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Abstract.—We characterized the genetic structure of two pond-breeding amphibian species in a com-
mercial forest to evaluate population connectivity and investigate whether landscape features and tim-
ber harvest influenced dispersal and gene flow. We sampled 20 Wood Frog (Lithobates sylvaticus) pop-
ulations and 23 Spotted Salamander (Ambystoma maculatum) populations across an area of 40 x 52
km. We estimated genetic diversity and differentiation, and used both a Bayesian clustering approach
and a spatial autocorrelation analysis to evaluate genetic structure. We used a least-cost path analysis
to examine dispersal and gene flow within each species. In both species, we found high genetic diversity
and low differentiation across the study area, and the Bayesian clustering analysis identified a single ge-
netic cluster for each species. The spatial autocorrelation analysis indicated there was greater spatial
genetic structure in Spotted Salamanders than Wood Frogs. None of the landscape features measured
were significantly related to genetic distance in Wood Frogs, and lakes impeded dispersal in Spotted
Salamanders. We attribute the findings of high genetic connectivity in both species to a combination
of abundant forest and wetlands with minimal anthropogenic disturbance. These findings suggest that
current silviculture practices in the study area do not significantly impede dispersal and gene flow of

pond-breeding amphibians.
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INTRODUCTION

Dispersal is one of the most important pro-
cesses in population biology because it can im-
pact individual fitness, population dynamics, pop-
ulation genetics, and species distribution (Clobert
et al. 2001). Anthropogenic influences such as
habitat alteration or fragmentation can limit dis-
persal by increasing the demographic and genetic
isolation of local populations, thereby increasing
extinction risks (Keyghobadi 2007). In order to
implement effective conservation management,
it is therefore important to understand how land-
scape features affect the movement and dispersal
patterns of organisms.

Many pond-breeding amphibians depend on
forested habitat for much of their habitat require-
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ments and are sensitive to forest fragmentation
and loss (deMaynadier and Hunter 1995; Gibbs
1998; Cushman 2006). They may be especially
vulnerable to habitat modification due to their
limited mobility, high philopatry, patchy distribu-
tions, and complex life cycles that include both
aquatic and terrestrial stages (Sinsch 1990; Al-
ford and Richards 1999; Cushman 2006). In ad-
dition, many amphibians exist as metapopula-
tions and thus depend on periodic dispersal to
maintain gene flow and connectivity among pop-
ulations (Marsh and Trenham 2001; Semlitsch
2008). Therefore, understanding the factors that
impact amphibian dispersal and gene flow are im-
portant for maintaining population persistence.
Population genetic analyses can characterize
dispersal by measuring the cumulative impact
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of disturbance on gene flow over generations.
When combined with spatial information, these
analyses can reveal how environmental factors
influence population connectivity. Recent studies
have found that despite high levels of gene flow
in many amphibian species, geographic distance
alone does not explain genetic structure (Crosby
et al. 2009; Purrenhage et al. 2009; Gabrielsen
et al. 2013). Instead, both natural and anthro-
pogenic factors influence amphibian connectiv-
ity. There is evidence that lakes and rivers limit
dispersal in some amphibians (Lee-Yaw et al.
2009; Richardson 2012), while elevation and to-
pography influence genetic structure in others
(Funk et al. 2005; Giordano et al. 2007). In ad-
dition, anthropogenic disturbance such as devel-
opment, agriculture, or forest management can
negatively impact amphibian gene flow (Joly et
al. 2003; Crosby et al. 2009; Spear and Storfer
2008; Greenwald et al. 2009b; Gabrielsen et al.
2013).

Land managed for timber production may have
negative impacts on amphibians dependent on
forest habitat. Research shows that timber har-
vesting, especially clearcutting, can negatively
impact the survival, abundance, and dispersal of
local amphibian populations (deMaynadier and
Hunter 1998; Patrick et al. 2006; Petranka et al.
1994; Raymond and Hardy 1991). Clearcuts re-
move canopy, reduce leaf litter and soil moisture,
increase soil temperature, alter hydrology, and
create a harsh microclimate unfavorable for am-
phibians (e.g., deMaynadier and Hunter 1995;
Semlitsch et al. 2009). This type of forest dis-
turbance may limit amphibian dispersal as indi-
viduals must move through less optimal habitat,
which increases the risk of desiccation and mor-
tality (Rothermel and Luhring 2005; Rittenhouse
et al. 2008). Whether these impacts are manifest
in reduced connectivity at the population level
may depend on several local factors, including
the nature of the forest management practices and
the abundance and distribution of the species and
their breeding ponds.

In northern New England, there is a long his-

tory of forest management for timber harvest.
Forest clearing peaked in the mid-1800s at the
height of agricultural production, and timber har-
vest remains a staple of the regional economy
(Foster et al. 1998; North East Foresters Asso-
ciation 2013a). In Maine, the forest product in-
dustry is an important livelihood for the state,
with 500,000 acres and 7.86 million cords har-
vested annually (Maine Forest Service, Depart-
ment of Conservation 2010; North East Foresters
Association 2013b). To promote sustainable har-
vest, best management practices are encouraged
(e.g., protect the integrity of water bodies, min-
imize exposed soil, etc.; see Moesswilde 2004)
and regulations limit the size and distribution of
clearcuts. Today, Maine is 89% forested and dom-
inated by northern hardwood and spruce-fir forest
types. Abundant vernal pools also characterize
the forest. In the context of the largely forested
New England landscape, the impact of timber
harvesting on vernal pool-breeding amphibians
is unknown. Given the history of forest manage-
ment, it is important to understand how this type
of disturbance affects amphibian movement and
dispersal.

In this study, our objectives were to character-
ize the population genetic structure of two am-
phibian species in a commercial forest managed
for timber harvest and identify landscape features
that impact dispersal and gene flow within each
species. The study area offered an excellent op-
portunity to examine factors that influence am-
phibian connectivity because it consisted of a mo-
saic of natural and human-created landscape fea-
tures with breeding ponds dispersed throughout.
We studied the Wood Frog (Lithobates sylvati-
cus) and the Spotted Salamander (Ambystoma
maculatum) — two abundant, forest-dependent
species. The two species have similar life cycles,
but differ in demographic patterns, microhabi-
tat selection, and dispersal capabilities (Redmer
and Trauth 2005; Savage and Zamudio 2005),
and they may respond differently to forest frag-
mentation. The Wood Frog is more mobile, with
the maximum distance recorded from a breeding
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pond of 2.5 km, as compared to 467 m in Spot-
ted Salamanders (Berven and Grudzien 1990;
Montieth and Paton 2006). We predicted that
anthropogenic landscape features such as for-
est management, roads, and agriculture impede
dispersal for both species. In addition, we pre-
dicted that some natural landscape features such
as lakes would impede dispersal, while others
such as wetlands would facilitate dispersal via
stepping-stones. Due to the greater mobility of
Wood Frogs as compared to Spotted Salamanders,
we expected to find less genetic differentiation
and fewer landscape influences on gene flow in
Wood Frogs.

MATERIALS AND METHODS

Study area and sampling.—We conducted this
research in central Maine within the counties
of Penobscot, Hancock, and Washington (Fig.
1). The study area ( 40 x 50 km) was predomi-
nately forested (72%) with numerous wetlands
and lakes (16%), and limited agriculture (4%)
and development (0.7%). The forest was largely
privately owned commercial timberland and con-
sisted of actively logged second growth forest.
The species composition included northern hard-
woods such as Beech (Fagus grandifolia), Yellow
Birch (Betula alleghaniensis) and Sugar Maple
(Acer saccharum) and softwoods including White
Pine (Pinus strobus), Red Spruce (Picea rubens),
and Balsalm Fir (Abies balsamea; Hasbrouck and
Knight 1994).

Seven percent of the study area was made up of
patches that have experienced various forest man-
agement treatments between 1995-2004, includ-
ing partial, clearcut, and regenerating patches.
Clearcuts made up < 1% of the study area and
were composed of forest patches with > 90%
overstory removal; patch size ranged from 2-
20 ha with a mean of 9 ha. Heavy partial cuts
made up 3% of the study area and were com-
posed of forest where > 50% of the trees were
harvested; patch size ranged from 0—-192 ha with
a mean of 7 ha. Light partial cuts made up 2%

of the study area and were composed of for-
est where < 50% of the overstory had been re-
moved; patch size ranged from 0-88 ha with a
mean of 4 ha (derived from Maine Land Cover
Data Set, MeLCD. 2004; Maine Office of Ge-
ographic Information Systems; available from
http://megis.maine.goc/catalog/).

To identify potential breeding ponds for
sampling, we consulted US Fish and Wildlife
Service National Wetlands Inventory (NWI)
maps. We selected breeding ponds distributed
across the study area, so as to include potential
landscape barriers such as lakes and highways
(Fig. 1). In the spring of 2004 and 2005, we
sampled a total of 26 ponds and found Spotted
Salamanders at 23 and Wood Frogs at 20 of the
ponds. The nearest neighbor distance between
sampled ponds ranged from 60 m to 4 km and
the maximum pairwise distance across all ponds
was 54 km. At each pond we collected one
embryo from every egg mass with a target of 15
individuals per pond, and stored them in vials
with 95% ethanol until DNA extraction. For
six ponds, where larva had already hatched, we
used dipnets to collect samples from different
areas of the pond to minimize possible collection
of related individuals (two collections of A.
maculatum, four collections of L. sylvaticus).

DNA  extraction and  microsatellite
analysis.—We extracted DNA from the embryos
and larvae using QIAGEN QIAamp DNeasy
Blood and Tissue® kit (QIAGEN, Hilden,
Germany). For both Spotted Salamanders and
Wood Frogs, we amplified DNA by polymerase
chain reaction (PCR) at six polymorphic, species-
specific, tetranucleotide microsatellite loci, using
the published protocols of Julian and King
(2003) and Julian et al. (2003). We used Spotted
Salamander loci D287, D315, D184, D321, D99,
C40 (Julian et al. 2003) and Wood Frog loci
C41, D32, C52, D20, D77, C11 (Julian and
King 2003). We used fluorescent-dye-labeled
primers (HEX, FAM, NED) in two multiplexes
for each species. Amplified products were
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Ficure 1. The location and identification number of ponds sampled for Wood Frogs (Lithobates sylvaticus)
and Spotted Salamanders (Ambystoma maculatum) in a commercial forest in central Maine.
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Ficure 2. Correlogram plots of the genetic correlation coefficient (r) as a function of distance for a) Wood
Frogs (Lithobates sylvaticus) and b) Spotted Salamanders (Ambystoma maculatum). The extent of positive
spatial genetic structure as measured by the X intercept is 490 m for Wood Frogs and 756 m for Spotted
Salamanders. The null hypothesis of a random distribution of genotypes is bounded by 95% CI (dashed
line) with error bars determined by bootstrapping. Significant positive spatial genetic structure is inferred for
distance classes at which the correlation coefficient (r) is above the 95% CI and the error bars do not overlap
zero.
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electrophoresed in an automated DNA sequencer
(ABI 377 genetic analyzer, Applied Biosystems,
Foster City, California, USA) with positive
and negative controls. We manually scored and
binned the genotypes using Genotyper (Applied
Biosystems).

Genetic diversity.—We checked the data set
for scoring errors, null alleles, and large-allele
dropout using the program MICROCHECKER
(Van Oosterhout et al. 2004). We estimated
null allele frequencies in MICROCHECKER
using the Brookfield 1 estimator (Brookfield
1996). To measure genetic diversity by locus
and population, we used the programs FSTAT
(Goudet 1995) and GDA (Lewis and Zaykin
2002; Available from http://www.eeb.uconn.edu/
people/plewis/software.php). Specifically, we
measured the number of alleles, allelic richness,
observed and expected heterozygosity (Hp
and Hg), the inbreeding coefficient (F;g), and
locus-specific population differentiation (Fgr).
We tested for Hardy-Weinberg equilibrium and
linkage disequilibrium using FSTAT (1,000
permutations) with Bonferroni correction (o =
0.05) for multiple tests.

Population genetic structure.—To character-
ize genetic differentiation between ponds, we cal-
culated pairwise fixation indices (Fgr values) in
FSTAT and tested for significance (using 1,000
permutations with Bonferroni correction). We
also calculated G’ g7, a metric related to Fgr that
is standardized for within-population variability,
in order to compare genetic differentiation be-
tween the two species (Hedrick 2005). Between
each pair of ponds, we also calculated chord dis-
tance (D¢; Cavalli-Sforza and Edwards 1967),
which is a distance metric based on allele fre-
quency distributions that assumes differentiation
is caused by genetic drift rather than mutation.
We used the program MSA (Dieringer and Schlot-
terer 2003) to calculate G’ g7 and Dc¢.

To characterize genetic structure across the
study area, we used the program BAPS (Coran-

der et al. 2003; Corander and Marttinen 2006).
This program uses Bayesian models of popula-
tion structure to estimate the number of subpopu-
lations (K) based on the genetic similarity of indi-
viduals. By incorporating spatial information, it
is possible to assign a biologically relevant, non-
uniform prior distribution to increase power and
detect underlying population structure (Corander
et al. 2008). We therefore used the model that
accounted for spatial clustering of groups, and
ran five replicates with a maximum K value equal
to the number of ponds occupied by each species.
To visualize genetic structure, we used a prin-
cipal coordinates analysis (PCA) conducted in
GenAlEx 6.4 (Peakall and Smouse 2006, 2012;
see Appendix 1 and 2).

To evaluate whether genetic differentiation
was a function of geographic distance (i.e.,
an isolation by distance model), we tested
the correlation of geographic distance with
linearized Fgr [Fsr/(1/Fs7)]. We calculated this
using Mantel tests implemented in R statistical
software (R Core Team 2011) using the ecodist
package (Goslee and Urban 2007) with a
Pearson’s correlation and 10,000 permutations.
We estimated the 95% CI for the Mantel tests
using 1,000 bootstraps. We also conducted
a spatial autocorrelation analysis to evaluate
the fine-scale spatial genetic structure of each
species. Spatial autocorrelation estimates the
correlation (r) between genetic and geographic
distance matrixes for pairs of individuals across
a number of predetermined distance classes,
thereby describing the geographic extent to
which genetic relatedness is detected (Smouse
and Peakall 1999). In the resulting correlogram,
the distance at which r intercepts the x-axis
indicates the extent of genetic relatedness, and
beyond this distance, gene flow does not connect
populations (Peakall et al. 2003). For each
species, we performed spatial autocorrelation
analyses in GenAlEx 6.4 with 999 permutations
and 1,000 bootstraps, and up to 10 distance
classes that spanned the extent of the study
area in incrementally larger classes and had a
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minimum of 600 pair-wise comparisons in each
class (50, 250, 500, 1,000, 3,000, 5,000, 10,000,
20,000, 30,000, 54,000 m). For Wood Frogs, we
omitted the 3,000 m distance class due to small
sample size within that distance class.

Landscape features as barriers or facilitators
of dispersal. —We used a least-cost path analysis
(Adriaensen et al. 2003) to assess the potential
of certain landscape features to act as barriers or
facilitators of dispersal for Spotted Salamanders
and Wood Frogs. To do this, we evaluated two
methodologies for assigning resistance costs to
landscape features, including univariate and mul-
tivariate models. The goal of the univariate ap-
proach was to identify specific landscape features
that influenced genetic structure of amphibians,
whereas the goal of the multivariate approach
was to test a model that simultaneously parame-
terized the relative effects of different landscape
variables on dispersal based on amphibian ecol-
ogy.

To create a land cover map for the analysis, we
obtained land cover data from the 2004 Maine
Landcover Dataset (MeLCD 2004 op. cit.; 5 m
resolution). As this land cover had limited wet-
land information, we used the Spatial Analyst
extension in ARCGIS 10 (Environmental Sci-
ence Research Institute, Redlands, USA) and
merged the land cover with the NWI map and
a map of stream orders derived from the National
Hydrography Data Set Plus (NHDPIlus, US En-
vironmental Protection Agency. 2006. Available
from http://www.epa.goc/waters 2006). To iso-
late different road classes, we merged a road layer
provided by the landowner, which had more de-
tail than the state databases.

In the univariate approach, we mapped each
landscape variable separately in a binary friction
grid and assigned either high or low resistance
to movement to each variable (Pérez-Espona et
al. 2008). We identified eight landscape classes
of interest: geographic distance, lakes, wetlands,
streams, forestry, roads, slope, and disturbed land
(see Appendix Table A1 for details). To investi-

gate dispersal barriers we isolated each land cover
class and assigned high resistance (50) to the
variable of interest and low resistance (1) to the
background. In contrast, we assumed wetlands
facilitated gene flow and thus assigned them a
low resistance (1) and assigned the background a
high resistance (50). For the multivariate model
in the least-cost path analysis, we used the expert
opinion model of Compton et al. (2007) with the
addition of classes describing forestry treatments,
bare ground, and wetland type (e.g., vernal pool,
scrub-shrub wetlands, etc.). We reclassified the
data into 19 categories and for all comparable
classes used the resistance values from Compton
et al. (2007) multiplied by a factor of 10 (Table
1). For the few classes that were not represented
in Compton et al. (2007), we estimated resistance
values by evaluating relevant ecological knowl-
edge about dispersal relative to the other classes.

We used program PATHMATRIX (Ray 2005)
in ArcView 3.3 (Environmental Science Research
Institute, Redlands, California, USA) to identify
the least-cost paths, by minimizing the sum of re-
sistances of all cells along the path between pairs
of locations. Effective distances were measured
as lengths of the least-cost paths between each of
the breeding ponds, as opposed to the total sum of
costs along the path, because the least-cost length
is more biologically interpretable (Ray 2005; Bro-
quet et al. 2006). For each landscape variable,
we tested for correlations between genetic dis-
tance metrics (Fsr and D,) and least-cost path
length using a partial Mantel test controlling for
geographic distance. We performed these analy-
ses in R using Pearson’s correlation with 10,000
permutations in the ecodist package (@ = 0.05)
and 1,000 iterations for the bootstrapped 95%
confidence limit. In addition to models based on
the landscape and topographic variables, we also
tested a geographic distance model, which is ex-
pected to be the best fitting model if straight line
Euclidean distance alone explains the greatest
variation in genetic distance. We did not use a
Bonferroni correction procedure to account for
multiple tests in the landscape genetics analysis
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TasLE 1. Resistance values for landcover used in the multivariate model, with values comparable to Compton

et al. (2007) multiplied by a factor of 10.

Landcover type

Resistance value

Vernal pool

Forest

Wetland: Freshwater forest/Scrub-shrub/riverine
Wetland: Freshwater emergent
Scrubland

Bare Ground/Gravel pit

Development: Low density residential
Cropland/pasture/grassland

Open water

Estuarine

Forestry: Regenerating/light partial cut
Forestry: Clearcut/heavy partial cut
Road: minor

Road: major

Road: highway

Stream: 1st order

Stream: 2nd order

Stream: 3rd order

Stream: 4th order

10
10
10
30
31
48
68
102
220
400
40
103
72
164
326
13
28
126
330

because this metric is too conservative and in-
creases type II error (Perneger 1998; Cabin and
Mitchell 2000; Moran 2003), an important con-
sideration given that Mantel tests often produce
small but significant correlations (Dutilleul et al.
2000; Legendre and Fortin 2010).

REsuLTS

Genetic diversity and population genetic
structure.—We genotyped 9-16 Wood Frog sam-
ples per pond for a total of 287 individuals, and
8-27 Spotted Salamander samples per pond for
a total of 411 individuals. The loci were highly
polymorphic, with a mean of 9.5 and 19.5 alleles
in Spotted Salamanders and Wood Frogs, respec-
tively (Appendix Table A2). MICROCHECKER
detected no loci with null alleles in Wood Frogs.
Two loci were found to have null alleles in Spot-
ted Salamanders (Ama D99 at 5% and Ama D321
at 8%). As the overall percent of null alleles

was < 10%, and null alleles have been found
to have minor impacts on genetic distance esti-
mates (Chapuis and Estoup 2007), we retained
these loci in further analyses.

Observed heterozygosity was also high in both
species with a mean Hp = 0.71 in Spotted Sala-
manders and Hp = 0.87 in Wood Frogs (Tables
2 and 3). Pond specific observed heterozygosity
ranged from 0.65-0.80 in Spotted Salamanders
(Table 2) and 0.76-0.94 in Wood Frogs (Table 3).
Pond specific FIS values ranged from 0-0.12 in
Spotted Salamanders and 0-0.11 in Wood Frogs
(Tables 2 and 3) and were not significantly differ-
ent from zero, indicating no sampling bias due to
within-pond relatedness. For Wood Frogs, there
were no deviations from Hardy-Weinberg equi-
librium, and linkage disequilibrium was detected
in 1% of tests after Bonferroni correction. For
Spotted Salamanders, no pairs of loci were in
linkage disequilibrium; and D321 and D99 were
out of Hardy-Weinberg equilibrium, consistent
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TaBLE 2. Metrics describing the genetic diversity of Spotted Salamanders (Ambystoma maculatum) from 23
populations in central Maine. N is the number of individuals sampled per population. The number of alleles,
allelic richness (AR), observed heterozygosity (Hp), expected heterozygosity (Hg), and Fyg are averaged
across 6 microsatellite loci per pond. Pond locations are shown in Fig. 1.

Pond N Alleles AR Hy Hg F;s
69 19 6.7 4.6 0.73 0.73 -0.01
70 16 5.7 43 0.75 0.71 -0.05
68 19 6.5 4.6 0.69 0.70 0.01
66 20 6.7 44 0.70 0.73 0.03
67 15 6.0 4.5 0.78 0.73 -0.06
90 26 6.8 4.5 0.67 0.73 0.08
91 13 6.7 4.8 0.73 0.75 0.04
89 11 5.3 4.2 0.65 0.72 0.10
15 14 6.2 4.5 0.72 0.76 0.06
17 12 4.8 4.0 0.69 0.66 -0.04
16 13 7.0 49 0.70 0.75 0.07
53 16 6.2 4.4 0.67 0.75 0.12
3 22 6.8 44 0.70 0.72 0.03
18 27 7.2 4.5 0.69 0.72 0.04
151 21 6.7 4.5 0.74 0.73 -0.01
150 22 6.5 4.4 0.67 0.75 0.11
76 10 5.5 4.6 0.78 0.76 -0.03
75 8 4.7 4.1 0.78 0.73 -0.07
79 22 6.2 44 0.80 0.73 -0.10
81 20 5.5 4.1 0.66 0.68 0.04
80 22 6.8 4.6 0.66 0.71 0.07
140 23 7.2 4.6 0.66 0.73 0.10
141 20 6.3 4.6 0.74 0.74 0.01

with the low frequency of null alleles detected
in these loci. The lack of significant non-zero
pond-specific F;g values, however, further sup-
ported our rationale for retaining these loci in the
analyses.

We found a general pattern of high genetic con-
nectivity in both species with an overall Fgr value
of 0.016 (£ 0.002) in Spotted Salamanders and
0.023 (+ 0.003) in Wood Frogs. In Spotted Sala-
manders, pairwise FST ranged from 0-0.08 and
D, ranged from 0.18-0.41, and in Wood Frogs,
pairwise Fgr ranged from 0-0.09 and D, ranged
from 0.31-0.58 (Appendix Tables A3 and A4).
Significance tests of pairwise FST values indi-
cated only 5% of the pond pairs were significantly
differentiated in Spotted Salamanders and 24 %

were differentiated in Wood Frogs. Standardized
G’sr indicated Wood Frogs had slightly higher
overall genetic differentiation (0.32) than Spotted
Salamanders (0.16). The analyses using BAPS
assigned all breeding ponds to one population
cluster for both Spotted Salamanders (Pr = 1.0)
and Wood Frogs (Pr = 0.71).

The tests of isolation by distance found no
correlation between genetic and geographic
distance in Spotted Salamanders (r = -0.051,
P = 0.60) or Wood Frogs (r = -0.20, P =
0.98). The spatial autocorrelation analysis
revealed that Spotted Salamanders had greater
fine-scale spatial genetic structure than did Wood
Frogs (Fig. 2). For Spotted Salamanders, the
permutation and bootstrap methods in the spatial
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TasLE 3. Metrics describing the genetic diversity of Wood Frogs (Lithobates sylvaticus) from 20 populations
in central Maine. N is the number of individuals sampled per population. The number of alleles, allelic
richness (AR), observed heterozygosity (Hp), expected heterozygosity (Hg), and F; s are averaged across 6
microsatellite loci per pond. Pond locations are shown in

Pond N Alleles AR Hy Hg F;s
69 14 10.3 8.8 0.89 0.87 -0.03
68 16 10.8 8.5 0.78 0.83 0.06
70 15 10.2 8.4 0.92 0.87 -0.06
66 16 11.2 8.7 0.76 0.85 0.11
67 16 10.5 8.3 0.84 0.84 -0.01
88 16 8.8 7.3 0.84 0.81 -0.04
89 12 5.8 54 0.82 0.76 -0.09
90 10 7.8 7.6 0.85 0.86 0.03
91 16 10.7 8.3 0.80 0.83 0.03
3 12 8.8 7.8 0.86 0.83 -0.04
16 15 10.2 8.4 0.91 0.87 -0.05
15 15 11.0 8.7 0.89 0.85 -0.04
17 15 10.0 8.4 0.89 0.87 -0.03
53 16 11.0 8.7 0.89 0.84 -0.05
18 15 11.5 9.2 0.86 0.88 0.03
51 15 11.5 9.2 0.87 0.87 0.00
45 15 10.8 8.9 0.94 0.88 -0.07
80 14 8.8 7.7 0.90 0.86 -0.06
81 9 6.5 6.5 0.89 0.81 -0.10
140 15 11.0 8.9 0.89 0.89 0.00
140 15 11.0 8.9 0.89 0.89 0.00

autocorrelation analysis confirmed significant
positive spatial structure within the 50, 250, and
500 m distance classes (x intercept = 756 m).
For Wood Frogs, significant genetic structure
was found only within the 50 m distance class
(x intercept = 490 m), suggesting little spatial
association of related individuals beyond this
distance.

Landscape features as barriers or facilitators
of dispersal.—The least-cost path analyses found
a limited number of significant correlations be-
tween landscape features and genetic distance
metrics. In Wood Frogs, none of the univariate
models were significant using either distance
metric, indicating no detectable relationship of
the landscape features we tested and gene flow

at this scale. In Spotted Salamanders, none of
the univariate models were significant using Fgr,
though roads, lakes, streams, and disturbed land
had a marginally significant positive correlation
with least-cost path length. For the D¢ metric,
there was a significant positive correlation be-
tween lakes and least-cost path length in sala-
manders, indicating a negative relationship with
gene flow (Table 4). The multivariate resistance
model based on expert opinion was not signifi-
cantly correlated with genetic distance for either
species.

DiscussioNn

Population structure.—We found high genetic
connectivity with minimal genetic structure for
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TasLE 4. Results from the partial Mantel tests of effective and genetic distance (Fs7 and D¢, respectively) for Wood Frogs (Lithobates sylvaticus) and
Spotted Salamanders (Ambystoma maculatum). Includes the partial correlation coefficient (R), the p value (P), and the 95% confidence interval around
the correlation coefficient (LL, lower limit; UL, upper limit).

95% 95% 95% 95%
Model D. R D. P CI-LL CI-UL Fsr R Fsr P CI-LL CI-UL
Wood Frog
IBD -0.10 0.74 -0.18 0.03 -0.05 0.58 -0.12 0.06
Disturbed -0.02 0.58 -0.10 0.05 -0.04 0.67 -0.12 0.02
Forestry -0.20 0.90 -0.27 -0.14 -0.17 0.85 -0.21 -0.13
Roads -0.02 0.58 -0.10 0.06 -0.05 0.69 -0.12 0.01
Lakes -0.08 0.75 -0.13 0.02 -0.11 0.82 -0.17 -0.03
Slope 0.04 0.38 -0.06 0.11 -0.04 0.54 -0.11 0.05
Wetlands -0.21 0.96 -0.32 -0.07 -0.21 0.96 -0.32 -0.06
Streams -0.01 0.55 -0.09 0.07 -0.05 0.68 -0.13 0.02
Multivariate ~ -0.13 0.82 -0.19 0.00 -0.13 0.82 -0.22 0.01
Spotted Sala-
mander
IBD -0.13 0.86 -0.21 -0.03 -0.20 0.98 -0.26 -0.13
Disturbed 0.05 0.18 -0.01 0.10 0.08 0.08+ 0.02 0.14
Forestry -0.10 0.66 -0.14 -0.04 0.05 0.32 0.01 0.12
Roads 0.04 0.24 -0.01 0.10 0.08 0.10+ 0.02 0.14
Lakes 0.16 0.03* 0.06 0.26 0.12 0.06+ 0.04 0.22
Slope -0.02 0.52 -0.09 0.05 0.00 0.47 -0.06 0.06
Wetlands 0.04 0.36 -0.02 0.11 -0.05 0.69 -0.13 0.02
Streams 0.05 0.22 -0.01 0.11 0.08 0.09+ 0.02 0.14
Multivariate ~ 0.07 0.27 -0.03 0.20 0.06 0.30 -0.03 0.19
*P < 0.05
+P <0.10
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both Spotted Salamanders and Wood Frogs
across the study area. A lack of genetic differ-
entiation at this scale was indicated by low pair-
wise Fgr values, a lack of detectable structure
using Bayesian clustering analysis, and limited
evidence that landscape features impact disper-
sal patterns. For both species, individuals from
ponds showed genetic similarity across distances
of 40-50 km. Previous studies have found these
species have high levels of gene flow at similar
spatial scales (e.g., Newman and Squire 2001; Za-
mudio and Wieczorek 2007; Crosby et al. 2009;
Greenwald et al. 2009b; Purrenhage et al. 2009).

High genetic connectivity may be a result
of a number of factors, including higher dis-
persal rates or longer dispersal distances than
commonly reported, extinction-recolonization
dynamics that minimize genetic structuring, few
landscape barriers to dispersal, or anthropogenic
fragmentation that is too recent to affect genetic
variation (Smith and Green 2005; Purrenhage
et al. 2009). In this study, we attribute the high
amount of gene flow to a predominately forested
landscape with abundant wetlands and few
landscape features that act as absolute dispersal
barriers.

Landscape influences on gene flow.—Despite
high levels of gene flow, the pairwise Fgr analy-
ses revealed some genetic differentiation among
some ponds for both species. The isolation by dis-
tance analyses indicated that these genetic discon-
tinuities were not explained by geographic dis-
tance, which suggests that landscape influences
may be shaping genetic patterns across the study
area. Although the least-cost path analyses re-
vealed a lack of detectable associations between
the landscape variables and gene flow in Wood
Frogs, the models indicated lakes, streams, roads,
and disturbed land limit gene flow in Spotted
Salamanders. The negative relationship between
these landscape variables and gene flow is con-
sistent with biological constraints on salamander
dispersal. Lakes and streams impede salaman-
der movement because salamanders have diffi-

culty crossing large and fast-moving water bod-
ies (Marsh et al. 2007; Richardson 2012). The
presence of fish further makes these habitats in-
hospitable as juveniles and adults risk predation
if using these wetlands as stepping-stones for dis-
persal (Pilliod and Peterson 2001). Roads are of-
ten associated with mortality (Gibbs and Shriver
2005) and can act as physical or psychological
barriers to movement (deMaynadier and Hunter
2000). Open-canopied habitat such as agricul-
ture, development, and bare ground (labeled as
‘disturbed land’ in this analysis) increases the risk
of desiccation and reduces dispersal ability and
distance (Rothermel and Semlitsch 2002; Green-
wald et al. 2009a).

Complex interactions between environmental
factors at a local and landscape scale may also in-
fluence gene flow. For example, conditions at the
breeding pond such as hydroperiod, temperature,
density, and predators, vary from year to year
and are known to influence productivity, growth
rates, and larval survival (Berven 1990; Skelly
1996; Werner and Glennemeier 1999; Marsh and
Trenham 2001; Babbitt 2005). These local fac-
tors create variation in population dynamics that
influence the number of metamorphs success-
fully dispersing between ponds and thus influ-
ence metapopulation processes at a larger scale.
Although population fluctuations can increase ge-
netic differentiation by reducing dispersal among
ponds, in a landscape with abundant ponds and
healthy amphibian populations, there are plenty
of metamorphs dispersing to nearby ponds to
maintain high gene flow across the broader land-
scape.

Recognizing that genetic distance metrics can
vary in their sensitivity to detect genetic changes
over short time scales, we used both Fgr and D¢
as response variables in the landscape analysis.
We expected D¢ to be sensitive to more recent
landscape change such as forestry, roads, and dis-
turbed land, while Fgr might only detect the in-
fluence of landscape features with a longer-term
presence such as lakes, streams, or slope. For
Wood Frogs, we found that both contemporary
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and historical distance metrics had little relation-
ship to landscape pattern. For Spotted Salaman-
ders, lakes were correlated with both Do and
Fqr, and disturbed land, roads, and streams were
correlated with Fgr but not D¢. Therefore, our
findings suggest that in this analysis, D¢ was not
more sensitive to recent landscape change than
Fgsr.

Though this study took place in a commercial
forest, we found no negative impacts of forest
management on gene flow at the scale we mea-
sured. Similarly, Spear and Storfer (2008, 2010)
found a relatively high amount of gene flow in
two species of tailed frog (Ascaphus) in managed
forests in the northwestern US. Current regula-
tions governing forest management practices in
Maine may contribute to patterns of high gene
flow. Public concern over timber liquidation in
conjunction with salvage logging in the 1970s—
1980s prompted the state to pass the Forest Prac-
tices Act in 1989 (Sader et al. 2003). This act
effectively restricted clearcuts over 50 ha and
required clearcuts to be separated by patches
of forest that cannot be cut for a decade, while
also promoting partial and shelterwood harvest
techniques (Forest Practices Act, Maine Forest
Service. 1989. Title 12, Part 11, Chapter 805,
Augusta, Maine, USA). These forest manage-
ment practices may contribute to the connectivity
of amphibians in this landscape because current
clearcut patches are noncontiguous, constrained
in size, distributed throughout the area, and make
up a small percentage of the landscape. Our find-
ings suggest that the current level of forest dis-
turbance in the study area is minimal enough to
maintain population level gene flow.

Alternatively, the lack of an effect of timber
harvest on gene flow may result from a tempo-
ral lag in the genetic response (Keyghobadi et al.
2005; Holzhauer et al. 2006). Simulation studies
suggest that the time to detect the genetic effects
of landscape change depends on the dispersal
distance of the species and the generation time.
In species with low dispersal ability (> 10 km),
such as amphibians, it generally takes longer to

detect landscape change. In least-cost path anal-
yses using Mantel tests, simulations showed it
can take up to six generations to detect a disper-
sal barrier and > 500 generations to detect its
removal (Landguth et al. 2010). These findings
indicate that for these less mobile species, ge-
netic patterns may not reflect recent landscape
change, but instead may reflect past landscape
conditions. In their study of harvest impacts on
gene flow in the Coastal Tailed Frog (Ascaphus
truet), Spear and Storfer (2008) found that the
effects of forest management on amphibian gene
flow took several generations (20+ years) to influ-
ence genetic structure. The land cover map used
in our analysis depicted timber harvest cut up to
a decade before genetic sampling, which is time
for one Spotted Salamander generation and two
to three Wood Frog generations to pass (Spotted
Salamander longevity up to 20 years, mode 7
years [Flageole and Leclair Jr. 1992]; Wood Frog
longevity 3-5 years [Redmer and Trauth 2005]).
Given this time frame, there may not have been
enough time to detect an effect of recent forest
management on gene flow.

Timber harvest may be a temporary distur-
bance that operates on a time scale too short
to influence genetic patterns. In the study
area, vegetation in clearcut patches regenerates
quickly, with saplings and shrubs growing up
to 1 m tall within a year, providing shaded
microhabitats that facilitate dispersal (Patrick et
al. 2006; Popescu et al. 2012). Recent evidence
suggests that for juvenile Wood Frogs in
Maine, abundance and survival within clearcuts
increases just a few years after harvest (Patrick et
al. 2008; Popescu et al. 2012). In addition, both
species are capable of moving through clearcuts
to reach forested patches (Veysey et al. 2009;
Freidenfelds et al. 2011). Consequently, the
impacts of forest management on dispersal may
be minimal, with more permanent landscape
features more likely to influence genetic patterns
for these two species. Our findings confirm this,
in that the only significant dispersal barrier we
identified was lakes. However, in developed
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areas, where anthropogenic landscape features
are long lasting, these factors may have a
stronger negative influence on gene flow (Crosby
et al. 2009; Gabrielsen et al. 2013).

Species comparison.—By comparing multiple
species within the same landscape, it is possible
to identify species-specific responses and assess
if patterns are consistent across species (Steele et
al. 2009; Goldberg and Waits 2010; Richardson
2012). In this study, we found similarly high
levels of gene flow in both focal species, but
different landscape influences. The varied
patterns may be related to the differences in
mobility of the two species. Wood Frogs are
capable of traveling farther distances than
Spotted Salamanders (Berven and Grudzien
1990; Montieth and Paton 2006). Therefore,
Wood Frogs are more likely to move through an
unfavorable patch or find ways around a potential
dispersal barrier and we would expect to find
less genetic differentiation and fewer landscape
influences on gene flow. Richardson (2012)
found evidence that supported this hypothesis,
with greater mobility in Wood Frogs contributing
to higher levels of gene flow as compared to
Spotted Salamanders. Our results corroborate
this hypothesis as no landscape features were
significantly correlated with genetic distance
patterns in Wood Frogs, while several landscape
features were correlated in Spotted Salamanders.
In addition, greater Wood Frog mobility was
supported by the spatial autocorrelation analysis,
in which Wood Frogs showed less fine-scale spa-
tial genetic structure, indicating higher dispersal
rates than Spotted Salamanders. Wood Frogs,
however, exhibited higher overall G’sy, which
implies higher average genetic differentiation
between ponds.

Methodological considerations.—Aspects of
our experimental design may limit the strength
of the conclusions that can be drawn. First, in
landscape genetics the scale of analysis and sam-
pling scheme are important considerations be-

cause both factors can impact the ability to de-
tect a genetic signal of landscape change (Cush-
man and Landguth 2010; Jaquiery et al. 2011;
Oyler-McCance et al. 2013). Studies conducted
at scales many times larger than the dispersal
distance of an animal may be detecting patterns
that emerge at a regional scale, rather than iden-
tifying landscape features that impact individual
movement patterns. Assuming a maximum dis-
persal distance of 2.5 km for Wood Frogs and 1
km for salamanders (Berven and Grudzien 1990;
Gamble et al. 2007), our study included ponds
within and up to 50 times the dispersal distance
for these species. Investigating the influences of
landscape features on gene flow at a smaller spa-
tial scale may improve the power of the analy-
sis (Cushman and Landguth 2010). Further, our
sampling scheme incorporated several clusters of
ponds with a range of intervening distances dis-
tributed across the extent of the study area, rather
than ponds sampled systematically and consis-
tently throughout the landscape, as is considered
optimal for fine-scale landscape genetics stud-
ies (Storfer et al. 2007). A more systematic and
intensive sampling scheme may be better at de-
tecting patterns of isolation by distance and land-
scape influences on gene flow (Oyler-McCance
et al. 2013).

The number of microsatellite loci (six per
species) used in this study may also have limited
the power of our analyses. While conducting the
study with additional loci may have increased the
sensitivity to detect patterns, it has been shown
theoretically that the power to detect genetic dif-
ferentiation is a function of not just the number of
loci used, but more specifically the total number
of alleles, as well as the sample sizes (Kalinowski
2002; Ryman et al. 2006). The loci used in this
study were highly polymorphic, with high levels
of heterozygosity and a large number of alleles
per locus (total of 117 and 57 alleles were found
for the 6 loci in Wood Frogs and Spotted Sala-
manders, respectively). The high polymorphism
of the loci, combined with relatively large sam-
ple sizes, despite relatively low Fgrs, suggest that
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the low levels of genetic differentiation we found
were not due to power limitations, but rather were
characteristic of this highly connected system.
Other studies using more loci have also shown
similar findings of high rates of gene flow and
weak landscape influences in these species in
northeastern North America (Crosby et al. 2009;
Richardson 2012; Gabrielsen et al. 2013; Coster
et al. 2015). Lastly, although null alleles were
detected in two loci in the Spotted Salamander
dataset, they were present at low frequencies (<
10%), which are not expected to bias genetic dis-
tance metrics (Chapuis and Estoup 2007), and
therefore should not have influenced our results.

The choice of resistance values may also
affect the ability to detect a relationship between
gene flow and landscape features (Jaquiery et
al. 2011; Cushman et al. 2013). In this study,
the multivariate expert opinion model performed
poorly. The lack of relationship between effec-
tive and genetic distance in the multivariate
model may indicate that the expert assigned
resistances we used were not appropriate in this
landscape. These resistance values were initially
generated for ambystomatid salamanders in
southern New England, in a landscape with
more development and less forestry (Compton et
al. 2007). Using univariate models can reduce
some of the uncertainty associated with expert
opinion models by eliminating the question
of relative effects and instead focusing on
which landscape variables are most important
to dispersal (Broquet et al. 2006; Pérez-Espona
et al. 2008; Schwartz et al. 2009). However,
the univariate models in this study similarly
detected weak relationships between gene flow
and landscape pattern. Therefore, the lack of
power may not be a methodological problem,
but instead reflect the high connectivity due to
abundant habitat. Simulation studies confirm
there is less power to detect landscape influences
on gene flow in homogenous landscapes where
habitat is extensive (Cushman and Landguth
2010; Cushman et al. 2012, 2013).

Conclusion.—We found high genetic connec-
tivity and limited influences of landscape features
on the dispersal of Wood Frogs and Spotted Sala-
manders in a commercial forest. Results from
our study suggest that the legislation in Maine
restricting the size of clearcuts and promoting par-
tial harvest techniques may be compatible with
amphibian dispersal and gene flow. These for-
est management practices ultimately result in a
largely forested landscape that favors success-
ful dispersal for Spotted Salamanders and Wood
Frogs. However, we caution against extrapolat-
ing these findings to commercial forests in other
areas where moisture is limiting, wetlands are
isolated, or management regimes are different.

Acknowledgements.—We thank International
Paper, GMO LLC, and Black Bear Forest, Inc.
for permission to conduct research on their prop-
erty and American Forestry Management, Inc.
for their cooperation. We are grateful for those
that helped in the field and lab, including: Kerry
Arsenault, Matt Baber, Lisa Goldberg, Lyndsay
Schneiderman, and Andrew Simoncini. Thanks
to David Berlinsky for use of laboratory facilities.
The research was approved by the University of
New Hampshire Institutional Animal Care & Use
Committee (permit No. 020601). This project
was supported by the National Research Initiative
of the USDA Cooperative State Research, Edu-
cation, and Extension Service: Grant Nos. 2003-
35101-12922 and 2007-35101-18281, and by a
grant from the Northeast States Research Coop-
erative. Stephanie Coster was supported in part
through a New Hampshire NASA Space Grant
fellowship. Partial funding was also provided
by the New Hampshire Agriculture Experiment
Station. This is scientific Contribution Number
2528.

LiteraTURE CITED

Adriaensen, F., J.P. Chardon, G. De Blust,
E. Swinnen, S. Villalba, H. Gulinck, and
E. Matthysen. 2003. The application of
“least-cost” modelling as a functional land-

78



Herpetological Conservation and Biology

scape model. Landscape and Urban Planning
64:233-247.

Alford, R.A., and S.J. Richards. 1999. Global
amphibian declines: a problem in applied ecol-
ogy. Annual Review of Ecology and Systemat-
ics 30:133-165.

Babbitt, K.J. 2005. The relative importance of
wetland size and hydroperiod for amphibians
in southern New Hampshire, USA. Wetlands
Ecology and Management 13:269-279.

Berven, K.A. 1990. Factors affecting popula-
tion fluctuations in larval and adult stages
of the Wood Frog (Rana sylvatica). Ecology
71:1599-1608.

Berven, K.A., and T.A. Grudzien. 1990. Disper-
sal in the Wood Frog (Rana sylvatica): impli-
cations for genetic population structure. Evolu-
tion 44:2047-2056.

Brookfield, J.EY. 1996. A simple new method
for estimating null allele frequency from
heterozygote deficiency. Molecular Ecology
5:453-455.

Broquet, T., N. Ray, E. Petit, J. Fryxell, and
F. Burel. 2006. Genetic isolation by distance
and landscape connectivity in the American
Marten (Martes americana). Landscape Ecol-
ogy 21:877-889.

Cabin, R.J., and R.J. Mitchell. 2000. To Bonfer-
roni or not to Bonferroni: when and how are

the questions. Bulletin of the Ecological Soci-
ety of America 81:246-248.

Cavalli-Sforza, L.L., and A.W.F. Edwards. 1967.
Phylogenetic analysis. Models and estimation

procedures. American Journal of Human Ge-
netics 19:233-257.

Chapuis, M.P.,, and A. Estoup. 2007. Microsatel-
lite null alleles and estimation of population
differentiation. Molecular Biology and Evolu-
tion 24:621-631.

Clobert, J., E. Danchin, A.A. Dhondt, and J.D.
Nichols. (Eds.). 2001. Dispersal. Oxford Uni-
versity Press, Oxford, England.

Compton, B.W., K. McGarigal, S.A. Cushman,
and L.R. Gamble. 2007. A resistant-kernel
model of connectivity for amphibians that

breed in vernal pools. Conservation Biology
21:788-799.

Corander, J., and P. Marttinen. 2006. Bayesian
identification of admixture events using multi-

locus molecular markers. Molecular Ecology
15:2833-2843.

Corander, J., J. Sirén, and E. Arjas. 2008.
Bayesian spatial modeling of genetic pop-
ulation structure. Computational Statistics
23:111-129.

Corander, J., P. Waldmann, and M.J. Sil-
lanpaa. 2003. Bayesian analysis of genetic
differentiation between populations. Genetics
163:367-374.

Coster, S.S., K.J. Babbitt, A. Cooper, and A.L
Kovac. 2015. Limited influence of local and
landscape factors on finescale gene flow in two

pond-breeding amphibians. Molecular Ecology
24:742-758.

Crosby, M., L. Licht, and J. Fu. 2009. The effect
of habitat fragmentation on finescale popula-

tion structure of Wood Frogs (Rana sylvatica).
Conservation Genetics 10:1707-1718.

Cushman, S.A. 2006. Effects of habitat loss
and fragmentation on amphibians: a re-
view and prospectus. Biological Conservation
128:231-240.

Cushman, S.A., and E.L. Landguth. 2010. Scale
dependent inference in landscape genetics.
Landscape Ecology 25:967-979.

Cushman, S.A., A. Shirk, and E.L. Landguth.
2012. Separating the effects of habitat area,
fragmentation and matrix resistance on genetic

79



Coster et al.—-Amphibian landscape genetics.

differentiation in complex landscapes. Land-
scape Ecology 27:369-380.

Cushman, S.A., A.J. Shirk, and E.L. Landguth.
2013. Landscape genetics and limiting factors.
Conservation Genetics 14:263-274.

deMaynadier, P.G., and M.L. Hunter. 1995. The
relationship between forest management and
amphibian ecology: a review of the North

American literature. Environmental Reviews
3:230-261.

deMaynadier, P.G., and M.L. Hunter. 1998. Ef-
fects of silvicultural edges on the distribution
and abundance of amphibians in Maine. Con-
servation Biology 12:340-352.

deMaynadier, P.G., and M.L. Hunter. 2000.
Road effects on amphibian movements in

a forested landscape. Natural Areas Journal
20:56-65.

Dieringer, D., and C. Schlétterer. 2003. Mi-
crosatellite analyser (MSA): a platform inde-
pendent analysis tool for large microsatellite
data sets. Molecular Ecology Notes 3:167-169.

Dutilleul, P., J.D. Stockwell, D. Frigon, and P.
Legendre. 2000. The Mantel test versus Pear-
son’s correlation analysis: assessment of the
differences for biological and environmental
studies. Journal of Agricultural, Biological,
and Environmental Statistics 5:131-150.

Flageole, S., and R. Leclair Jr. 1992. Demo-
graphic study of a Yellow-spotted Salamander
(Ambystoma maculatum) population by means

of the skeleto-chronological method. Canadian
Journal of Zoology 70:740-749.

Foster, D.R., G. Motzkin, and B. Slater. 1998.
Land-use history as long-term broad-scale dis-
turbance: regional forest dynamics in central
New England. Ecosystems 1:96-119.

Freidenfelds, N.A., J.L. Purrenhage, and K.J.
Babbitt. 2011. The effects of clearcuts and for-
est buffer size on post-breeding emigration of
adult Wood Frogs (Lithobates sylvaticus). For-
est Ecology and Management 261:2115-2122.

Funk, W.C., M.S. Blouin, P.S. Corn, B.A. Max-
ell, D.S. Pilliod, S. Amish, and FEW. Allen-
dorf. 2005. Population structure of Columbia
Spotted Frogs (Rana luteiventris) is strongly
affected by the landscape. Molecular Ecology
14:483-496.

Gabrielsen, C.G., A.I. Kovach, K.J. Babbitt, and
W.H. McDowell. 2013. Limited effects of sub-
urbanization on the genetic structure of an abun-
dant vernal pool-breeding amphibian. Conser-
vation Genetics 14:1083-1097.

Gamble, L.R., K. McGarigal, and B.W. Comp-
ton. 2007. Fidelity and dispersal in the pond-
breeding amphibian, Ambystoma opacum: im-
plications for spatio-temporal population dy-

namics and conservation. Biological Conserva-
tion 139:247-257.

Gibbs, J.P. 1998. Distribution of woodland am-
phibians along a forest fragmentation gradient.
Landscape Ecology 13:263-268.

Gibbs, J.P., and W.G. Shriver. 2005. Can road
mortality limit populations of pool-breeding
amphibians? Wetlands Ecology and Manage-
ment 13:281-289.

Giordano, A.R., B.J. Ridenhour, and A. Storfer.
2007. The influence of altitude and topography
on genetic structure in the Long-Toed Salaman-

der (Ambystoma macrodactylum). Molecular
Ecology 16:1625-1637.

Goldberg, C.S., and L.P. Waits. 2010. Com-
parative landscape genetics of two pond-
breeding amphibian species in a highly modi-
fied agricultural landscape. Molecular Ecology
19:3650-3663.

80



Herpetological Conservation and Biology

Goslee, S.C., and D.L. Urban. 2007. The ecodist
package for dissimilarity-based analysis of eco-

logical data. Journal of Statistical Software
22:1-19.

Goudet, J. 1995. FSTAT (Version 1.2): a com-
puter program to calculate F-Statistics. Journal
of Heredity 86:485 —486.

Greenwald, K.R., H.L. Gibbs, and T.A. Waite.
2009a. Efficacy of land-cover models in pre-
dicting isolation of Marbled Salamander pop-
ulations in a fragmented landscape. Conserva-
tion Biology 23:1232-1241.

Greenwald, K.R., J.L. Purrenhage, and W.K.
Savage. 2009b. Landcover  predicts  iso-
lation in Ambystoma salamanders across

region and species. Biological Conservation
142:2493-2500.

Hasbrouck, S., and F. Knight. 1994. The Forests
of Maine. University of Maine, College of
Natural Resources, Forestry and Agriculture,
Orono, Maine, USA.

Hedrick, P.W. 2005. A
netic  differentiation
59:1633-1638.

standardized ge-
measure. Evolution

Holzhauer, S., K. Ekschmitt, A.-C. Sander, J.
Dauber, and V. Wolter. 2006. Effect of historic
landscape change on the genetic structure of the

bush-cricket Metrioptera roeseli. Landscape
Ecology 21:891-899.

Jaquiery, J., T. Broquet, A.H. Hirzel, J. Years-
ley, and N. Perrin. 2011. Inferring landscape
effects on dispersal from genetic distances:
how far can we go? Molecular Ecology
20:692-705.

Joly, P., C. Morand, and A. Cohas. 2003. Habi-
tat fragmentation and amphibian conservation:
building a tool for assessing landscape ma-
trix connectivity. Comptes Rendus Biologies
326:132-139.

Julian, S.E., and T.L. King. 2003. Novel tetranu-
cleotide microsatellite DNA markers for the

Wood Frog, Rana sylvatica. Molecular Ecol-
ogy Notes 3:256-258.

Julian, S.E., T.L. King, and W.K. Savage. 2003.
Isolation and characterization of novel tetranu-
cleotide microsatellite DNA markers for the
Spotted Salamander, Ambystoma maculatum.
Molecular Ecology Notes 3:7-9.

Kalinowski, S.T. 2002. Evolutionary and statisti-
cal properties of three genetic distances. Molec-
ular Ecology 11:1263-1273.

Keyghobadi, N. 2007. The genetic implications
of habitat fragmentation for animals. Canadian
Journal of Zoology 85:1049-1064.

Keyghobadi, N., J. Roland, S.F. Matter, and
C. Strobeck. 2005. Among- and within-patch
components of genetic diversity respond at dif-
ferent rates to habitat fragmentation: an empir-
ical demonstration. Proceedings of the Royal
Society Biological Sciences 272:553-560.

Landguth, E.L., S.A. Cushman, M.K. Schwartz,
K.S. McKelvey, M. Murphy, and G. Luikart.
2010. Quantifying the lag time to detect barri-
ers in landscape genetics. Molecular Ecology
19:4179-4191.

Lee-Yaw, J.A., A. Davidson, B.H. McRae, and
D.M. Green. 2009. Do landscape processes
predict phylogeographic patterns in the Wood
Frog? Molecular Ecology 18:1863—1874.

Legendre, P., and M. Fortin. 2010. Comparison
of the Mantel test and alternative approaches
for detecting complex multivariate relation-
ships in the spatial analysis of genetic data.
Molecular Ecology Resources 10:831-844.

Maine Forest Service, Department of Conserva-
tion. 2010. Maine State Forest Assessment and
Strategies. Maine Forest Service, Department
of Conservation, Augusta, Maine, USA. 225 p.

81



Coster et al.—-Amphibian landscape genetics.

Marsh, D.M., R.B. Page, T.J. Hanlon, H. Bareke,
R. Corritone, N. Jetter, N.G. Beckman, K.
Gardner, D.E. Seifert, and P.R. Cabe. 2007.
Ecological and genetic evidence that low-order
streams inhibit dispersal by Red-backed Sala-
manders (Plethodon cinereus). Canadian Jour-
nal of Zoology 85:319-327.

Marsh, D.M., and P.C. Trenham. 2001. Metapop-
ulation dynamics and amphibian conservation.
Conservation Biology 15:40-49.

Moesswilde, M. 2004. Best management prac-
tices for forestry: Protecting Maine’s water
quality. Department of Conservation, Maine
Forest Service, Forest Policy and Management
Division, Augusta, Maine, USA. 100 p.

Montieth, K.E., and P.W.C. Paton. 2006. Emigra-
tion behavior of Spotted Salamanders on golf

courses in southern Rhode Island. Journal of
Herpetology 40:195-205.

Moran, M.D. 2003. Arguments for rejecting the
sequential Bonferroni in ecological studies.
Oikos 100:403—405.

Newman, R.A., and T. Squire. 2001. Microsatel-
lite variation and fine-scale population structure

in the Wood Frog (Rana sylvatica). Molecular
Ecology 10:1087-1100.

North East Foresters Association. 2013a. The
economic importance of the forest-based
economies of Maine, New Hampshire, New
York, and Vermont. North East Foresters As-
sociation, Concord, New Hampshire, USA. 20

P-

North East Foresters Association. 2013b. The
economic importance of Maine’s forest-based
economy. North East Foresters Association,
Concord, New Hampshire, USA. 4 p.

Oyler-McCance, S.J., B.C. Fedy, and E.L.
Landguth. 2013. Sample design effects in

landscape genetics. Conservation Genetics
14:275-285.

Patrick, D.A., E.B. Harper, M.L. Hunter, and
A.J.K. Calhoun. 2008. Terrestrial habitat selec-
tion and strong density-dependent mortality in

recently metamorphosed amphibians. Ecology
89:2563-2574.

Patrick, D.A., M.L. Hunter Jr, and A.J.K Cal-
houn. 2006. Effects of experimental forestry
treatments on a Maine amphibian community.
Forest Ecology and Management 234:323-332.

Peakall, R., M. Ruibal, and D.B. Lindenmayer.
2003. Spatial autocorrelation analysis offers
new insights into gene flow in the Aus-

tralian Bush Rat, Rattus fuscipes. Evolution
57:1182-1195.

Peakall, R., and P.E. Smouse. 2006. GenAIEx 6:
genetic analysis in Excel. Population genetic
software for teaching and research. Molecular
Ecology Notes 6:288-295.

Peakall, R., and P.E. Smouse. 2012. GenAlEx
6.5: genetic analysis in Excel. Population ge-
netic software for teaching and research-an up-
date. Bioinformatics 28:2537-2539.

Pérez-Espona, S., F.J. Pérez-Barberia, J.E.
Mcleod, C.D. Jiggins, 1.J. Gordon, and
J.M. Pemberton. 2008. Landscape features af-
fect gene flow of Scottish Highland Red
Deer (Cervus elaphus). Molecular Ecology
17:981-996.

Perneger, T.V. 1998. What’s wrong with Bon-
ferroni adjustments. British Medical Journal
316:1236-1238.

Petranka, J.W., M.P. Brannon, M.E. Hopey, and
C.K. Smith. 1994. Effects of timber harvest-
ing on low elevation populations of Southern

Appalachian Salamanders. Forest Ecology and
Management 67:135-147.

Pilliod, D.S., and C.R. Peterson. 2001. Local
and landscape effects of introduced trout on
amphibians in historically fishless watersheds.
Ecosystems 4:322-333.

82



Herpetological Conservation and Biology

Popescu, V.D., D.A. Patrick, M.L. Hunter Jr., and
A.J.K. Calhoun. 2012. The role of forest har-
vesting and subsequent vegetative regrowth in
determining patterns of amphibian habitat use.
Forest Ecology and Management 270:163—174.

Purrenhage, J.L., P.H. Niewiarowski, and F.B-
G. Moore. 2009. Population structure of Spot-
ted Salamanders (Ambystoma maculatum) in
a fragmented landscape. Molecular Ecology
18:235-247.

R Core Team. 2011. R: a language and envi-
ronment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria.
http://www.R-project.org/.

Ray, N. 2005. Pathmatrix: a geographical in-
formation system tool to compute effective

distances among samples. Molecular Ecology
Notes 5:177-180.

Raymond, L.R., and L.M. Hardy. 1991. Effects
of a clearcut on a population of the Mole Sala-
mander, Ambystoma talpoideum, in an adja-

cent unaltered forest. Journal of Herpetology
25:509-512.

Redmer, M., and S.E. Trauth. 2005. Rana sylvat-
ica. Pp. 590-593 In Amphibian Declines: The
Conservation Status of United States Species.
Lannoo, M. (Ed.). University of California
Press, Berkeley, California, USA.

Richardson, J.L. 2012. Divergent landscape ef-
fects on population connectivity in two co-
occurring amphibian species. Molecular Ecol-
ogy 21:4437-4451.

Rittenhouse, T.A.G., E.B. Harper, L.R. Rehard,
and R.D. Semlitsch. 2008. The role of micro-
habitats in the desiccation and survival of anu-

rans in recently harvested oak-hickory forest.
Copeia 2008:807-814.

Rothermel, B.B., and T.M. Luhring. 2005. Bur-
row availability and desiccation risk of Mole

Salamanders (Ambystoma talpoideum) in har-
vested versus unharvested forest stands. Jour-
nal of Herpetology 39:619-626.

Rothermel, B.B., and R.D. Semlitsch. 2002. An
experimental investigation of landscape resis-
tance of forest versus old-field habitats to emi-
grating juvenile amphibians. Conservation Bi-
ology 16:1324-1332.

Ryman, N., S. Palm, C. Andre, G.R. Carvalho,
T.G. Dahlgren, PE. Jorde, L. Laikre, L.C.
Larsson, A. Palme, and D.E. Ruzzante. 2006.
Power for detecting genetic divergence: differ-

ences between statistical methods and marker
loci. Molecular Ecology 15:2031-2045.

Sader, S.A., M. Bertrand, and E.H. Wilson. 2003.
Satellite change detection of forest harvest pat-

terns on an industrial forest landscape. Forest
Science 49:341-353.

Savage, W.K., and K.R. Zamudio. 2005. Am-
bystoma maculatum. Pp. 621-627 In Amphib-
ian Declines: The Conservation Status of
United States Species. Lannoo, M. (Ed.). Uni-
versity of California Press, Berkeley, Califor-
nia, USA.

Schwartz, M.K., J.P. Copeland, N.J. Anderson,
J.R. Squires, R.M. Inman, K.S. McKelvey, K.L.
Pilgrim, L.P. Waits, and S.A. Cushman. 2009.
Wolverine gene flow across a narrow climatic
niche. Ecology 90:3222-3232.

Semlitsch, R.D. 2008. Differentiating migration
and dispersal processes for pond-breeding
amphibians. Journal of Wildlife Management
72:260-267.

Semlitsch, R.D., B.D. Todd, S.M. Blomquist,
A.J.K Calhoun, J.W. Gibbons, J.P. Gibbs,
G.J. Graeter, E.B. Harper, D.J. Hocking, M.L
Hunter, et al. 2009. Effects of timber har-
vest on amphibian populations: understand-
ing mechanisms from forest experiments. Bio-
Science 59:853-862.

83


http://www.R-project.org/

Coster et al.—-Amphibian landscape genetics.

Sinsch, U. 1990. Migration and orientation in
anuran amphibians. Ethology Ecology & Evo-
lution 2:65-79.

Skelly, D.K. 1996. Pond drying, predators, and
the distribution of Pseudacris tadpoles. Copeia
1996:599-605.

Smith, M.A., and D.M. Green. 2005. Dispersal
and the metapopulation paradigm in amphib-
ian ecology and conservation: are all amphib-
ian populations metapopulations? Ecography
28:110-128.

Smouse, P.E., and R. Peakall. 1999. Spatial au-
tocorrelation analysis of individual multial-
lele and multilocus genetic structure. Heredity
82:561-573.

Spear, S.F., and A. Storfer. 2008. Landscape ge-
netic structure of Coastal Tailed Frogs (Asca-

phus truei) in protected vs. managed forests.
Molecular Ecology 17:4642-4656.

Spear, S.F., and A. Storfer. 2010. Anthropogenic
and natural disturbance lead to differing pat-
terns of gene flow in the Rocky Mountain
Tailed Frog, Ascaphus montanus. Biological
Conservation 143:778-786.

Steele, C.A., J. Baumsteiger, and A. Storfer.
2009. Influence of life-history variation on the
genetic structure of two sympatric salamander
taxa. Molecular Ecology 18:1629-1639.

Storfer, A., M.A. Murphy, J.S. Evans, C.S. Gold-
berg, S. Robinson, S.F. Spear, R. Dezzani, E.
Delmelle, L. Vierling, and L.P. Waits. 2007.
Putting the “landscape” in landscape genetics.
Heredity 98:128-142.

Van Oosterhout, C., W.F. Hutchinson, D.P. Wills,
and P. Shipley. 2004. Micro-checker: software
for identifying and correcting genotyping er-
rors in microsatellite data. Molecular Ecology
Notes 4:535-538.

Veysey, J.S., K.J. Babbitt, and A. Cooper. 2009.
An experimental assessment of buffer width:
implications for salamander migratory behav-
ior. Biological Conservation 142:2227-2239.

Werner, E.E., and K.S. Glennemeier. 1999. In-
fluence of forest canopy cover on the breeding
pond distributions of several amphibian species.
Copeia 1999:1-12.

Zamudio, K.R., and A.M. Wieczorek. 2007.
Fine-scale spatial genetic structure and disper-
sal among Spotted Salamander (Ambystoma
maculatum) breeding populations. Molecular

Ecology 16:257-274.

84



Herpetological Conservation and Biology

‘(punoi3 a1eq pue

quowrdoraaap ‘(Aey/ermysed ‘poy A11ogen[q ‘pue[ pajeAn[Nd) AINNOLIFE PIpPN[OUL pue] pagqimsi(
"uoneIaua§al 15910J

1o o 1enred 1y3I o [ented AABOY INO-IBI[O SB PAYIIUIPI 9IaM JBY] SISSB[O PIpN[OUl AIJSI0]

pue] paqInIsIy

JUQUWIOTRURTA] 15910

APPENDICES

"S[TB19p I0J MO[oq 23S 007 ADTPIN IoAOOpUET]
‘POpN[OUL AI9M f PUB ¢ SIOPIO SWEANS snddHN sweans
“JUSWIDAOW 0} OUBISISAI (9,()8) MO[ Pue (9,(07) Y31y Juasardal 0] pasn 219m SUOIIBIYISSL[O [OPOJAl UOTIBA
0M] [ITA SYB2IQ [BINJBU pue ‘Q] S[DOIV Ul IsA[euy Teneds Sursn pajemnored sem adofs 1uedieg  -9rg NS SOSN adors
uoneyodsuely, jo
"SpBOI $S3J0® [B1NSNpUl pue sSAeMUSIY papn[oul speoy jusunieda(] SUIBIA speoy
SOYe[ SUIPN[OXA SAIPO] I3JeM [[B SB PAYISSB[O dIoM SPUBTIOA IMN SPUB[IOM
(IMN) Az0juoAuf
IAAN WOIJ PIBO[SI 91oMm SAE]  SPUB[ISAN [BUOIIBN soye]
(agm souey
"S9IBUIPI00d S0 Uaamiaq syjed 31S00-1Se9] WO PIALIOP OUBISI(] S9JRUIPIO0d SO -siq  orydeiSoon
uonduasaq 90In0¢ BIRQ Ioke|
‘sasATeue yed 31500-1s89[ Areulq ut paje3nsaAur sasse[d adeospue] Jo uonduosa(q TV T14V],

Os9

081
@17

@68

@18

16
@141
67

o7
@
76

Coord. 1
(]
0
Coord. 1

9
o &
Q140 51
Q17 o
o
as
.
(¢]
0
@75
o1
@15

15

o

&
o9
00®
03
oss
@81
@151
@so

ZPi00d 2°pI00)

AprpENDIX 1. Principal coordinates analysis (PCA)

of Wood Frog (Lithobates sylvaticus) populations
APPENDIX 2. Principal coordinates analysis (PCA)

of Spotted Salamander (Ambystoma macula-

based on six microsatellite loci. Numbers indi-
tum) populations based on six microsatellite loci
Numbers indicate pond identification numbers.

cate pond identification numbers.

vy
>o]



Coster et al.—-Amphibian landscape genetics.

TaBLE A2. Metrics describing the genetic diversity of Wood Frog (Lithobates sylvaticus) and Spotted Sala-
mander (Ambystoma maculatum) populations in central Maine. Each locus is presented and the number of
alleles, allelic richness (AR), observed heterozygosity (Hp), expected heterozygosity (Hg), F;s, and pairwise
Fsr along with their standard error in parentheses are averaged across populations.

Locus Alleles AR Ho Hg F;s Fsr
Wood Frog
C41 11 4.8 0.65 0.65 -0.019 0.014
(0041) (0.008)
D32 18 8.9 0.87 0.90 0.013 0.016
(0.028) (0.008)
C52 27 10.8 0.90 0.93 -0.005 0.036
(0.019) (0.009)
D20 16 8.9 0.91 0.90 -0.039 0.021
(0.023) (0.007)
D77 24 10.8 0.93 0.93 -0.017 0.022
(0.021) (0.007)
Cl11 21 10.1 0.93 0.91 -0.038 0.025

(0.020) (0.009)

Spotted Salamander

D287 11 5.2 0.87 0.83 -0.055 0.013
(0.020) (0.006)
D315 9 4.2 0.77 0.74 -0.051 0.015
(0.029) (0.008)
D184 12 5.9 0.85 0.87 0.003 0.009
(0.018) (0.006)
D321 12 5.2 0.68 0.82 0.165 0.015
(0.029) (0.007)
D99 10 4.9 0.72 0.81 0.102 0.021
(0.027) (0.012)
C40 3 2.1 0.39 0.38 -0.047 0.034

(0.035) (0.016)
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TasLE A4. Pairwise Fgr values (above diagonal) for the Spotted Salamander (Ambystoma maculatum) populations with bold indicating significance
after Bonferroni correction. Geographic distance between populations (km) is below the diagonal. Numbers on top and left indicate pond identification
numbers that correspond to those shown in Fig. 1 and Table 2.

69 70 68 66 67 90 91 89 15 17 16 53 3 18 151 150 76 75 79 81 80 140 141
69 0.007 -0.001 0.016 0.000 0.016 -0.007 0.033 0.006 0.040 0.023 -0.004 0.015 0.007 0.041 0.022 0.014 0.024 0.000 0.041 0.027 0.003 0.007
70 0.5 0.000 0.008 -0.004 0.010 -0.003 0.023 0.007 0.035 0.024 -0.008 0.011 -0.003 0.035 0.025 -0.006 0.024 0.017 0.027 0.009 0.004 0.012
68 0.3 0.8 0.006 -0.005 0.010 0.002 0.040 0.016 0.037 0.022 0.014 -0.002 0.006 0.056 0.038 -0.001 0.019 0.011 0.046 0.011 0.000 0.008
66 7.1 7.0 7.1 0.004 0.000 0.008 0.025 0.007 0.043 0.024 0.019 0.001 0.022 0.034 0.020 0.004 -0.008 0.006 0.012 0.025 0.009 0.017
67 7.7 7.6 7.7 0.6 0.003 -0.010 0.021 0.003 0.013 0.013 -0.002 -0.001 0.003 0.027 0.011 -0.009 0.008 0.006 0.028 0.016 -0.015 -0.009
20 12.8 13.2 12.5 14.5 14.8 -0.004 0.013 -0.002 0.043 0.025 0.019 0.000 0.022 0.031 0.011 0.001 -0.019 0.006 0.022 0.017 0.003 0.014
91 12.5 13.0 12.3 14.6 14.9 0.5 0.019 -0.007 0.034 0.003 -0.001 -0.002 0.009 0.020 0.020 -0.008 -0.005 -0.005 0.039 0.006 -0.015 -0.011
89 13.2 13.7 12.9 14.9 15.2 0.4 0.7 -0.016 0.080 0.046 0.020 0.022 0.027 0.009 0.022 0.020 0.013 0.030 0.032 0.005 0.020 0.028
15 27.8 28.3 27.5 29.5 29.7 153 15.4 14.8 0.060 0.020 -0.002 0.005 0.018 0.021 0.009 -0.012 0.001 0.005 0.032 0.012 0.007 0.009
17 28.7 29.1 284 303 30.4 16.0 16.2 15.6 1.0 0.027 0.034 0.029 0.032 0.079 0.044 0.054 0.041 0.030 0.065 0.057 0.025 0.007
16 28.4 28.9 28.2 30.1 30.2 15.8 16.0 15.4 0.8 0.2 0.023 0.003 0.032 0.033 0.035 0.013 0.009 0.011 0.028 0.027 0.019 -0.006
53 224 229 22.1 235 23.7 9.6 9.9 9.2 6.3 6.8 6.6 0.016 0.004 0.033 0.014 -0.003 0.035 0.014 0.033 0.032 0.010 0.006
3 24.8 253 24.5 27.0 27.3 12.5 12.6 12.1 34 4.4 4.2 5.0 0.013 0.036 0.018 -0.004 -0.003 -0.001 0.030 0.017 -0.002 0.001
18 29.0 29.5 28.7 30.6 30.8 16.4 16.5 16.0 13 0.4 0.6 7.2 4.7 0.045 0.032 0.010 0.033 0.023 0.052 0.006 0.001 0.011
151 22.6 23.0 223 20.7 20.6 12.0 12.5 11.8 14.5 14.7 14.5 9.4 14.4 14.9 0.012 0.028 0.017 0.028 0.027 0.031 0.024 0.035
150 22.5 229 222 20.6 20.6 12.0 12,5 11.8 14.6 14.7 14.6 9.5 14.4 14.9 0.1 0.011 0.002 0.011 0.030 0.046 0.019 0.023
76 37.6 38.1 37.4 36.3 36.2 25.6 26.0 253 16.6 15.8 15.9 17.4 19.4 15.7 15.6 15.6 0.003 0.008 0.042 0.014 0.003 0.002
75 37.8 383 37.6 36.4 36.3 25.8 26.2 25.5 16.8 16.1 16.1 17.6 19.6 15.9 15.7 15.8 0.2 0.001 0.026 0.021 -0.002 0.007
79 33.1 335 32.8 311 31.0 21.8 223 215 16.5 16.0 16.0 15.2 18.5 16.0 10.6 10.6 5.9 6.0 0.032 0.027 0.005 0.002
81 32.6 33.0 323 30.6 30.5 21.2 21.7 20.9 15.9 15.5 15.4 14.5 17.9 15.4 10.1 10.1 6.1 6.2 0.7 0.049 0.034 0.043
80 32.2 32.6 31.9 29.7 29.6 21.4 21.9 21.2 17.8 17.4 17.3 15.6 19.4 17.4 9.7 9.7 8.0 8.1 22 2.4 0.004 0.015
140 53.6 54.0 533 50.8 50.5 42.6 43.0 423 344 33.6 33.6 35.1 37.2 334 311 311 17.9 17.7 20.7 21.3 21.4 0.003
141 93,6 54.0 53.4 50.6 50.4 42.9 43.3 42.6 85.2 345 34.5 g 38.0 343 31.2 313 18.7 18.5 21.0 21.7 21.5 18
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