing NEF especially in situations of non-independent

loci. Thus, when estimates of NEF fall within 95 % CI,

especially in an analysis including unique and rare

alleles, these estimates are more likely to be accurate

(Waples and Do 1997).

Assignment tests and the detection of first gener-

ation migrants were performed in GeneClass 2 v.2.0.h

(Piry et al. 2004), with the assignment value set

conservatively at 0.001 and using the Bayesian

approach laid out in Rannala and Mountain (1997)

and with the determination of first generation migrants

using the MCMC resampling method of Paetkau et al.

(2004) to better control for Type 1 errors, or the mis-

assignment of individuals from their reference popu-

lations. Assignment tests were performed on all

samples; while male macaques are known dispersers,

less frequently, female macaques have been known to

begin new populations via fission–fusion dynamics

(Seuer et al. 2010). Detection of first generation

migrants was performed with the criterion estimates

computed as the ratio of the likelihood of the

individual genotype within the population where the

individual was sampled to the highest likelihood value

of all available sampled populations, including the

sampled population, which has been shown to provide

the most power in the determination of first generation

migrants (Paetkau et al. 2004; Piry et al. 2004). To

prevent any significant levels of linkage disequilib-

rium from artificially inflating our findings, we used

two additional tests to reduce the inclusion of linked

loci in our analysis. First, we determined the total

number of pairwise comparisons between loci with

significant LD and eliminated any locus involved in a

high number of pairings. With high levels of LD

remaining, we then determined the total number of

pairwise comparisons between loci within each pop-

ulation and eliminated any population from the

analysis which exhibited significant LD in greater

than 5 % of those comparisons before running the

assignment and determination of first generation

migrant tests. This allowed us to use assignment

tests—which use linkage disequilibrium as a critical

component in the analysis—without violating the

assumptions of the tests through the inclusion of a

population with a high number of significant pairwise

linkages. Only one population—S—was removed

from this analysis as a result of these more constrained

conditions.

To test for isolation by distance effects, we

performed an island wide Mantel test between matri-

ces of genetic and geographic distances using R (R

Core Development Team 2009) and the ‘ade4’ pack-

age, performed as a Monte Carlo analysis (Thioulouse

and Dray 2007). The measure of genetic distance used

was Rousset’s (1997) FST/(1 - FST), and geographic

distance (km) was log transformed, as recommended

by de Campos Telles et al. (2005).

Landscape characterization

Bayesian cluster analyses and kriging are two methods

for detecting fine-scale variation in spatial genetic

structure (Piertney et al. 1998; Manel et al. 2003;

Cushman et al. 2006; Storfer et al. 2007; Grivet et al.

2008; Guillot et al. 2008). Bayesian cluster analyses

identifies significant barriers in spatially explicit genetic

data while kriging interpolates values from known

values in spatially sampled data, creating spatially-

explicit maps of these relationships (Manel et al. 2003;

Storfer et al. 2007; Segelbacher et al. 2008). The

inclusion of anthopogenic landscape variables in these

analyses allows for the measurement of the effects of the

physical and anthropogenic landscape on population

structure.

Identifying barriers

Bayesian cluster analyses was performed on genotype

data and latitude and longitude for each individual

macaque using R (R Core Development Team 2009)

and the ‘Geneland’ package (Guillot et al. 2008).

Individual macaque locations were estimated through

the use of a random number generator for both latitude

and longitude, with maximum limits set to within a

100 ha buffer zone of the population from which the

individual was sampled. Analyses in Geneland were

performed with a maximum number of loci of 305, with

100,000 iterations and a thinning value of 200, with a

subsequent burnin value of 200. Mantel tests were

performed on any groups of population clusters iden-

tified in the process of cluster analysis to test for patterns

of isolation by distance within population clusters.

Visualizing the landscape

Kriging interpolates the relatedness of nearby indi-

viduals/populations based on the genotypes and
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geospatial information of known individuals/popula-

tions (Holderegger et al. 2010). Because kriging

interpolates the values of a single factor of interest

against spatial coordinates, principal components

analysis (PCA) was performed in R (R Core Devel-

opment Team 2009) of macaque genotype data in the

‘stats’ package. PCA was used to condense the dataset

and to identify specific components that capture a

significant amount of variation within the genetic data.

In doing this analysis, we identified four significant

components of the genetic landscape that were used in

subsequent analyses. PCA was previously performed

on the environmental parameters, and found represen-

tative landscape components: the anthropogenic land-

scape (PC1), includes tourism rate, provisioning rate,

and macaque population size; the mixed environment

landscape (PC2), includes rice agriculture and urban

area as well as water availability; and the non-

anthropogenic environment (PC3), includes forest

area and elevation (Lane et al. 2011).

Kriging was then run on each of the significant

environmental and genetic landscape components in R

using the ‘gstat’ package (Pebesma 2004) as deter-

mined by each component’s loading scores. To

determine the statistical significance of concordant

and discordant patterns between environment and

genetic landscape, pairwise t tests were performed on

the results of the kriging variograms.

Results

Descriptive statistics

Eleven putatively neutral loci were amplified success-

fully in a total of 345 individuals, spanning 15

populations. Population level pairwise FST values

ranged from 0.015 (LM–BG) to 0.218 (MK–AN) and

were all significantly different from zero, except for

one pairing (AS–AN: FST = 0.015, p = 0.297;

Table 1), demonstrating a significant level of genetic

structure between all 15 macaque populations. Fur-

ther, three populations were identified as having

evidence to support recent genetic bottlenecks—BG,

CK, and PL—as determined by a mode shift in allele

frequency and by evidence of significant heterozy-

gosity excess across loci in these three populations.

Effective population sizes were significantly lower

than censused population sizes in all populations

(Z = -3.408, p = 0.001; Table 2). To test for a

historic pattern of nearest neighbor migration, a

Mantel test compared geographic distance to genetic

distance and found no evidence of isolation by

distance (obs. = 0.00952, p = 0.394).

After the elimination of S due to significant LD in

greater than 5 % of its potential pairwise relationships,

we determined that 16 of 304 individuals were found

to be likely first generation migrants. This number

excluded 11 individuals sampled at AN and nine

individuals sampled at AS (Table 3); assignment tests

showed that these individuals were equally as likely to

have their origins in either population, further sup-

ported by a non-significant FST value between the

populations. Dispersal patterns between more

diverged populations showed biased dispersal with

PU receiving half of all migrants from across the

island. Specifically, the origins of immigrants detected

in PU were as follows: BD (1), BP (1), LM (1), and U

(5). However, PU had only one emigrant, who

migrated to U. First generation migrants, originating

from PL, were also detected in AS. One migrant was

detected in CK, also emigrating from PL, its nearest

neighbor. BP had one migrant from AK. LM also

received one migrant, originating from BG. No first

generation migrants were detected in AK, BG, BD,

MK, PL, or TK, and no first generation migrants were

detected from CK, MK, or TK.

Bayesian cluster analyses identified no evidence of

significant barriers between populations within the

island’s stretches of contiguous forest and those

outside of the forest patch, showing no support for

the hypothesis that the forest acts as a dispersal

corridor. However, cluster analysis identified signif-

icant barriers in genotypic distributions, separating the

seven core populations (PU, AN, AS, AK, S, BP, and

U) from the remaining populations (CK, PL, MK, BD,

TK, LM, and BG; See Fig. 1). This suggests the

presence of a core-periphery population partition.

A Mantel test comparing genetic and spatial distance

between these seven core populations found no

evidence of isolation by distance (obs. = -0.30713,

p = 0.871). In contrast, cluster analysis identified

significant barriers between each peripheral popula-

tion (Fig. 1), less the two southernmost populations (U

and BP), which clustered tightly with the core group.

The inclusion of the two southernmost populations

suggests that Denpasar, the island’s largest metropol-

itan area with a human population density of over
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6,500 individuals/km2 (CITATION), does not act as a

barrier for macaque dispersal. Further, the identifica-

tion of genetic barriers between periphery populations

indicates significant genetic differentiation across the

island, with a series of small barriers resulting in an

overall east–west running gradient between these

populations. An additional Mantel test comparing

the genetic and spatial distance between these periph-

eral populations also found no evidence of isolation by

distance (obs. = 0.0489, p = 0.631).

PCA of genotypic data found four significant

components, explaining 57.8 % of the variation in

the genetic data. Using the PC findings to krige, we

determined that the largest component of the genetic

Table 1 Pairwise FST values

AN AK AS BD BG BP BT CK LM MK PL PU S TK U

AN 0.00

AK 0.172 0.00

AS 0.015 0.135 0.00

BD 0.098 0.112 0.101 0.00

BG 0.125 0.115 0.111 0.088 0.00

BP 0.172 0.157 0.147 0.141 0.137 0.00

BT 0.168 0.177 0.157 0.138 0.148 0.105 0.00

CK 0.124 0.119 0.113 0.056 0.085 0.117 0.130 0.00

LM 0.124 0.151 0.126 0.095 0.052 0.157 0.161 0.078 0.00

MK 0.218 0.175 0.209 0.131 0.132 0.224 0.205 0.145 0.113 0.00

PL 0.137 0.161 0.137 0.079 0.107 0.181 0.175 0.077 0.124 0.137 0.00

PU 0.162 0.159 0.173 0.084 0.134 0.155 0.141 0.110 0.138 0.148 0.125 0.00

S 0.212 0.056 0.203 0.183 0.206 0.214 0.231 0.179 0.193 0.245 0.215 0.190 0.00

TK 0.176 0.139 0.161 0.131 0.126 0.177 0.147 0.149 0.142 0.181 0.163 0.178 0.210 0.00

U 0.111 0.159 0.122 0.056 0.098 0.135 0.146 0.072 0.105 0.152 0.066 0.085 0.195 0.161 0.00

All values, except the one highlighted in bold, were significantly different from zero.AN, AK, AS, BD, BG, BP, BT, CK, LM, MK,

PL, PU, S, TK, and U are population names and correspond to Fig. 1

Table 2 LD (r2) and effective population size (NEF)

Population r2 Expected r2 Census N NEF -95 % CI for NEF ?95 % CI for NEF

AN 0.112 0.098 50 19.6 9.2 91.7

AK 0.185 0.121 300 2.4 1.9 3.2

AS 0.141 0.121 40 13.4 6.4 42.6

BD 0.054 0.037 200 16.2 12.5 21.4

BG* 0.111 0.076 100 6.4 3.7 9.6

BP 0.132 0.098 45 6.6 3.4 10.5

CK* 0.155 0.098 50 2.7 2.2 4.0

LM 0.126 0.066 60 2.6 2.2 3.0

MK 0.088 0.076 60 23.5 11.2 110.9

PL* 0.048 0.034 200 21.3 14.9 32.3

PU 0.059 0.019 400 4.5 3.6 6.6

S 0.144 0.026 300 1.4 1.2 1.6

TK 0.094 0.071 75 11.1 7.4 17.6

U 0.037 0.021 300 18.9 15.0 24.0

Asterisked populations show evidence of a recent bottleneck
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landscape (PC1GENETIC), at 25.5 %, is significantly

concordant with the anthropogenic components of the

landscape—tourism rate, offering weight, and maca-

que population size. Moreover, offering weight and

water availability, the major components of environ-

mental PC2ENVIRONMENT, were significantly concor-

dant with genetic principal component 4, which

explains only 8.1 % of the genetic variation. Finally,

environmental principal component 3—the ‘natural’

landscape comprised of forest area and elevation

predominantly—was not significantly concordant

with any component of the genetic landscape

(Table 2).

Discussion

Landscape complexity on Bali has left a footprint of

two levels of macaque population structure, allowing

both historic and contemporary patterns to emerge.

FST values and low effective population sizes reflect

historical genetic structure, resulting from relative

isolation across the island via human activities like

rice agriculture and community temple development

that have been ongoing for more than 1,000 years

(Wheatley 1999). Contemporary patterns of gene

flow—described by assignment analyses, cluster ana-

lysis, and kriging results—reflect the connectivity

between macaque populations influenced by human

activities occurring within the last 100 years, such as

expanding urban areas and road building.

The movement of even the occasional immigrant

between populations can have long-term effects on

population structure. In island populations, this effect

can be more pronounced, leading to reductions in

overall genetic diversity as populations lose structure

via gene flow (Frankham 1997). In long-tailed

macaque populations, female philopatry and male

dispersal results in a model of long-term residence.

Strong matrilineal patterns develop while male

macaques disperse from their natal group, typically

before reaching sexual maturity (Melnick and Hoelzer

1992). However, our results suggest significant

genetic structure exists across populations of long-

tailed macaques on the small island of Bali, indicating

male movement has not been as pronounced in this

anthropogenic context as previously found. Signifi-

cant pairwise FST values between all but two popula-

tions suggest long-term genetic isolation across the

island. We found no evidence of isolation-by-distance

between populations, suggesting that macaque dis-

persal, when occurring, is not following a ‘nearest

neighbor’ pattern, as has been previously suggested

for macaques (Thierry 2007). Three populations show

evidence of recent bottlenecks and occur in the farthest

east and farthest west stretches of the island. These

bottlenecks further support low levels of historic gene

flow, suggesting that these populations may have

undergone a period of extreme isolation resulting in

founder effects, evidence of which is still discernible

today.

Low effective population sizes and the identifica-

tion of numerous first generation migrants suggest that

the patterns of macaque movement through the

landscape are not explained by FST values alone. Our

findings indicate contemporary migration between

populations may be shifting due to changes in human

land use practices and human-macaque interactions.

These shifts in migration and focal temples are likely

the result of rapid growth in population sizes,

combined with a skew in reproductive success due to

the hierarchical social structure of macaques, and the

increase in males putatively remaining in their natal

populations beyond reaching sexual maturity. Assign-

ment tests identified 16 first generation migrants

across 14 populations. However, the pattern of

migration is one of a magnet, with 50 % of all

migrants dispersing into one population (PU). This

population is the largest population on the island, with

approximately 400 individuals and comprised of at

least four matrilines at the time of this study, although

recent census data estimates as many as 600 individ-

uals (Brotcorne et al. 2011). Further, it is the best

understood in terms of human interactions, with

regular large-scale and supplementary smaller-scale

feedings, regulated tourism, and an on-site manage-

ment team. Despite the high number of immigrants,

PU had only one successful emigrant, which suggests

that anthropogenic impacts are changing the dynamics

of macaque population social structure, enticing male

macaques to remain in residence at this population far

longer than previously found in macaque populations

(Fuentes et al. 2011). In long-tailed macaques, male

rank, which correlates in general with mating success,

can be temporally highly variable (Thierry 2007).

Recent work in gorillas (Gorilla beringi beringi)

demonstrate that kin-based behavior can result in

males remaining in their natal groups long-term,

1514 Landscape Ecol (2014) 29:1505–1519
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benefitting from these kin associations (Bradley et al.

2004). While this research focused on between group

male–male patterns of relatedness, the implication for

male behavior benefitting from kin associations, when

applied to a primate with a matrifocal hierarchy

system, can suggest that males may remain in their

native populations as long as the group social dynam-

ics allow it. Anecdotal behavioral evidence suggests

that males are remaining long-term in their natal

population in at least the largest of populations in Bali

(Fuentes et al. 2011), and evidence of strong genetic

structure presented here suggest that reproductive

success may be higher for males remaining in

residence.

The results of our Bayesian cluster analyses ana-

lysis identified significant barriers separating the core

of the island from all remaining populations, support-

ing our hypothesis of a relatively homogenous genetic

landscape in the core facilitated by riverine connec-

tions and long-term co-existence to human popula-

tions that derive an economic benefit from macaques

while remaining genetically distinct from peripheral

populations. This core—periphery demarcation sug-

gests that the combination of physical, or the volcanic

range along the northern edge of the island, and

anthropogenic effects, specifically the close proximity

to human populations that do not support a tourism

industry and therefore highly provision macaque

populations in the island core, serve as barriers to

dispersal between these two sets of populations. The

significant barriers partitioning individual peripheral

populations from each other, however, are also likely

due to anthropogenic effects (Lane-deGraaf et al.

2013b). Outside of the island core, the lack of tourism

associated with macaque populations provides no

incentive for large-scale provisioning of these popu-

lations. As a result, crop raiding in these areas occurs

at a much higher frequency. Negative human-macaque

interactions are frequent, including bites and

scratches, and hunting macaques for food occurs

(Lane-deGraaf et al. 2013a). This anthropogenic

context, combined with lack of corridors of suitable

habitat between populations, facilitates increased

fragmentation between the peripheral populations.

As land use patterns continue to shift and human

population density increases, it is likely that barriers to

dispersal and gene flow will increase among periph-

eral populations, further partitioning these populations

from each other, while core populations will become

increasingly linked due to the relative protection of

macaques and coexistence with local communities

which benefit from the economic advantage of inter-

national tourism.

Kriging allowed us to more methodically identify

subtleties in genetic variation. The significant concor-

dance of the genetic landscape with the anthropogenic

components of the landscape, of tourism rate, offering

weight, and macaque population size, and the mixed

landscape components, of rice agriculture, urban area

and water availability, demonstrate that human land

use patterns, specifically tourism industry patterns and

associated large-scale provisioning efforts, act as a

significant driver of macaque population structure,

shaping dispersal patterns across the island. Further,

the finding of significant discordance between envi-

ronmental principal component 3—the ‘natural’ land-

scape comprised of forest area and elevation

predominantly—and the genetic landscape suggests

that long-term anthropogenic effects play a greater

role in shaping macaque population structure across

the island than ‘natural’ landscapes, including pro-

tected habitats.

Much work has been done establishing the need for

wildlife corridors to maintain genetic diversity in the

face of urban communities encroaching on wildlife

habitat (Ruell et al. 2012; Magle et al. 2010; Munshi-

South 2012). These corridors are designed to allow

dispersal, and subsequent gene flow, between popula-

tions that would consider human communities to be a

barrier. Urban wildlife species, however, often use the

anthropogenic landscape in unexpected ways—using

unforeseen corridors and finding barriers where we

would not predict. For example, a generalist omnivore

species known to thrive in human communities—

raccoons (Procyon lotor)—displayed significant pop-

ulation structure at the neighborhood level, despite no

evidence for population barriers at the population

level. Moreover, the evidence suggests that social

interactions and behavior were significant in shaping

the genetic structure of raccoons between neighbor-

hoods and is likely important in other fine-scale

analyses (Dharmarajan et al. 2009). Thus, changes to

the urban landscape may shift the importance of

factors which influence genetic structure from dis-

persal distance alone to more extrinsic factors,

including social dynamics and behavior. Alterna-

tively, black-tailed prairie dog populations, which

require long distance dispersal to maintain gene flow
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between relatively isolated populations, were able to

maintain connectivity, albeit at a slightly reduced rate,

between distant populations in urban landscapes. This

finding led the authors to suggest that despite urban

development, prairie dogs had reached a possible

endpoint for the genetic consequences associated with

habitat loss and were likely to persist long-term

(Magle et al. 2010). More broadly, then, our results

suggest that barriers for some wildlife species are not

barriers for all wildlife species, especially in an

anthropogenic context.

These results suggest that the macaques of Bali are

heavily influenced both by physical features of the

Balinese environment and by human land use patterns,

including provisioning, tourism, and urban develop-

ment. While it is clear that human land use has had

effects on macaque population structure, it is impor-

tant to note that the effects have not been ubiquitous

across the island. Large scale urban development,

specifically Denpasar and the surrounding human

communities, acts as a barrier to gene flow, while

human communities in the core of the island act to

homogenize population structure. The presence of

large populations of macaques, which act as a tourism

draw and thus provide an economic incentive to the

surrounding human communities, benefit from rou-

tine, and often large-scale, provisioning and relative

resource protection while remaining in the core of the

island. Riverine corridors, rice agricultural land, and

family gardens further facilitate dispersal within the

island’s core by providing corridors for dispersal

among these populations.

The combination of population-level analyses, such

as pairwise FST comparisons and measurements of

allelic richness and effective population sizes, and

individual-level analyses, such as assignment tests, the

determination of first generation migrants, Bayesian

cluster analyses, and kriging, has more fully informed

our understanding of the population structure of

macaques than using either set of analyses indepen-

dently. In this and other systems with significant

landscape complexity, the inclusion of more individ-

ual-level analyses can capture the landscape genetics

of populations. Doing so will allow us to understand

how such a ubiquitous and widespread species exhibits

such strong patterns of genetic structure on a relatively

small geographic scale, and how these patterns can be

used to develop our understanding of the relationship

between population and social structure of macaque

populations more widely.
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