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Abstract: Maintaining connectivity in fragmented landscapes is a key principle of biological conservation.
Although corridors are a widely accepted approach to connecting populations, their merits are still debated,
and they may be impractical in many situations. A focus on management of the vegetation matrix between
populations has been advocated as an alternative way to deal with habitat fragmentation and has theoretical
support. We combined microsatellite DNA and demographic data to provide an empirical account of how
two forms of agricultural land use affect the connectivity of insular populations of an endangered skink
in southern New Zealand. The grand skink (Oligosoma grande) lives in small populations (approximately
20 individuals) on rock outcrops separated from one another by 50–150 m of inhospitable matrix vegetation
(either native tussock grassland or exotic pasture). Skinks typically dispersed short distances, and the nature of
the matrix both quantitatively and qualitatively affected dispersal dynamics. Skink populations in pasture were
significantly more genetically structured and had less genetic variation than similar populations in tussock,
implying less dispersal between populations in pasture than tussock. Furthermore, although female-biased
dispersal was a feature of populations in tussock, no sex bias was evident in pasture. In addition, Bayesian
individual-based genetic assignment tests that incorporated prior mark-recapture information revealed that
some populations produced many emigrants but received few immigrants, whereas other populations were
relatively insular. Patterns of dispersal and response to matrix vegetation were complex, and the causes of
these patterns deserve attention in future studies of habitat fragmentation. Managing the vegetation matrix
may be a practical way to connect animal populations in some situations.

Key Words: dispersal, genetic assignment tests, genetic structure, habitat fragmentation, matrix, Oligosoma
grande, skink

Efecto de la Matriz de Vegetación Sobre la Dispersión Animal: Evidencia Genética de un Estudio de Esquincos en
Peligro

Resumen: El mantenimiento de la conectividad en paisajes fragmentados es un principio clave de la bioloǵıa
de la conservación. Aunque los corredores son un enfoque ampliamente aceptado para conectar poblaciones,
sus méritos aun son debatidos, y pueden ser imprácticos en muchas situaciones. Se ha considerado al en-
foque en el manejo de la matriz de vegetación entre poblaciones como una forma alternativa de ocuparse
de la fragmentación de hábitat y que tiene sustento teórico. Combinamos datos de ADN microsatélite y de-
mográficos para proporcionar una explicación empı́rica del efecto de dos formas de uso de suelo agŕıcola sobre
la conectividad de poblaciones insulares de un esquinco en peligro en Nueva Zelanda. El esquinco (Oligosoma
grande) vive en poblaciones pequeñas (aproximadamente 20 individuos) en afloramientos rocosos separados
entre śı por 50-150 m de matriz de vegetación inhóspita (ya sea pastizal nativo o exótico). Los esquincos

††Current address: Applied Ecology Research Group, University of Canberra, ACT 2601, Australia, email oliver.berry@canberra.edu.au
Paper submitted March 31, 2004; revised manuscript accepted July 20, 2004.

855

Conservation Biology, Pages 855–864
Volume 19, No. 3, June 2005



856 Dispersal and the Vegetation Matrix Berry et al.

t́ıpicamente se dispersan por distancias cortas, y la naturaleza de la matriz afectó a la dinámica de dispersión
tanto cualitativa como cuantitativamente. Las poblaciones de esquincos en los pastizales exóticos estuvieron
genéticamente mejor estructuradas significativamente y tuvieron menos variación genética que poblaciones
similares en pastizales nativos, lo que implica menos dispersión entre poblaciones en pastizales exóticos que
en nativos. Más aun, aunque la dispersión sesgada hacia hembras fue una caracteŕıstica de las poblaciones
en pastizales nativos, no fue evidente en pastizales exóticos. Adicionalmente, las pruebas Bayesianas de asig-
nación genética basadas en individuos que incorporaron información previa de captura-recaptura revelaron
que algunas poblaciones produjeron muchos emigrantes pero recibieron pocos inmigrantes, mientras que otras
fueron relativamente insulares. Los patrones de dispersión y de respuesta a la matriz de vegetación fueron
complejos, y las causas de estos patrones merecen ser atendidas en estudios de fragmentación de hábitat fu-
turos. El manejo de la matriz de vegetación puede ser una manera práctica de conectar poblaciones animales
en algunas situaciones.

Palabras Clave: dispersión, esquinco, estructura genética, fragmentación de hábitat, matriz, Oligosoma grande,
pruebas de asignación genética

Introduction

The maintenance of connectivity in fragmented land-
scapes is a long-standing principle of conservation biol-
ogy and stems from the prediction that small, isolated
populations risk stochastic extinction (Lande 1988). Be-
cause many landscapes are now fragmented, determining
how connectivity can best be promoted in these envi-
ronments is the subject of concerted research (Beier &
Noss 1998; Tewksbury et al. 2002). Much attention has
been directed toward corridors, which are strips of high-
quality habitat that permit animal dispersal between oth-
erwise disconnected patches, but ecologists are increas-
ingly focusing on the nature of the matrix outside habitat
patches or corridors and investigating how the matrix in-
fluences connectivity in fragmented landscapes (Ricketts
2001; Perfecto & Vandermeer 2002).

Recent computer models that incorporate different
types of matrix show that the nature of the matrix can
profoundly affect the dynamics of fragmented popula-
tions. For example, Fahrig (2001) showed that increasing
the quality of the matrix reduces the amount of patch
habitat required for a species to persist. Other models
demonstrate that by decreasing the resistance of the ma-
trix and thus increasing interpatch dispersal, the overall
likelihood of persistence of a metapopulation increases
(Vandermeer & Carvajal 2001). These models indicate
that managing the matrix is theoretically a useful way to
maintain connectivity in a fragmented landscape but re-
quire empirical support.

In practice, the influence of the matrix on animal dis-
persal is likely to be species specific and depend in part
on the dispersal ability of the target species (Ricketts
2001). A key to understanding how a target species re-
sponds to the matrix is to measure dispersal in differ-
ent landscapes. For most organisms, however, long-term
patterns of dispersal are difficult to measure by conven-
tional means such as mark and recapture; consequently,

most studies compare only short-term patterns of disper-
sal (e.g., Roland et al. 2000; Jonsen et al. 2001; Ricketts
2001). Yet short-term studies may not detect subtle differ-
ences in dispersal rates and may miss important dispersal
events if the species are cryptic or if the events are rare
(Koenig et al. 1996).

Genetic studies based on patterns of genetic subdivi-
sion among populations are sometimes viewed as a rapid
way to measure dispersal that can provide a greater tem-
poral perspective on patterns of connectivity between
populations (Steinberg & Jordan 1998). Typically, inves-
tigators compare estimators of genetic structure, such as
FST , θ, or RST , and estimators of genetic diversity, such
as heterozygosity between populations in different land-
scapes, with the expectation that the more fragmented
landscape should be more genetically structured and less
genetically variable (e.g., Knutsen et al. 2000; Mech & Hal-
lett 2001). Although this approach can show evidence of
qualitative differences in dispersal between fragmented
and unfragmented landscapes, it has at least three limita-
tions. First, all the estimators can be slow to respond to
changes in dispersal rates (Steinberg & Jordan 1998; Whit-
lock & McCauley 1999), making them least useful when
perturbations to the landscape are recent (e.g., land clear-
ing). These properties and their relevance to studies of
landscape connectivity have been discussed at length in
the literature (Sarre 1995; Steinberg & Jordan 1998; Whit-
lock & McCauley 1999; Pannell & Charlesworth 2000).
Second, in providing a measure of dispersal that is applied
to all individuals under study, these estimators may not
recover the maximum information about dispersal by in-
dividuals that is available from highly variable multilocus
genotypes (e.g., Paetkau et al. 1995; Stow et al. 2001). Fi-
nally, these approaches can generally provide only a qual-
itative estimate of dispersal because the assumptions re-
quired to interpret them quantitatively rarely hold (Whit-
lock & McCauley 1999). This makes it difficult to inte-
grate the data with the quantitative and instantaneous
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demographic data such as birth and death rates that are
usually obtained in ecological studies so they can be in-
cluded in models of population dynamics.

Recent analytical developments in population genet-
ics, in particular genetic assignment tests, can provide
improved resolution of patterns of dispersal because they
focus on the individual rather than the population (Waser
& Strobeck 1998). Applications include testing for sex-
biased dispersal, identifying hybrid individuals, and iden-
tifying dispersing individuals (e.g., Favre et al. 1997; Gal-
busera et al. 2000; Beaumont et al. 2001). A further ad-
vantage of the assignment approach is the ability to make
use of existing demographic data to inform the analysis of
genetic data (Pritchard et al. 2000; Gaggiotti et al. 2002),
which together can provide highly accurate quantitative
dispersal information (Berry et al. 2004).

We investigated how two structurally different types of
vegetation matrix influenced connectivity between pop-
ulations of the endangered skink Oligosoma grande (the
grand skink) in southern New Zealand. This large lizard is
well suited to study of the effects of matrix on dispersal
because it lives in small easily censused groups (approxi-
mately 20 individuals) on discrete, regularly spaced rock
outcrops that are separated from other groups by 50–150
m of vegetation. Two types of vegetation separate rock
outcrops: native tussock grassland (Chionochloa spp.),
which dominated southern New Zealand following Poly-
nesian settlement but is now greatly reduced in extent
(McGlone et al. 1995), and exotic pasture. Livestock graze
both tussock grassland and pasture, but tussock grassland
is denser and structurally more complex than pasture. Re-
sults of a previous study suggest that skink populations
in pasture are less abundant, patchier, and more extinc-
tion prone than populations in tussock, possibly because
pasture inhibits dispersal and recolonization of rock out-
crops (Whitaker 1996). But this remains untested because
long-term patterns of dispersal have not been studied in
O. grande.

We combined demographic data and data from mi-
crosatellite DNA markers to investigate connectivity of
grand skink populations in different matrix vegetation.
First, we characterized levels of genetic subdivision and
genetic diversity in replicate tussock and pasture land-
scapes to qualitatively examine patterns of connectivity.
Then we combined individual-based assignment analyses
and mark-recapture data to reveal that patterns of con-
nectivity may be more complex than is obvious from the
qualitative genetic analysis alone.

Methods

Field Methods

Our study area was located at Redbank, near Macraes
Flat, southern New Zealand (45◦25′S, 170◦24′E). Part of

this area is designated as a reserve for lizard conserva-
tion and consists of a mosaic of tussock grassland and
agricultural pasture regularly punctuated by house-sized
schist rock outcrops. A map of the study area is in Berry
et al. (2004). We used nooses of nylon fishing line to
capture skinks from two pasture-dominated sites (P1 and
P2) and two tussock-dominated sites (T1 and T2). Each
site consisted of between two and four rock outcrops in-
habited by skinks (e.g., P1.1, P1.2. . .T1.1, T1.2) and was
chosen because it had large skink populations and the
group of rocks was relatively isolated from neighboring
rocks. Sites were separated by distances >800 m, which
is larger than the maximum dispersal distance recorded
for grand skinks (678 m; Houghton 2000), so we consid-
ered the sites independent of one another. In 1982 the
entire study area was covered by tussock grassland; how-
ever, sites P1 and P2 were converted to pasture in 1983
and 1988, respectively. Skinks were captured between
November 2000 and April 2001 and were marked with
a unique and permanent toe code and released. We cap-
tured nearly all resident skinks on each outcrop by repeat-
edly visiting rock outcrops over the skink’s entire active
period (November–April). This was verified by estima-
tion of the population sizes by mark-recapture analyses.

Estimation of Population Sizes

We used a mark and resight method to estimate the num-
ber of skinks resident on five rock outcrops. Each rock
was visited three to six times over a period of 7 to 15 days
in April (autumn). Skinks were captured on each visit and
marked with a highly visible and unique number with a
nontoxic marker. We also counted numbered and unnum-
bered skinks, noted their size class and mapped their lo-
cation. Newly marked individuals were released after the
completion of each survey. The combination of unique
numbers, four easily distinguished size classes, fidelity to
crevice retreats, and small population sizes minimized the
chances of double counting individuals. Furthermore, be-
cause the survey period was brief and births are uncom-
mon at this time, dispersal, deaths, and recruitment were
highly unlikely. We analyzed the data as a closed system by
the Schumacher-Eschmeyer modification of the Petersen
method (Krebs 1999).

DNA and Data Analysis

Tissue samples from all captured skinks were collected
for genetic analysis. Samples consisted of toe clips or tail
tips (<2 mg tissue) and were placed immediately into
liquid nitrogen. The DNA was extracted by a salting-out
procedure (Sunnucks & Hales 1996). We genotyped 261
skinks for 15 microsatellite DNA loci following the meth-
ods described in Berry et al. (2003).

We tested the data for departures from Hardy-Weinberg
and linkage equilibrium with the randomization ap-
proaches implemented in FSTAT 2.9.3 (Goudet 1995),
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and calculated observed heterozygosity and gene diver-
sity on each rock outcrop according to Nei (1987). As a
measure of genetic subdivision, we used Weir and Cocker-
ham’s (1984) method to calculate the correlation of gene
frequencies (FST ) among all rock outcrops and between
all pairs of rock outcrops in FSTAT 2.9.3 (Goudet 1995).
When p was <0.05, significance levels were adjusted with
the sequential Bonferroni correction for multiple tests.

Effect of Matrix on Genetic Subdivision and Genetic Diversity

We pooled pairwise FST estimates from within the two
tussock and two pasture sites and used a two-sample ran-
domization test (resampled without replacement, 9999
iterations) implemented in Poptools 2.5.3 (Hood 2002) to
test whether the mean pairwise FST was lower between
rocks in pasture than tussock. We also tested whether
populations in pasture matrix had lower genetic diversity
than those in tussock based on two measures of genetic
diversity: (1) allelic richness, a measure of the number
of alleles in a population corrected for sample size (Pe-
tit et al. 1998) and (2) gene diversity (Nei 1987). These
measures were pooled from the tussock and pasture sites,
and one-sided tests were performed using the permuta-
tion procedures in FSTAT with 1000 permutations.

Isolation by Distance

We used a test for isolation by distance to determine the
spatial scale at which skink dispersal was restricted. We
used a Mantel test (Mantel 1967) implemented in Pop-
tools to identify significant correlations between genetic
differentiation between pairs of rock outcrops (FST ) and
distance. We applied the test to data transformed ac-
cording to Rousset (1997), who showed that in a two-
dimensional landscape a linear relationship is expected
between FST /(1-FST ) and ln distance. We used Pearson’s
correlation coefficient, r, as the test statistic and 9999 ran-
domizations of the distance matrices. We performed this
test for all pairwise comparisons and for pairs of popula-
tions within sites only. Minimum distances between rocks
were estimated using a Garmin GPS (±5-m accuracy) and
50-m measuring tapes. Tests for isolation by distance were
not conducted within each of the matrix types because
of small sample sizes.

Sex-Biased Dispersal

Grand skinks have four easily distinguished age classes
(≤1, ≤2, ≤3 years, adult; Whitaker 1996), and adults
can be sexed by the obvious presence of subcutaneous
hemipenes in males. We tested for sex-biased dispersal
by comparing the mean corrected assignment index of
adult males and females (mAIc; Favre et al. 1997) and FST

between adult males and females. The tests were imple-
mented in FSTAT 2.9.3 and tested for significance with
a permutation procedure in which the test statistic (t;

Goudet et al. 2002) was compared with a null distribu-
tion of the statistic generated by randomizing gender with
respect to genotype 10,000 times and recalculating the
statistic. We carried out separate tests for populations in
tussock (six rock outcrops) and pasture (six rock out-
crops). Two-sided tests were used because there was no
a priori expectation for one sex to disperse more than the
other.

Analyses of Individual Multilocus Genotypes

We estimated the probability that individual skinks were
born on each of the candidate rocks at each site with a
Bayesian-model-based clustering approach implemented
with the program Structure 2.0 (Pritchard et al. 2000).
Structure allows prior information to be incorporated into
the model, and to aid clustering we used mark-recapture
records of the natal rocks of a subset of the skinks un-
der study (131 of 261 individuals). These individuals had
been studied as part of a long-term mark-recapture in-
vestigation (M.D.T., unpublished data). In the model, we
specified that we had high confidence in the natal rock
outcrop of these skinks but allowed a small probability
(v = 0.03) that these classifications were wrong (0.03 is
the empirically determined error rate expected from our
definition of natal rock; see Berry et al. [2004] for details).
We used this prior information to foster clustering of the
remaining individuals whose natal rocks were unknown.
The Structure program estimates the posterior probabil-
ity (Q) that each skink was born on each of K candidate
rock outcrops at each site. Because our mark-recapture
data showed that few individuals (3 of 131) originated
from outside the study sites (M.D.T., unpublished data),
we specified K to equal the number of rocks at the site.
We also specified that allele frequencies on different can-
didate rock outcrops were correlated (FREQSCORR = 1)
and left the remainder of the input parameters at default
values. We ran the clustering for a burn-in of 50,000 it-
erations followed by a run for 1 × 105 iterations of the
Markov chain. We ran 10 replicates for each site to check
for multimodality in the clustering process.

Results

Sample and Population Sizes

A total of 261 skinks were genotyped from the study
rocks. The number of skinks genotyped was very close to
the estimated population size on the five rock outcrops
for which population estimates were made (Table 1). Be-
cause capture effort was more than twice as high at rocks
where population estimates were not made, it is likely
that we genotyped nearly all the skinks inhabiting each
rock outcrop.
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Table 1. Summary statistics for 12 grand skink populations genotyped for 13 microsatellite loci.

Distance to Population Minimum
nearest estimatea population No. genotypedc Ad Hexp

e Hobs
f

Site Rock rock (m) (95% CI) indexb (±SE) (±SE) (±SE) (±SE)

P1 1 71 13.09 (8.85–25.13) 12 12.0 ± 0.0 6.5 ± 0.4 0.787 ± 0.004 0.769 ± 0.123
2 71 — 14 12.8 ± 0.2 5.8 ± 0.7 0.744 ± 0.007 0.669 ± 0.236
3 164 — 38 37.4 ± 0.3 9.0 ± 0.8 0.776 ± 0.020 0.803 ± 0.108

T1 1 61 — 32 22.7 ± 0.4 8.2 ± 0.7 0.793 ± 0.045 0.800 ± 0.180
2 34 — 22 21.1 ± 0.3 8.1 ± 0.8 0.794 ± 0.022 0.816 ± 0.082
3 89 — 25 22.0 ± 0.0 8.4 ± 0.6 0.800 ± 0.040 0.860 ± 0.178
4 34 — 16 15.9 ± 0.1 8.2 ± 0.7 0.800 ± 0.042 0.820 ± 0.193

P2 1 223 28.24 (23.17–36.15) 29 28.6 ± 0.2 7.9 ± 0.5 0.780 ± 0.026 0.834 ± 0.122
2 184 24.24 (19.45–32.17) 27 26.4 ± 0.1 6.8 ± 0.4 0.728 ± 0.051 0.766 ± 0.214
3 184 17.57 (13.36–25.65) 19 18.3 ± 0.2 6.2 ± 0.0 0.741 ± 0.045 0.791 ± 0.188

T2 1 135 22.88 (20.74–25.51) 24 22.0 ± 0.7 7.5 ± 0.5 0.768 ± 0.045 0.811 ± 0.176
2 135 — 15 15.0 ± 0.0 6.8 ± 0.4 0.760 ± 0.050 0.744 ± 0.207

aMark-recapture estimate of population size (— indicates a mark-recapture estimate was not made).
bTotal number of skinks captured on a rock outcrop.
cAverage number of skinks genotyped at each locus.
dAverage number of alleles at each locus.
eAverage gene diversity at each locus (Nei 1987).
f Average observed heterozygosity at each locus.

Characteristics of Microsatellite Markers

The 15 microsatellite loci typed were highly variable. The
average number of alleles per locus was 15.73 (±1.16 SE),
and the average observed heterozygosity was 0.76 (±0.03
SE). Populations on each rock outcrop also exhibited high
genetic diversity (Table 1). Based on a global test, there
was no significant overall departure from Hardy-Weinberg
equilibrium ( p > 0.05). But tests per locus and per rock
outcrop showed that two loci had significant deficits of
heterozygotes, indicating the existence of null alleles on
some rock outcrops. We excluded these loci from the
remaining analyses. Loci were not significantly in linkage
disequilibrium.

Genetic Subdivision

Skink populations were significantly genetically struc-
tured. The overall level of genetic subdivision (FST ) among
all 12 rock outcrops sampled was 0.097 ± 0.006 SE, which
was significantly different from zero ( p < 0.0002). Fur-
thermore, all pairwise tests for differentiation between
rock outcrops were significant except between rocks
P1.1 and P1.2.

Effect of Matrix Type on Genetic Subdivision and
Genetic Diversity

The FST was lower at the two-tussock dominated sites
than at the two pasture-dominated sites (Fig. 1). In ad-
dition, the mean pairwise FST was significantly lower at
tussock-dominated sites than at pasture-dominated sites
( p = 0.03), and both allelic richness and gene diversity
were significantly lower on rocks in pasture than in tus-
sock ( p < 0.05; Fig. 2).

Isolation by Distance and Sex-Biased Dispersal

There was a positive and significant association between
genetic differentiation (FST /1-FST ) and ln distance be-
tween rock outcrops both overall and within sites (overall
r = 0.669, p < 0.001; within sites r = 0.502, p = 0.041).

In tussock-dominated sites, the test based on mean
corrected assignment index detected significant female-
biased dispersal (male mAIc = 1.52, n = 15, female mAIc
= −1.14, n = 20, p = 0.05), but no evidence for sex-
biased dispersal was detected among the populations in
pasture (male mAIc = −0.638, n = 21, female mAIc =
0.216, n = 26, p = 0.46). Similarly, tests based on FST

detected a significant female-biased dispersal in tussock
(male FST = 0.089, female FST = 0.006, p = 0.02) but not
in pasture (male FST = 0.069, female FST = 0.113, p =
0.23).

Figure 1. Comparison of genetic differentiation (mean
FST) of grand skinks between rock outcrops at each
study site (horizontal line), and showing 95% and
99% CI derived by bootstrapping over loci (box and
whiskers, respectively).
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Figure 2. Comparison of (a) mean pairwise FST, (b)
allelic richness, and (c) gene diversity of grand skinks
in pasture and tussock-dominated sites (with SE). An
asterisk (∗) indicates a significant difference (p <

0.05).

Analyses of Individual Multilocus Genotypes

Examination of the range of values of Q for individuals
in tussock and pasture revealed patterns of dispersal that
were sometimes not obvious from population-level anal-
yses illustrated in Figs. 1 and 2 (Fig. 3). At pasture site
P2 seven skinks had higher probabilities of belonging to
rocks other than their capture rocks, marking these in-
dividuals as possible dispersers. These assignments are
given strong support because Berry et al. (2004) showed
that assignments of skinks at this site were 100% correct
relative to known mark-recapture data.

Clustering of the data for pasture site P1 converged
at two different modes in replicate runs, indicating that
the loci did not have sufficient power to consistently re-

veal population structure. This multimodality occurred
because of the failure to resolve genetic structure be-
tween rocks P1.1 and P1.2, which lacked significant ge-
netic structure and were effectively a single population.
Combining these populations and rerunning the cluster-
ing consistently resulted in a single mode. In this case
only five individuals had probabilities of originating on
rock outcrops different from their capture rock (Fig. 3).
These individuals are likely to be dispersers because Berry
et al. (2004) showed that assignments of skinks at this site
relative to mark-recapture data were accurate in 95% of
cases.

More complex patterns were evident for the two tus-
sock sites, with some rock outcrops appearing to be
highly admixed and others showing little admixture (Fig.
3). At tussock site T2, 10 skinks from rock T2.1 had high
probabilities of belonging to rock T2.2, but no skinks
from rock T2.2 had high probabilities of belonging to
rock T2.1. Similarly, at tussock site T1, few skinks from
either rocks T1.1 or T1.3 had high probabilities of belong-
ing to another rock, but many skinks from rocks T1.2 and
T1.3 had high probabilities of belonging to other rock
outcrops. In the case of rock T1.2, most of these indi-
viduals were assigned to rock T1.3, and in the case of
rock T1.3, most individuals were assigned to rock T1.1.
Most of these skinks are likely to be dispersers because
Berry et al. (2004) showed that between 79% (site T1) and
65% (site T2) of skinks were assigned correctly relative to
mark-recapture data at these sites.

Discussion

The global spread of intensive agriculture means that
many species now occur as small populations embedded
within highly modified landscapes. Although corridors
are a widely accepted approach to connecting popula-
tions (Rosenberg et al. 1997), their merits are still debated
(Beier & Noss 1998) and they are likely to be impractical
in many situations. A focus on managing the matrix has
been advocated as an alternative way to deal with habi-
tat fragmentation (Perfecto & Vandermeer 2002) and has
theoretical support. We sought to provide an empirical
account of how two forms of agricultural land use affect
the connectivity of populations of endangered skinks.

Study Design and Interpretation

Making inferences about landscape connectivity from ge-
netic data poses several difficulties that must be addressed
by appropriate experimental design (Steinberg & Jordan
1998). First, one must assume that the underlying patterns
of genetic variation before land-use change or fragmenta-
tion were homogenous across the study area and are not
the result of historical effects such as range changes (cf.
Cunningham & Moritz 1998). In our case, because of the
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Figure 3. Results of Bayesian
clustering of individual
skink genotypes with
Structure 2.0. Each site is
shown separately: (a) site T1,
(b) site P1, (c) site T2, (d)
site P2. Individuals are
represented across the x-axis
by a vertical bar that may be
divided into shaded segments
that represent that
individual’s probability of
originating (Q ) from each of
the rocks at a study site.
Skinks are also grouped
across the x-axis according to
the rock they were captured
on. Filled squares above an
individual indicate that the
natal rock was known and
the individual did not
disperse, open squares
indicate that the individual
was a known disperser, and
dashes indicate that the
natal rock was not known
for that individual.

small spatial scale of the study and interspersion of repli-
cate sites, the observed differences are unlikely to be the
result of such effects.

Second, estimators of genetic structure and genetic
variation can be biased by small sample size or nonran-
dom sampling (Hansen et al. 1997; Mossman & Waser
2001; Tallmon et al. 2002), meaning that samples do not
adequately represent the genetic variation present in pop-
ulations. We used mark-recapture population estimates to
show that genetic sampling of the populations was nearly
complete, thus allowing us to examine the effects of the
matrix with little sampling error.

Third, it is important to match the characteristics of
populations in the two types of landscapes because the
rate of loss of genetic variation within populations and
increase in genetic divergence between populations may
result from three factors: differences in the size of pop-
ulations, the rate of migration, and the rate of mutation
(Wright 1969). Because only rate of migration is of inter-
est, the other two characters must be matched. A central

feature of our design was that populations in pasture and
tussock were replicated and about the same size (based
on minimum population size, t test, p > 0.05), making any
observed treatment effects the result of dispersal rate (we
also assumed that mutation rate is equal in pasture and
tussock populations). Although we used replicate sites in
an attempt to account for inherent differences that could
confound our results, populations in pasture were on av-
erage farther apart than those in tussock (205 m ± 38.3 SE
vs. 92 m ± 20.7 SE). This should increase genetic subdivi-
sion in pasture relative to tussock, and without additional
study sites we could not determine the extent to which
this contributes to our results. This difference, however,
was largely the result of widely separated populations at
pasture site P2 because site P1, which had been pasture
for the longest period (over 18 years), had the most geneti-
cally subdivided populations, but its populations were not
separated by distances significantly different from those
in tussock (t test, p > 0.05). This suggests that the matrix-
limited dispersal is a more critical factor.
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Environmental and Genetic Patchiness

Grand skinks live in a naturally patchy environment, and
this patchiness is reflected in the fine-scaled genetic struc-
ture detected. Several lines of evidence indicate that dis-
persal is very localized in this species. First, a pattern of
isolation by distance existed at both small (<350 m) and
moderate (<2.5 km) spatial scales, indicating that skinks
disperse more often between nearby rock outcrops than
more distant rock outcrops (even at scales ≤350 m). Sec-
ond, neighboring populations were genetically distinct
in nearly all cases, even though some were only 35 m
apart (e.g., between rocks T1.2 and T1.3). These obser-
vations are supported by mark-recapture data showing
some skinks to have remained on a single rock for over
12 years (M.D.T. unpublished data.).

Although the fine scale of genetic structuring indicated
that dispersal was restricted between rock outcrops, it is
unlikely that the high levels of genetic diversity recorded
on each rock outcrop could be sustained in such small
populations without recurrent dispersal (cf Tallmon et
al. 2002). Completely isolated populations with popula-
tion sizes similar to those recorded here (n ∼ 25) would
probably have effective population sizes (Ne) 10–50% of
that size (Frankham 1995) and would lose neutral genetic
variation rapidly. For example, without immigration, they
would on average lose 50% of their heterozygosity within
1.39 × Ne generations, which is between 3.5 and 17.4
generations (Hartl & Clark 1997). The high levels of ge-
netic variation observed indicate that despite the patchi-
ness of the rocky habitat, regular short-distance dispersal
must also be a characteristic of this species. This provides
independent evidence that grand skinks persist in this
patchy environment through the formation of a metapop-
ulation (Whitaker 1996). Further, it makes focus on dis-
persal particularly relevant in this species because species
with limited dispersal abilities may be more responsive to
the nature of the matrix than more vagile species (Rick-
etts 2001).

Importance of Matrix

Theory predicts that small isolated populations are more
subject to genetic drift than populations experiencing dis-
persal and gene flow, should feature less genetic variation,
and should be more genetically structured ( Wright 1969).
Our results are consistent with these expectations—
populations in pasture were predicted to be more insular
than those in tussock ( Whitaker 1996)—and we showed
that they had less genetic variation and were more ge-
netically structured than similar populations in tussock.
This result is notable because results from short-term (≤2
years) studies of dispersal based on mark-recapture data
have not shown any significant effect of the matrix on
rates of dispersal ( Whitaker 1996; Houghton 2000). Im-
portantly, reduced dispersal in pasture-dominated land-

scapes means that populations should be more sub-
ject to stochastic processes (Hanski 1998) and explains
why populations are patchier and more extinction prone
(Whitaker 1996).

Skink Sources and Sinks?—Individual-Based Analysis

Individual-based genetic analyses revealed that patterns
of dispersal relative to the vegetation matrix were more
complex than indicated by the standard qualitative genet-
ics analyses. Based on the qualitative genetic results from
tussock study sites, we expected more skinks to be iden-
tified as likely dispersers than in the pasture sites. Yet, we
observed that some rock outcrops were highly admixed
as expected, whereas others were relatively insular. For
example, rocks T1.1 and T2.2 both received a few or no
immigrants but contributed many to neighboring rock
outcrops. It is unclear whether this pattern is indicative
of source-sink dynamics (Harrison 1991) or what features
of these rock outcrops promote greater emigration than
immigration, but density-dependent emigration resulting
from resource limitation merits investigation (e.g., Gag-
giotti et al. 2002).

The assignment results from the pasture sites were
more in line with the expectations from the qualitative
genetic analysis, with few skinks from any rocks identi-
fied as likely dispersers. The one exception was between
two rocks that were highly admixed at site P1. These
populations were separated by 71 m, but two small rock
outcrops inhabited by a handful of skinks (≤3) were sit-
uated in the intervening space and may have facilitated
the high level of dispersal by acting as stepping stones.

Sex-Biased Dispersal and the Matrix

Sex-biased dispersal has been identified in a handful of
lizard species and in most cases has been male biased
(e.g., Doughty et al. 1994; Gardner et al. 2001). Our re-
sults show that (1) neither sex is strictly philopatric be-
cause both male and female individuals had low mAIc
scores (data not shown), (2) female-biased dispersal was a
feature of populations in tussock, and (3) sex bias was ab-
sent in pasture. The first observation is supported by data
from a mark-recapture study that detected both male and
female dispersers between rock outcrops (M.D.T., unpub-
lished data; Houghton 2000). The effect of the matrix on
sex-biased dispersal (observations 2 and 3) is important
because it indicates that not only did the pasture matrix
reduce levels of dispersal, but it also may have qualita-
tively affected the individuals that disperse. This effect of
habitat fragmentation is seldom studied (see Stow et al.
2001; Stow & Sunnucks 2004), and it is unclear whether
it might detrimentally alter the demography or reproduc-
tive behavior of isolated populations. The detection of a
sex bias in dispersal is also notable because no consis-
tent sex bias in interpopulation dispersal was detected in
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earlier mark-recapture studies of this species (Whitaker
1996; Houghton 2000; Marshall 2000).

Implications for Skink and Tussock Grassland Conservation

Most studies of habitat fragmentation focus on forest-
dwelling mammals or birds and rarely on reptiles or grass-
lands (McGarigal & Cushman 2002). Yet in some cases
these groups represent major components of regional bio-
diversity. In New Zealand, where native terrestrial mam-
mals are absent, reptiles form a large proportion of ver-
tebrate biodiversity, but most species have suffered ma-
jor range declines or extinctions since human settlement
(Towns et al. 2001). Similarly, montane tussock grasslands
were historically a prominent vegetation assemblage in
southern New Zealand but have been greatly reduced in
area by agricultural development (McGlone et al. 1995;
McGlone 2001). Our results have relevance to the conser-
vation of both the grand skink and native tussock grass-
lands. The grand skink has suffered a massive range col-
lapse (Whitaker & Loh 1995). Because this coincided with
the widespread loss of native vegetation it has been spec-
ulated that the processes are related (Whitaker & Loh
1995; Whitaker 1996). We have demonstrated an effect
of matrix vegetation that has the potential to alter land-
scape connectivity for grand skink populations and pos-
sibly even alter social dynamics. This is cause for concern
because it is well established that small populations such
as those studied here are vulnerable to stochastic extinc-
tions resulting from both demographic and genetic causes
should they become isolated (Lande 1988). Linking land-
scape change to the decline of this species, however, is
complicated by the simultaneous pressures of multiple
introduced mammalian predators (Towns et al. 2001),
which may act in combination with landscape change
to endanger skink populations. The effects of introduced
predators on skink populations are currently under study
(M.D.T., unpublished data).

Summary

We aimed to provide an empirical example of how dif-
ferent agricultural land uses affect connectivity of ani-
mal populations. Our combined genetic and demographic
data enabled us to make four main observations about the
significance of vegetation matrix for skink dispersal: (1)
grand skinks live in small groups on rock outcrops and
usually disperse short distances; (2) on average, dispersal
was less frequent between populations in pasture than
between populations in tussock; (3) female skinks were
more likely than males to disperse between rock outcrops
in tussock but not in pasture; and (4) despite observation
2, not all rocks in tussock were characterized by high
emigration and immigration—some appeared to function
as sources of immigrants to neighboring populations and
received relatively few immigrants themselves. Together,
these results suggest that the nature of the matrix can both

quantitatively and qualitatively affect dispersal, but char-
acteristics of individual populations may also play a role
in determining dispersal dynamics and warrant further
attention in studies of habitat fragmentation. Managing
the vegetation matrix may be a practical way to connect
fragmented populations in some situations.
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