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Abstract Examining the spatial genetic structure of cryptic
species occupying challenging terrain can afford otherwise
unattainable insights into ecological and evolutionary pro-
cesses, such as population dynamics and dispersal patterns;
information important for optimising conservation manage-
ment. Using 13 microsatellite markers, we evaluated patterns
of fine-scale gene flow and the spatial extent of genetic
structuring of rock wren (Xenicus gilviventris), a threatened
alpine passerine endemic to mountainous regions of the
South Island, New Zealand. Through spatial autocorrelation
analysis, we found that the ‘genetic patch size’, i.e. the dis-
tance over which individuals were not genetically indepen-
dent, was surprisingly large (c. 70 km), given the rock wren’s
limited flight ability. By estimating recent migration rates
among sampling locations we also found asymmetries in
gene flow indicative of source—sink dynamics. An area with
intensive deer and predator control, in the Murchison
Mountains, Fiordland, appears to be a particularly important
source of migrants for other populations. These findings
suggest that management to maintain connectivity is required
across relatively large spatial scales and source populations
may be those where introduced mammals are managed.
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Introduction

Understanding dispersal dynamics and connectivity among
populations of threatened species is crucial in determining
the appropriate units and spatial scale for conservation
management (Waples and Gaggiotti 2006; Funk et al. 2012).
Genetic structuring is typically low in birds and expected to
occur only at large geographic spatial scales due to a high
capacity for dispersal (Crochet 2000; Abbott et al. 2002). In
species where flight is limited however, we might expect
fine-scale structuring to occur over small spatial scales of just
a few kilometres, more closely resembling the spatial struc-
ture of small mammals (Baker et al. 1995; Peakall et al.
2003). Furthermore, avian species that occupy naturally
fragmented habitats, such as alpine ‘sky islands’ (Bech et al.
2009) have been demonstrated to exhibit strong genetic
structuring (Segelbacher and Storch 2002; Caizergues et al.
2003; Weston and Robertson 2015). The spatial hetero-
geneity of the alpine landscape and patchiness of suit-
able habitat may also lead to source-sink population
dynamics (O’Keefe et al. 2009). In ‘sink’ populations,
reproduction is insufficient to balance local mortality; how-
ever, these populations may be sustained through immigra-
tion from more productive ‘source’ populations (Pulliam
1988). Source—sink dynamics have important implications
for conservation management and can be recognised through
asymmetries in dispersal and the effects on genetic diversity
within and among populations (King et al. 2000; Andreasen
et al. 2012; Furrer and Pasinelli 2015).
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Genetic structuring may also arise from a sex-bias in
dispersal. Several hypotheses have been proposed to account
for differences in dispersal behaviour between the sexes:
competition for resources (Greenwood 1980), competition
for mates (Perrin and Mazalov 2000) and inbreeding
avoidance (Pusey 1987). In birds, females tend to disperse
further from their place of birth whilst males exhibit stronger
philopatry (i.e. remain at their natal site to breed) (Parkes
et al. 1978; Greenwood 1980). This is a prediction of the
‘resource competition’ hypothesis, which states that males
are likely to benefit more than females from familiarity with
their birth site, as they need to acquire and defend territories
to attract mates (Greenwood 1980). Consequently, it can be
expected that stronger fine-scale genetic structuring will
generally be detected for males in birds.

Here, we investigate the spatial structuring of rock wren
(Xenicus gilviventris), a threatened alpine passerine belonging
to the endemic New Zealand wren family (Acanthisittidae).
Rock wren are a widespread, naturally fragmented taxon,
occurring in patches of suitable habitat over c¢. 900 m in alti-
tude throughout the length of the South Island of New Zealand
(Higgins et al. 2001). Several areas of high rock wren density
have been identified in localised areas of the lower South
Island; areas which have consequently become the focus for
conservation management efforts. However, the genetic status
of these ‘populations’ and the extent to which they are con-
nected by dispersal has until now, been entirely unknown. By
gaining an understanding of the spatial genetic structuring of
rock wren and their patterns of fine-scale gene flow, we aim to
identify appropriate populations for conservation manage-
ment. Specifically, we will compare levels of genetic diversity
and differentiation among sampling locations, identify any
potential asymmetries in gene flow and discuss the implica-
tions of these factors for management.

Recent phylogeographic analysis (Weston and Robertson
2015) identified two genetically distinct lineages of rock
wren, each spanning approximately 370 km, within which
only relatively shallow sub-structuring was detected. This
finding, combined with a strong pattern of isolation by dis-
tance (Weston and Robertson 2015) suggests that dispersal
between geographically isolated areas is occurring, in spite
of the rock wren’s poor flight ability. Rock wren are socially
monogamous, maintaining territories ranging in size from c.
0.6 to 4.2 hectares (around 1.4 hectares on average), which
vary little in size between seasons (Michelsen-Heath 1989).
Typical habitat comprises low alpine and subalpine shrub-
land, herb fields, scree slopes, boulder fields and rocky
bluffs (Michelsen 1982). Juveniles establish territories and
find mates by the end of the summer in which they fledge,
ready to commence breeding the following spring (Michel-
sen-Heath 1989). Michelsen-Heath (1989) reported that of
75 juveniles banded as nestlings within the Murchison
Mountains, Fiordland, 75 % remained within 500 m of their
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place of fledging, with the remainder not re-sighted (sex bias
and time interval were not recorded). Due to their cryptic
nature and challenging alpine habitat, very little is known
with regard to the dispersal pathways of rock wren, though
they have almost never been recorded below the treeline
(Weston and Robertson 2015).

Using 13 polymorphic microsatellite DNA loci, we
apply both individual and population-level analyses to
investigate fine-scale patterns of dispersal in rock wren. We
aim to: (i) establish the spatial scale of non-random genetic
structure, i.e. the ‘genetic patch size’ of rock wren; (ii)
investigate source—sink dynamics, and; (iii) identify the
most appropriate populations for conservation management
within the lower South Island of New Zealand.

Materials and Methods
Sampling and DNA extraction

Rock wren blood samples (n =101) were collected from
throughout the lower South Island of New Zealand, with a
maximum distance between samples of approximately 265
km (Fig. 1). All samples belonged to the Southern lineage
of rock wren identified by Weston and Robertson (2015).
Sampling was undertaken from 2009 to 2012 during the
austral summer breeding season. Birds were initially
attracted using audio playback. Due to their limited flight
capability (Higgins et al. 2001), they were then either caught
in hand nets or ‘herded’ into mist nets. The capture location
of each individual was recorded using a Garmin handheld
GPS. Resampling of birds was prevented by tagging each
bird with a single metal leg band issued by the New Zealand
Department of Conservation as part of the national bird
banding scheme. Catching effort focused on adult pairs to
avoid sampling relatives. Blood samples (<20 pl) were
obtained by brachial vein puncture with a sterile needle
(25G x 5/8”) and collection of the blood with a glass
capillary tube for immediate transfer into 1 ml of Queen’s
lysis buffer (10 mMTris, 10 mMNaCl, 10 mM Na-EDTA,
1 % n-lauroylsarcosine; pH 7.5) (Seutin et al. 1991). DNA
was extracted and purified from the whole blood using a
standard 5 % Chelex protocol (Walsh et al. 1991).

DNA sexing

Although rock wren are sexually dimorphic (Higgins et al.
2001), differences can be subtle and vary throughout their
range (pers. obs). Therefore, the sex of each bird was reaf-
firmed using a DNA test. In birds, females are heterogametic,
i.e. have two different sex chromosomes (ZW) and males are
homogametic (ZZ). Consequently, detection of the female-
specific W chromosome differentiates the sexes (Ellegren and
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Fig. 1 Sampling locations of
101 rock wren (Xenicus
gilviventris) throughout the
mountainous regions of the
lower South Island. Sampling
locations are labelled: Hr Haast
Range n = 17; C Lake Crucible
n=4; Ma Matukituki n = 6; A
Lake Adelaide n = 6; H Upper
Hollyford n = 25, Mn Lake
Marion n = 2; Mk Monkey
Creek n = 4; M Murchison Mtns
n = 14; E Eyre Mtns n = 2; R
Lake Roe n = 16; Mc Lake
MacArthur n = 5
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Sheldon 1997; Dubiec and Zagalska-Neubauer 2006). We
used the 2550F/2718R primer pair developed to amplify sex-
specific versions of introns in the chromo-helicase-DNA
binding protein (CHD) (Fridolfsson and Ellegren 1999). PCRs
were performed in a 10 pl reaction containing 10-30 ng of
template DNA, 1 x PCR buffer, 1.5mM of MgCl,, 200 uM of
each dNTP, 0.5 unit of Tag polymerase (Bioline USA, Inc,
Randolph MA 02368-4800) and 0.5 pmol of each primer
(Robertson and Stephenson 2008). The thermal cycling
parameters were an initial three minute denaturation at 94 °C,
followed by a touchdown of 10 cycles at 94°C/15 s, 55—45°C/
25 s (—1 °C per cycle) and 72°C/35 s, then 25 cycles at 94°C/
15's,45°C/25 s and 72°C/35 s. PCR products were separated in
2 % agarose gels, run in standard TAE buffer, and visualized
using SYBR® Safe DNA Gel Stain (Life Technologies).

Microsatellite genotyping

All 101 samples were genotyped at 13 microsatellite loci
Xgilv 1, Xgilv 4, Xgilv 8, Xgilv 9, Xgilv 12, Xgilv 16,
Xgilv 19, Xgilv 20, Xgilv 21, Xgilv 23, Xgilv 27, Xgilv 28,
Xgilv 31) previously developed for rock wren using 454
next generation sequencing (Weston and Robertson 2014).
Electrophoresis of amplified PCR products was performed
using an ABI 3730xI Genetic Analyser (Applied Biosys-
tems) with GeneScan™ 500 LIZsize standard and scored
using GENEMAPPER version 4.0 (Applied Biosystems).
Tests for Hardy—Weinberg equilibrium (HWE) and linkage
disequilibrium (L.D) were conducted in GENEPOP version
4.1 (Rousset 2008) employing the Markov Chain method
with 10,000 dememorisations, 1,000 batches and 10,000
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iterations. Significance levels were adjusted for multiple
comparisons among loci following standard Bonferroni
correction (Rice 1989).

To check for genotyping error, 10 % of all samples were
run twice for each locus. The error rate per allele was
calculated by dividing the number of mismatched alleles by
the total number of repeat-genotyped alleles (Hoffman and
Amos 2005).

Population-level genetic diversity and differentiation

Levels of genetic diversity were evaluated for each of the
four sampling locations where n > 10 (i.e. Haast Range,
Upper Hollyford, Murchison Mountains and Lake Roe).
Mean number of alleles per locus and observed/expected
heterozygosity (Ho/He) were calculated using GenAlEx
v.6.41 (Peakall and Smouse 2006). Allelic richness, a mea-
sure of allelic diversity that accounts for differences in
sample size, and the inbreeding coefficient F;g were calcu-
lated in FSTAT v.2.9.3 (Goudet 2001). The significance of
Fis values was calculated based on a significant deviation
from HWE (i.e. heterozygote deficiency for positive values)
over 1300 randomisations (Goudet 2001). Weir and Cock-
erham’s (1984) pairwise Fgr values were estimated to eval-
uate the degree of genetic differentiation among sampling
locations. Significance was tested over 10,000 permutations
and strict Bonferroni corrections for multiple comparisons
among loci were applied (Rice 1989). For comparison,
genetic differentiation between each pair of sampling loca-
tions was also estimated using the statistic Jost’s D (Jost
2008) calculated in SMOGD v.1.2.5 (Crawford 2010).

Migration rates

To assess geneflow among sampling locations with >10
individuals, recent migration rates (over the last 2-3 gen-
erations) were estimated using Bayesian inference imple-
mented in BayesAss 3.0 (Wilson and Rannala 2003). Rates
are provided as the proportion of individuals in the
receiving population that are migrants derived from the
source population, per generation. The programme was run
with a Bayesian Markov Chain Monte Carlo (MCMC)
length of 10,000,000 iterations, a burn-in period of
2000,000 iterations and sampling every 100 generations.
Various mixing parameter values were trialled to achieve
optimal acceptance rates of 20-60 % for migration rates
(m), allele frequency (a) and inbreeding coefficients (f); in
the final model parameter values were set at: m = 0.3, a =
0.5 and f = 0.6. Convergence was confirmed through the
assessment of the plotted log-probability using Tracer 1.5
(Rambaut and Drummond 2007) and by comparing the
posterior mean parameter estimates amongst multiple runs
for concordance.
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Spatial genetic structure

To test for a positive correlation between genetic relatedness
and linear (Euclidian) geographic distance (isolation by
distance or ‘IBD’), Mantel tests were performed using
coefficients of genetic relatedness (Queller and Goodnight
1989) between each pair of the 101 individuals sampled.
Significance of correlations was estimated over 9999 repli-
cates using GenAlEx v.6.41 (Peakall and Smouse 2006).

We also tested for spatial autocorrelation, the correlation
of genotypes between pairs of individuals separated by
similar geographic distances or which fall into specified
‘distance classes’, using a multivariate approach in GenAlEx
v.6.41 (Peakall and Smouse 2006). Twelve arbitrary dis-
tance classes were constructed to contain approximately
equal numbers of samples. A correlogram is produced
showing the autocorrelation coefficient » as a function of
distance class. Where fine-scale structure exists, r is typi-
cally greater than zero for shorter distance classes and less
than zero for larger distance classes. The lowest distance at
which the correlogram crosses the x-axis may be interpreted
as the extent of non-random (positive) genetic structure or
‘genetic patch size’ i.e., the distance at which samples
become genetically independent (Smouse and Peakall 1999).
However, the interpretation of the x-intercept in this regard
needs to consider the interplay of the distance class sizes
chosen, sample sizes for each distance class and the true (but
unknown) extent of genetic structure (Smouse and Peakall
1999). For this reason, we experimented with different dis-
tance class intervals to ensure approximately equal but
adequate sample sizes and that our sampling intervals were
not greater than the scale of genetic structure.

Two methods are used to test the significance of the
autocorrelation in GenAlEx: random permutation and
bootstrap estimates of r. Random permutations (9,999) are
used to generate a distribution of permuted (rp) values under
the assumption of no spatial structure, from which a 95 %
null confidence interval is calculated. If the observed r value
falls outside of this confidence interval, then significant
spatial genetic structure can be inferred. Bootstrapping is
used to place a confidence interval around each observed
estimate of r. The bootstrap autocorrelation coefficient (7,)
is calculated for each of 9999 bootstraps and when the
estimated bootstrap confidence interval does not straddle r =
0, significant spatial structure is inferred. The overall sig-
nificance of spatial autocorrelation across all distance classes
is also tested over 9,999 permutations under the null
hypothesis that the entire correlogram is ‘flat’ against the
alternative hypothesis that it is not. Nonparametric hetero-
geneity tests were also performed to test for significant
differences in spatial genetic structure patterns between the
sexes (Smouse et al. 2008). The tests are performed at each
distance class where the null hypothesis predicts overlap in
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the 95 % ClIs between the sexes and also at the whole cor-
relogram level under the null hypothesis that the correlo-
grams from both sexes are homogeneous.

Mean pairwise relatedness among individuals within each
sampling location was also calculated in GenAlEx using the
Queller and Goodnight (1989) index of relatedness (r). The
overall index ranges between —1 and 1, with values of r
approximating 0.5 for parent-offspring or full-siblings, c. 0.25
for half-siblings and zero for unrelated individuals (Queller
and Goodnight 1989). The 95 % confidence intervals about
the mean values were estimated using 10,000 bootstraps.

To further investigate genetic structure and the geo-
graphic location of any genetic discontinuities within the
lower South Island, we utilized two Bayesian clustering
methods implemented in Geneland (Guillot et al. 2005) and
STRUCTURE v.2.3.3 (Pritchard et al. 2000). Both meth-
ods assign individuals probabilistically to genetic clusters
(K) by calculating membership coefficients per individual
per cluster (Q). Geneland uses individual GPS coordinates
as prior information, whilst for STRUCTURE, the sam-
pling location was provided as prior spatial information. In
both cases, an admixture model was used and uncorrelated
allele frequencies, as this is less prone to algorithm insta-
bilities and departure from model assumptions (e.g. pres-
ence of isolation-by-distance) (Guillot 2012). We tested for
K = 1-7 (seven being the number of broad geographic
regions sampled) with ten independent runs performed for
each value of K.

In Geneland, after 1,000,000 Markov Chain Monte Carlo
(MCMC) iterations, post processing was carried out on the
run with the highest average posterior probability to com-
pute the posterior probability of population membership for
every pixel in the spatial domain (150 x 250 pixels, 2,000
iterations discarded as burn-in). For STRUCTURE, results
are based on 1,000,000 MCMC iterations following a burn-
in of 100,000. The true value of K was inferred by evalu-
ating Q values, the mean log-likelihood of the data (In
P(XIK)) and using the Delta-K (AK) method (Evanno et al.
2005) implemented in Structure Harvester (Earl and von-
Holdt 2012). Results were averaged across the ten runs using
Clumpp v.1.1.2 (Jakobsson and Rosenberg 2007) and visu-
alized using Distruct v.1.1 (Rosenberg 2004).

Tests for sex-biased dispersal

We conducted five independent tests for sex-biased dis-
persal using FSTAT v.2.9.3 (Goudet 2001). Firstly, we
compared values of Weir and Cockerham’s (1984) Fgr
estimator Oy among populations for males and females. It
is expected that the dispersing sex will have a lower Ogt
given that dispersal homogenises allelic frequencies. Sec-
ondly, we examined differences in the inbreeding coeffi-
cient (Fig) between the sexes. The dispersing sex should

display a higher Fig than the more philopatric sex indica-
tive of greater genetic structuring among sub populations
(Goudet et al. 2002). This underlying genetic structure
leads to a heterozygote deficit known as the ‘Wahlund
effect” and produces an effect analogous to inbreeding
(Goudet et al. 2002). This is because individuals sampled
from a single location will be a mixture of both residents
and immigrants in the dispersing sex, meaning that
homozygotes will be more frequent and heterozygotes less
frequent than expected based on the calculated allele fre-
quency for the combined population. FSTAT v.2.9.3 also
calculates Hamilton’s (1971) index of relatedness r =
2F¢7/(1 + Fyr), using an estimator strictly equivalent to
Queller and Goodnight’s (1989). Relatedness amongst
members of the dispersing sex is predicted to be lower
(Goudet et al. 2002). For the last two tests, we calculated
the Assignment Index statistic (Al) and tested for differ-
ences in: (1) the mean (mAlc), and; (2) variance (vAlc)
between the sexes. Alc values are centred on zero and
calculate the probability for each genotype to be repre-
sented in the sampled population. Resident individuals are
likely to have genotypes with an above-average likelihood
of occurring in the sample, which should lead to positive
Alc values. Consequently, mAlc should be higher in the
philopatric sex and vAlc should be higher in the dispersing
sex because of the inclusion of both immigrant and resident
genotypes (Lampert et al. 2003; Helfer et al. 2012).

Results

The mean genotyping error rate across all 13 loci was low,
with 0.0116 alleles resulting in an allelic mismatch. There
was no evidence for linkage disequilibrium between any
pair of loci, or significant consistent departure from HWE
for any locus after significance levels were adjusted for
multiple pairwise comparisons using the sequential Bon-
ferroni correction.

Population-level genetic diversity and differentiation

Levels of genetic diversity were similar among the four
sampling locations (He 0.524-0.557), however the Haast
Range exhibited notably lower levels of allelic diversity
(Table 1). Values of Fig were positive for all sampling
locations, indicative of inbreeding, with the highest values
for the Haast Range and Murchison Mountains, though this
value was only significantly different from HWE for the
Haast Range (Table 1). Levels of genetic differentiation
among sampling locations were comparable among the two
distance methods (Fgy and Jost’s D), both showing the
greatest differentiation among the Haast Range and all
other sampling locations (Table 2).
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Table 1 Genetic diversity in rock wren (Xenicus gilviventris) sam-
pled from four locations within the lower South Island, using 13
microsatellite markers

N N, Nz Ho He Fis

Haast Range 17 339 331 0454 0557 0.214*
Upper Hollyford 25 454 419 0520 0.553  0.081
Murch Mtns 14 415 415 0478 0524 0.124
Lake Roe 16 446 434 0534 0531  0.027

N sample size, Na mean number of alleles, NR allelic richness, Ho
observed heterozygosity, He expected heterozygosity, Fis inbreeding
coefficient

* Significant deviation from Hardy—Weinberg equilibrium (P < 0.05)
after Bonferroni correction

Migration rates among sampling locations

The mean posterior probabilities of migration rates showed
that the majority of individuals originated from the location
within which they were sampled, with the Haast Range
having the highest proportion of residents (m = 0.94)
(Table 3). The Murchison Mountains was the only signif-
icant source of migrants for all locations (m = 0.15-0.27),
and migration was asymmetrical with almost no geneflow
into the Murchison Mountains from any other sampling
location (Table 3).

Spatial genetic structure

Across the lower South Island, a weak but significant IBD
relationship of decreasing pairwise relatedness over increas-
ing geographic distance was detected (R* = 0.080, P < 0.001)
(see Supplementary Information). Spatial autocorrelation was

highly significant (P < 0.001) overall, indicating that rock
wren are non-randomly distributed across the landscape
(Fig. 2). Autocorrelation was positive and significant
(P < 0.00D)for the first six distance classes thus providing
evidence that individuals <50 km apart are on average more
genetically similar than spatially random pairs. The correlo-
gram crosses the X-axis at ¢. 70 km, indicating that individuals
separated by >70 km are less genetically similar than expected
at random (Fig. 2).

The heterogeneity tests revealed significant overall dif-
ferences among the correlograms of males and females (P =
0.01). Males exhibited higher positive autocorrelation than
females up to distances of 25 km (Fig. 3). However, these
differences were only significant at the 1-2 km and 5-10 km
distance classes (P < 0.05). Beyond 25 km, the pattern
generally reversed with males exhibiting lower levels of
genetic similarity than females, though differences were
only significant at the 70-100 km distance class (P < 0.05).

Levels of inter-individual relatedness differed signifi-
cantly among sampling locations (Fig. 4). Individuals from
the Haast Range, Murchison Mountains and Lake Roe all
exhibited greater levels of relatedness (mean 0.090 —
0.111) than individuals within the Upper Hollyford (mean
= 0.025, 95 % CI —0.002 to 0.029).

The Bayesian cluster analysis using both Geneland and
STRUCTURE showed strongest support for two genetic
populations (K = 2) (see Supplementary Information).

Cluster assignments corresponded with spatial locations
(Fig. 5). Cluster 1 (green) encompassed all individuals
sampled from the Haast Range and Mount Aspiring National
park (i.e. Lake Crucible and the Matukituki); Cluster 2
(white) encompassed all other sampling locations in the

Table 2 Pairwise Fgy values

(below diagonal) and Jost’s D Haast Range Upper Hollyford Murch Mtns Lake Roe

values (above diagonal) among  p,at Range 0.091 0.133 0.109

four rock wren (Xenicus .

gilviventris) sampling locations Upper Hollyford 0.088* 0.011 0.013

at 13 microsatellite loci Murch Mtns 0.139* 0.033* 0.000
Lake Roe 0.114* 0.022* 0.011

Asterisks (*) indicate Fgr values significantly different from zero (P < 0.05)

Table 3 Inferred migration rates among rock wren (Xenicus gilviventris) sampled across the lower South Island generated using BayesAss 3.0.3

Sample location Putative source population

Haast Range Upper Holly Murch Mtns Lake Roe
Haast R 0.94 (0.03) 0.02 (0.02) 0.03 (0.02) 0.02 (0.02)
Upper Holly 0.04 (0.03) 0.80 (0.05) 0.15 (0.05) 0.01 (0.01)
Murch Mtns 0.03 (0.02) 0.03 (0.03) 0.91 (0.04) 0.04 (0.03)
Lake Roe 0.02 (0.02) 0.03 (0.02) 0.27 (0.03) 0.68 (0.02)

Values are the inferred (posterior mean) migration rates per generation, standard deviation of the marginal posterior distribution for each estimate
are in parentheses. The receiving populations are listed in rows and columns represent populations from which migrants are derived
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Fig. 2 Correlogram showing autocorrelation across distance classes
for 101 rock wren (Xenicus gilviventris) sampled throughout the
lower South Island. The endpoint of each distance class is labelled on
the x-axis. Error bars represent bootstrapped 95 % confidence
intervals about mean r values. Dashed lines represent upper
(U) and lower (L) 95 % confidence limits under the null hypotheses
that genotypes are randomly distributed across the landscape
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Fig. 3 Correlogram comparing auto correlation across distance
classes for male (n = 58) and female (n = 43) rock wren (Xenicus
gilviventris) sampled throughout the lower South Island. The endpoint
of each distance class is labelled on the x-axis. Error bars represent
bootstrapped 95 % confidence intervals about mean r values

lower South Island. Individual assignment probabilities to
each cluster were high using Geneland (0.99 on average);
though lower in STRUCTURE (0.92 and 0.84 to clusters 1
and 2, respectively).

Sex-biased dispersal

Results from all five tests for sex-biased dispersal were not
significant (P > 0.05) (Table 4). Two of the tests indicated
a female-bias dispersal system (females: lower Ogt, lower
relatedness (r)). However the assignment indices (mAlc,
vAlc) supported a male-bias (males: lower mean assign-
ment index and higher variance in assignment index).

Discussion

We evaluated the genetic structure of rock wren over
spatial scales ranging up to c. 250 km and detected a large
genetic patch size for rock wren (c. 70 km). Among sam-
pling locations, we found significant differences in levels
of inter-individual relatedness and asymmetrical gene flow,
indicative of source-sink dynamics. Cluster analysis
showed strongest support for two genetic populations; one
comprising all individuals sampled from the Haast Range
and Mount Aspiring National Park (i.e. Lake Crucible and
the Matukituki), the other, encompassing all other sam-
pling locations in the lower South Island.

Population-level inferences and spatial genetic
structure

Levels of genetic diversity were similar among the four
sampling locations, though low levels of allelic diversity
together with high levels of inbreeding and relatedness were

Fig. 4 Mean pairwise genetic 0.20

relatedness estimates from four

rock wren (Xenicus gilviventris)

sampling locations in the lower 0.15 4

South Island. Error bars are the

95 % CI as determined by

bootstrapping. Upper Hollyford 0.10 +

n = 25; Haast Range n = 17;

Murchison Mountains n = 14;

Lake Roe n = 16 = 0054
0.00
-0.05 -
-0.10 -

Haast Range

Upper Hollyford Murchison Mtns Lake Roe
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Fig. 5 Estimated rock wren (Xenicus gilviventris) membership
(n = 101) to two genetic clusters as generated by a STRUCTURE
and b Geneland. Each vertical bar in a represents a single individual
and individuals are ordered by sampling location from north to south
according to latitude. For Geneland b, black dots on map denote
sampling locations. Sampling locations used in population-level
analysis (i.e. where n > 10) are labelled: Hr Haast Range, H Upper
Hollyford, M Murchison Mountains, R Lake Roe

Table 4 Tests for sex-biased dispersal in rock wren (Xenicus
gilviventris)

n Ost FIS r mAlc vAlc
Females 32 0.05 0.11 0.09 0.41 9.11
Males 40 0.08 0.11 0.13 —0.33 11.56
P value 0.22 0.53 0.22 0.82 0.72

detected for the Haast Range. It is unlikely that family
groups were unintentionally included during sampling of the
Haast Range thereby inflating relatedness, because this
location was sampled late in the season—i.e. end of
February—early March, by which time most juveniles are
likely to have dispersed (Michelsen-Heath 1989). Further,
all individuals sampled were identified as adults (seven
females, ten males) in the same manner as the other sam-
pling locations. Juvenile rock wren are distinguishable (al-
beit subtly) as they do not moult to adult plumage until
c¢. 3 months post-fledging, by which time they have typically
paired and established territories of their own (Michelsen-
Heath 1989). Another explanation for the high inbreeding in
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this area could be its peripheral location, right at the west-
ern-most extent of their range (Fig. 1). Being peripheral, the
Haast Range naturally has fewer neighbours for genetic
exchange than do core populations (Segelbacher and Storch
2002). Landscape connectivity has been shown to be closely
linked to the amount of genetic diversity in small and iso-
lated populations (Trizio et al. 2005; Keyghobadi 2007) and
peripheral populations often exhibit low genetic diversity
and greater genetic differentiation (Eckert et al. 2008).
Cluster analysis did however group individuals from the
Haast Range and Mount Aspiring National Park (i.e. Lake
Crucible and the Matukituki) together indicating high gene
flow among these areas, which are located a maximum of
c¢. 40 km from each other. It should also be acknowledged
that the variation at neutral microsatellite loci described in
this study may not capture all of the genetic diversity present
within southern rock wren populations (Kirk and Freeland
2011; Grueber et al. 2015).

A genetic discontinuity was identified between theHaast
Range/Mount Aspiring area and the Upper Hollyford. It is
possible that this discontinuity is associated with a lack of
landscape connectivity between the Matukituki Valley and
the Upper Hollyford, with Lake Wakatipu and several
major river systems in the area forming a barrier to gene
flow. This discontinuity is also reflected in the migration
rates among sampling locations, with most gene flow
detected among the three southern-most areas; the Upper
Hollyford, Murchison Mountains and Lake Roe.

It is important to consider that in this study, we applied
Euclidian (straight-line) distances between individuals/sam-
pling locations. Another approach would be to calculate the
‘effective distance’ using landscape genetic methods such as
least-cost distance, which measures the path between two
locations, avoids barriers, and minimises the ‘resistance’ of
the matrix habitat (Adriaensen et al. 2003). This method
would provide an interesting comparison for rock wren,
given that they are an alpine species only very rarely recor-
ded below the bushline. The effective distance rock wren
travel above the bushline and along ridges may differ sub-
stantially from the Euclidian distance conventionally used in
tests of isolation by distance and spatial autocorrelation.

A genetic patch size of ¢. 70 km for rock wren initially
seems unexpectedly large, especially given their poor flight
ability (Higgins et al. 2001), small territory size (c. 0.6-4.2
hectares; Michelsen-Heath 1989) and previous observa-
tions indicating that the majority of juveniles disperse to
within 500 m of their place of fledging (Michelsen-Heath
1989). However, given that rock wren demonstrate a pat-
tern of isolation by distance suggesting a ‘stepping stone’
model of geneflow among populations (Kimura and Weiss
1964), genes can be dispersed over distances far greater
than rock wren dispersal ability would predict, as has been
shown for other sedentary alpine bird species (Segelbacher
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and Storch 2002; Fedy et al. 2008). Further, although a
majority (75 %) of juvenile birds were observed dispersing
short distances by Michelsen-Heath (1989), the remaining
25 % were not resighted. Therefore, it is possible that at
least some of these birds dispersed over much greater
distances.

Spatial autocorrelation has not often been used to assess
avian fine-scale genetic structure and where it has been
applied, genetic patch size has been found to be highly
variable in passerines(<200 m—c.15 km) and strongly influ-
enced by social system, demography and landscape features
(Double et al. 2005; Beck et al. 2008; Wilson et al. 2011;
Nelson-Flower et al. 2012; Liebgold et al. 2013; Vangestel
et al. 2013). We might expect long-distance dispersal to be
selected for in a patchy and dynamic environment such as the
alpine zone in order for birds to locate and colonise new
habitat and for populations to persist (Johst et al. 2002). This
could also partly explain the relatively large genetic patch
size in rock wren, compared to forest/woodland species for
example, where resources and habitat may be more
homogenous (Peakall et al. 2003; Beck et al. 2008; Vangestel
et al. 2013). However, given that the probability of successful
dispersal within a harsh and unpredictable environment is
likely to be lower, remaining in the natal area and inheriting a
breeding site of proven quality can also be expected to
constitute an evolutionarily stable strategy (Ronce 2007).
There is some evidence indicating that non-random mating is
contributing to the fine-scale population structure observed in
rock wren with higher positive spatial genetic autocorrelation
among males over shorter distances (significantly from 1 —
10 km); combined with a higher Fg; and higher relatedness
for males within populations. Whilst results for the latter tests
were indicative, they were not significant, though these
methods are known to have limited power unless the bias in
dispersal is extreme (e.g. an 80:20 sex ratio of dispersers;
(Goudet et al. 2002). The fact that the difference in positive
autocorrelation between the sexes declined over larger dis-
tances in rock wren is interesting, though not entirely unex-
pected given growing evidence suggesting that selective
pressures (e.g. access to food and mates) affect males and
females differentially, resulting in sex-specific and often
antagonistic dispersal strategies over different spatial scales
(Jost 2008; Yannic et al. 2012; Vangestel et al. 2013).

Management implications

We focused this study within the lower South Island due to
the higher sampling coverage in this area, and because
conservation management is already underway in this
southern region. With further sampling, this approach could
also be applied to other areas, for example within the north
of the rock wren’s range where differences in habitat and
other environmental factors may differentially affect gene

flow. Understanding the spatial scale of gene flow in rock
wren has several important implications for management.

Firstly, patterns of gene flow among the southern sites are
suggestive of source-sink dynamics. The Murchison
Mountains appear to be a particularly important source of
migrants for other locations. This area is already under
intensive conservation management as it constitutes a Spe-
cial Area reserved for the endangered Takahe (Porphyrio
hochstetteri). Since the discovery of the Takahe in 1948, the
Special Area has been managed to control predators and
deer in an effort to improve habitat for the birds (Parkes
et al. 1978; Wickes et al. 2009). These management prac-
tices are also likely to benefit rock wren by boosting
reproductive success. Conversely, for the Upper Hollyford
and Lake Roe, most dispersal is occurring into, but not out
of these areas. Further, the lack of pairwise relatedness
among individuals within the Upper Hollyford is also
indicative of a sink (King et al. 2000). Low relatedness can
occur in a sink population if a large proportion of recruit-
ment results from immigration and fewer close relatives are
present. In contrast, higher relatedness should be detected in
closed and self-sustaining populations (Peery et al. 2008).
Sinks typically occur in poor quality habitats, where pro-
ductivity is insufficient to balance mortality (Pulliam 1988;
Dias 1996). Consequently, without migration from outside
sources, sink populations would be expected to eventually
become extinct (Pulliam 1988). High rates of predation by
introduced mustelids reported for rock wren from these
areas may be contributing to their demographic instabil-
ity (Department of Conservation, unpublished data).
Anthropogenic-induced mortality, such as predation by
introduced species, has been previously implicated in
source—sink dynamics (Woodford and Mclntosh 2010;
Balogh et al. 2011). Demographic field data on primary
population parameters (productivity, mortality, recruitment)
from different rock wren populations are now required to
further examine population dynamics, particularly under
different predator management regimes.

There is evidence for significant genetic differentiation
north and south of Lake Wakatipu. This may reflect impaired
connectivity in this area due to natural landscape barriers
such the lake and several major rivers. Alternatively, or
synergistically; there may be anthropogenic factors in force
such as high levels of predation on dispersing individuals. In
the case of the latter, predator-controlled areas functioning as
‘habitat corridors’ could be an option to increase connectivity
(Mech and Hallett 2001). Although lower allelic diversity
and relatively higher levels of inbreeding were detected
within rock wren from the Haast Range, this is also the most
genetically differentiated of the Southern areas. On this basis,
the Haast Range represents an important population in terms
of conserving the among-population component of genetic
variation present within southern rock wren.
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Lastly, climate change is predicted to have a dispro-
portionate impact on alpine specialists, as populations
become increasingly isolated atop shrinking alpine islands
(Galbreath et al. 2009; Dirnbdck et al. 2011; Rubidge et al.
2012). Our findings indicate that conserving natural con-
nectivity among rock wren populations across relatively
large spatial scales is essential in maintaining not only
metapopulation dynamics and the adaptive genetic diver-
sity of populations, but also to facilitate migration of
individuals southwards into relatively cooler climes (Heller
and Zavaleta 2009; Moritz and Agudo 2013).
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