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Abstract. Catastrophic disturbances often provide “natural laboratories™ that allow for
greater understanding of ecological processes and response of natural populations. The 1980
eruption of the Mount St. Helens volcano in Washington, USA, provided a unique
opportunity to test biotic effects of a large-scale stochastic disturbance, as well as the influence
of post-disturbance management. Despite severe alteration of nearly 600 km? of habitat,
coastal tailed frogs (Ascaphus truei) were found within a portion of the blast area five years
after eruption. We investigated the genetic source of recolonization within the blast area and
tested whether post-eruption salvage logging and subsequent tree planting influenced tailed
frog movement patterns. Our results support widespread recolonization across the blast area
from multiple sources, as all sites are grouped into one genetic cluster. Landscape genetic
models suggest that gene flow through the unmanaged portion of the blast area is influenced
only by distance between sites and the frost-free period (> = 0.74). In contrast, gene flow
pathways within the blast area where salvage logging and replanting occurred post-eruption
are strongly limited (> = 0.83) by the physiologically important variables of heat load and
precipitation. These data suggest that the lack of understory and coarse wood (downed and
standing dead tree boles) refugia in salvaged areas may leave frogs more susceptible to
desiccation and mortality than those frogs moving through the naturally regenerated area.
Simulated populations based on the landscape genetic models show an increase in the
inbreeding coefficient in the managed area relative to the unmanaged blast area. In sum, we
show surprising resilience of an amphibian species to a catastrophic disturbance, and we
suggest that, at least for this species, naturally regenerating habitat may better maintain long-
term genetic diversity of populations than actively managed habitat.
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INTRODUCTION

Large, infrequent disturbances, such as fires, floods,
hurricanes, and volcanic eruptions, have a strong impact
on affected biotic communities, but have received less
attention than smaller, more frequent disturbances
(Turner and Dale 1998). However, large disturbances
merit current research attention because they provide
“natural laboratories” in which to test theories of
ecological response and succession. Such disturbances
often lead to “ecological surprises,” or long-term
changes in community state, when combined with other
disturbances (Paine et al. 1998, Franklin and MacMa-
hon 2000, Turner et al. 2003). Broadscale disturbances
can create a heterogeneous landscape composed of
several disturbance types, some of which may be

Manuscript received 6 April 2011; revised 17 October 2011;
accepted 23 November 2011. Corresponding Editor: T. W. J.
Garner.

4 E-mail: sspear(@oriannesociety.org

856

applicable to understanding the effects of more common
disturbances at smaller spatial scales (Foster et al. 1998,
Romme et al. 1998).

The 1980 eruption of Mount St. Helens, Washington,
USA provided a unique opportunity to test biotic
responses to rapid environmental change, and it has
consequently contributed a great deal toward ecological
theory, such as a better understanding of patterns of
succession (Franklin and MacMahon 2000, Dale et al.
2005a). In the aftermath of the eruption, there was a
complex disturbance gradient classified into the follow-
ing broadly defined zones: (1) the debris avalanche/
pyroclastic flow (DAPF) zone, within a 75-km’ area
north and west of the volcano, where new landforms
were created and there was little to no organismal
survival; (2) blowdown/scorch (BDSC) zone, a 480-km>
area where trees were killed but remained as biological
legacies and the understory was buried beneath a deposit
of blast material and tephra; (3) live standing forest
within a zone of tephra-fall deposits (thousands of km?);
and (4) undisturbed forest (Swanson and Major 2005).
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The BDSC zone has been subject to two different
management treatments since the eruption. One portion
of this area was designated as Mount St. Helens
National Volcanic Monument and was left to develop
via natural processes. As a result, the monument retains
all biological legacies (e.g., downed logs, snags, and
surviving vegetation) remaining after the eruption. The
remainder of the BDSC zone was designated for active
management, where dead trees were salvaged for
commercial use and young trees were replanted to create
conifer plantations (Dale et al. 2005b). As such, the
managed area had a significant canopy overstory
(density of 19 trees/200 m?), but little coarse woody
debris, understory, and litter depth at the time of our
study (Titus and Householder 2007). The presence of
these two post-disturbance management strategies pro-
vides a rare opportunity to test population responses in
an actively managed vs. a naturally recovering land-
scape.

We studied the population genetic response of coastal
tailed frogs (Ascaphus truei) across the range of
disturbed habitats in the vicinity of Mount St. Helens
to test the biotic response of a potentially highly
sensitive indicator of environmental degradation. Am-
phibians are in a global decline, and they are highly
susceptible to habitat alteration (Collins and Storfer
2003, Stuart et al. 2004). Tailed frogs are a niche-limited
amphibian species in the Pacific Northwest; they breed
in forest streams and inhabit forested areas, and have
among the lowest desiccation and thermal tolerances
documented for amphibians (Claussen 1973, Brown
1975). As a result, they are expected to be highly
susceptible to disturbance that reduces canopy cover
and shade (Welsh 1990). Larvae typically spend 2-3
years in streams before metamorphosing, and therefore
the species has a generation time of several years. The
eruption probably extirpated all tailed frog larvae in
streams in both the DAPF and BDSC zones (Hawkins et
al. 1988, Crisafulli and Hawkins 1998). Tailed frog
adults and tadpoles were found just five years after
eruption and currently persist in numerous streams in
the BDSC zone. Tailed frogs were present and breeding
in 8 of 10 BDSC zone sites surveyed between 1985 and
1987, and in 26 of 28 sites surveyed from 1995-1998.
Current population sizes are unknown, but tadpole
densities reached high levels from 1988 to 1992 (>10/
m?), before decreasing to <5/m? by 1995 (Hawkins et al.
1988, Crisafulli and Hawkins 1998). Despite the
apparent suitable breeding habitat within the DAPF
zone for at least 10 years, there is currently no
documented presence of any stream-breeding amphibian
(Crisafulli et al. 20055).

In contrast, pond-breeding amphibians have colo-
nized several new ponds in the DAPF zone (Karlstrom
1986, Crisafulli et al. 20055). Bakkegard (2008) studied
the genetic structure of two pond-breeding amphibians,
the rough-skinned newt (Taricha granulosa) and the
northwestern salamander (Ambystoma gracile). Neither
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species had any degree of genetic subdivision across the
DAPF or BDSC zones, a result attributed to long-
distance dispersal through open terrain. However, tailed
frogs are unlikely to have long-distance movements
across the open blast area due to their comparatively
high desiccation sensitivity, and therefore we predict a
more apparent genetic structure post-eruption.

Using a landscape genetics approach, we test three
alternative hypotheses regarding the source of the tailed
frog populations currently residing in the BDSC zone:
(1) a small number of isolated blast area residents
survived the eruption; (2) recolonization occurred
entirely through a few source populations adjacent to
the blast area (i.e., tephra-fall sites); or, (3) there has
been extensive gene flow into and within the blast area.
Under the first scenario, we predict high genetic
structuring and signatures of bottlenecks. In contrast,
support for the second hypothesis would come from
clustering algorithms that group immigrants with one or
a few surrounding sites. Support for the third hypothesis
would be evidence of a high degree of gene flow
throughout the blast area and surrounding areas with
little to no apparent loss of genetic diversity. In addition,
we discriminate among landscape genetic models to test
whether topography, climate, and vegetation have
differentially influenced genetic connectivity within the
unmanaged blast area, the actively managed blast area,
and surrounding tephra and undisturbed forests. Such
models can provide key insights into how post-
disturbance management strategies can affect popula-
tion connectivity, and thus genetic diversity and
structuring.

MATERIALS AND METHODS
Sampling design

During the summers of 2007-2008, we collected
samples from 30 sites (n = 844; Table 1) across four
disturbance zones surrounding Mount St. Helens. These
zones included: (1) the portion of the 1980 BDSC zone
that was designated as unmanaged national monument
and primarily consisted of blown-down trees (six sites);
(2) the portion of the 1980 BDSC zone that was salvage-
logged immediately after the eruption and had trees
replanted manually (seven sites); (3) intact forest that
was outside the 1980 blast area, but received 10-20 cm
of tephra deposits (seven sites), and; (4) intact forest not
disturbed by the 1980 eruption (hereafter referred to as
“undisturbed”) (10 sites). Sites in disturbance categories
1-2 were previously identified and surveyed by Crisafulli
et al. (2005b) and represent almost all known areas with
tailed frogs in the blast area (Fig. 1). All sampling sites
were within either the Mount St. Helens National
Volcanic Monument or Gifford Pinchot National
Forest. At each site, individuals were sampled from a
50-m stretch of stream using kick-sampling and a net,
with all samples gathered during one site visit. In all but
three sampling sites, we collected tissue samples from at
least 20-30 individuals. We sampled larval individuals
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TasLe 1. Sites (grouped by category) and genetic diversity measures of coastal tailed frogs (Ascaphus truei) for each disturbance

category around Mount St. Helens, Washington, USA.

Avg. no. Shifted
Site no. Category N alleles H, H, Fis Bottleneck P mode?
1 1 29 16 0.87 0.82 0.059 0.89697 no
2 1 30 17.09 0.893 0.863 0.034 0.0105 no
3 1 30 18.64 0.893 0.866 0.03 0.369 no
4 1 31 16.36 0.855 0.818 0.044 0.55078 no
5 1 19 13 0.876 0.834 0.049 0.28857 no
6 1 30 16.45 0.876 0.862 0.016 0.28857 no
Average 28.17 16.26 0.877 0.844 0.039
7 2 22 14.64 0.851 0.855 —0.005 0.68115 no
8 2 31 17.64 0.872 0.87 0.003 0.79346 no
9 2 7 8.55 0.889 0.831 0.07 0.55078 no
10 2 30 17.64 0.873 0.86 0.016 0.0415 no
11 2 32 16.73 0.865 0.853 0.013 0.38232 no
12 2 32 18 0.871 0.836 0.04 0.83984 no
13 2 28 16.45 0.882 0.84 0.049 0.10303 no
Average 26 15.66 0.872 0.849 0.027
14 3 27 16.18 0.877 0.862 0.017 0.0415 no
15 3 31 16.45 0.874 0.856 0.021 0.48291 no
16 3 31 16.55 0.876 0.848 0.032 0.0415 no
17 3 32 17.09 0.867 0.84 0.032 0.48291 no
18 3 30 16.55 0.886 0.89 —0.005 0.0105 no
19 3 32 17.64 0.885 0.845 0.046 0.94922 no
20 3 28 16.64 0.88 0.862 0.021 0.12012 no
Average 30.14 16.73 0.878 0.858 0.023
21 4 31 17.64 0.884 0.857 0.031 0.55078 no
22 4 32 16.82 0.863 0.832 0.037 0.6499 no
23 4 23 15.36 0.87 0.854 0.019 0.68115 no
24 4 29 16.82 0.873 0.829 0.052 0.87988 no
25 4 20 13.36 0.86 0.852 0.01 0.55078 no
26 4 31 17.09 0.871 0.848 0.027 0.9126 no
27 4 31 16.27 0.852 0.844 0.01 0.23242 no
28 4 7 8 0.852 0.831 0.028 0.48291 no
29 4 35 17.73 0.872 0.865 0.009 0.76758 no
30 4 29 17.36 0.889 0.864 0.028 0.68115 no
Average 26.8 15.65 0.869 0.848 0.025

Notes: Category represents the disturbance type (1, unmanaged blast zone; 2, managed blast zone; 3, tephra-fall; 4, undisturbed
forest); “Average” rows are the average of sites within a category. N is the sample size (after removal of full siblings). Genetic
measures include the average number of alleles per locus at each site, expected heterozygosity (H.), observed heterozygosity (H,),
and inbreeding coefficient (Fis). The bottleneck P value represents the P value for the heterozygosity excess test, and “shifted

mode” indicates a shift in allele frequency distributions.

by removing a small tail clip placed in 100% ethanol,
and we collected saliva samples from adults using buccal
swabs, which were immediately placed in lysis buffer
(Goldberg et al. 2003). However, the vast majority of
individuals encountered were larvae (only eight adults
were sampled, in total).

Microsatellite genotyping methods

We extracted DNA from all samples using the Qiagen
DNEasy 96 well plate kit (Qiagen, Valencia, California,
USA). We used polymerase chain reaction (PCR) to
amplify 13 microsatellite DNA loci developed for
coastal tailed frogs (Spear et al. 2008). We ran all
PCR reactions divided into three multiplexed panels
using the Qiagen Multiplex PCR kit, with a negative
control included in each run. We submitted all
microsatellite products to be run on an ABI 3730
automated sequencer (Applied Biosystems, Foster City,
California, USA) at the Washington State University

LBBI core facility. We used GeneMapper 3.7 software
(Applied Biosystems 2004) to genotype all samples.
Finally, because a large number of larval individuals
were sampled, we used the software COLONY (Wang
2004) to identify full siblings using a maximum
likelihood algorithm. This algorithm runs until there
have been a sufficient number of iterations to lead to
convergence; the specific number of iterations can vary
dependent on the dataset. If full siblings were detected,
we removed all but one sibling from the analysis, as this
has been shown to give a better representation of the
genetic structure of the adult population in amphibians
(Goldberg and Waits 2010).

Identification of source areas for colonization

We used Genepop version 3.4 (Raymond and Rousset
1995) to test whether loci and sites were in Hardy-
Weinberg equilibrium and linkage equilibrium. If any
loci were out of Hardy-Weinberg equilibrium at multiple
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Fic. 1.

(A) Overview map of sites in Mount St. Helens, Washington, USA, study area. The background is a digital ortho aerial

photograph of the region. Stars represent unmanaged sites in the blast area, circles represent managed sites in the blast area, crosses
represent sites in forests with tephra-fall, and diamonds represent undisturbed sites. The gray line represents the Mount St. Helens
National Volcanic Monument boundary, the black and white line represents the managed blast area, and the dot-dashed line
represents the approximate boundary between tephra ash-fall and undisturbed forest. (B) Close-up map of the blast area showing

more clearly the distribution of blast area sites and blast area boundaries.

sites, we tested if null alleles were likely to be present
using the software FreeNA (Chapuis and Estoup 2007),
which estimates the proportion of null alleles using the
expectation maximization (EM) algorithm developed by
Dempster et al. (1977). We excluded from further
analysis any loci with >10% of null alleles. We estimated
measures of observed and expected heterozygosity and
inbreeding coefficient (Fis) with GDA version 1.1 (Lewis
and Zaykin 2001). To examine whether population
genetic parameters such as observed heterozygosity,
allelic richness, and inbreeding coefficient differed based
on the four disturbance regimes, we used FSTAT 2.9.3
(Goudet 2001), with significant differences determined
based on 10 000 permutations.

We tested for genetic clustering among sites using the
Bayesian clustering program STRUCTURE 2.3.1 (Pritchard
et al. 2000). We ran five iterations for each proposed
number of clusters (K), up to K= 6. Each iteration was
run for 1 000 000 cycles with a burn-in of 100 000. To
determine the most likely value of K, we used the
method advocated by Evanno et al. (2005), which selects

the value of K with the highest second-order rate of
change in log-likelihood. However, because this method
cannot identify situations in which K= 1, we assumed
one cluster if this had the greatest log-likelihood. We
also calculated G§p, a standardized measure of genetic
differentiation (Hedrick 2005) using both FSTAT and
Recode Data version 0.1 (Meirmans 2006).

Finally, we tested for signatures of hypothesized
severe population size declines through the use of
heterozygosity excess tests (Cornuet and Luikart
1996), and shifted allele distributions (Luikart et al.
1998). An excess of heterozygotes relative to equilibrium
expectations is an ephemeral signature of severe declines
within the past few generations (Cornuet and Luikart
1996). We assumed a stepwise mutation model and used
the Wilcoxon signed rank test with a Bonferroni
correction to account for population comparisons to
determine if a population exhibited significant hetero-
zygosity excess. The shifted allele distribution test
describes the distribution of allele frequencies, with the
normal expectation that most alleles will be of low
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frequency. A shifted distribution in which the majority
of alleles are of intermediate frequency is characteristic
of populations that have experienced declines due to
initial loss of rare alleles.

Landscape effects on colonization

We used regression analysis and two different
potential paths of gene flow to model landscape
influence across all sites and then separately for each
disturbance grouping. We used a hierarchical approach
to detect if environmental explanatory variables differed
based on spatial scale and disturbance type (Murphy et
al. 2010). Specifically, we divided spatial analyses into
four different sets of sites (Fig. 1). First, we tested a
global model (all sites in all categories). The second
model included sites within the BDSC zone (regardless
of current management history). The third model
included sites within the tephra-fall area. Finally, we
divided the BDSC zone into separate models for the
unmanaged area and the managed, replanted area.

We examined movement paths based on forest (i.e.,
canopy cover) and stream corridors. The two potential
movement paths that we tested were straight-line paths
among sites and a least-cost path that was based on
forest and stream presence, with any open area that was
not part of a stream corridor considered to be unsuitable
(Appendix A). We constructed this path because the
primary large, open areas in the region are due to the
Mount St. Helens eruption, and thus we could test
whether tailed frogs only followed stream corridors
when moving through the blast area. We assigned all
forested or stream areas a cost of 1, whereas we assigned
all open, non-stream areas with a cost of 1000. These
costs were chosen to simulate open regions as extreme
barriers, to reflect the hypothesis that frogs would not
successfully move through areas without canopy cover.
We created the cost surface using the “cost distance”
function and built the least-cost path with the “cost
path” function in ArcGIS 9.3 (ESRI 2008). Along both
path types, we calculated values for several independent
variables, including total topographical distance, dis-
tance through non-forest, average canopy cover, average
heat load index, average slope, average frost-free period,
and average growing-season precipitation. The values of
independent variables along the two potential movement
paths were identified using the “intersect” function in
ArcGIS 9.3. All sources and calculations for each of
these variables are listed in Appendix A. We used two
different measures of genetic differentiation as the
dependent variable. These included Gg; and the
proportion of shared alleles, D, (Bowcock et al.
1994). The two measures of genetic distance are different
in how they represent genetic diversity, as Gy is based
on heterozygosity and reflects equilibrium assumptions,
whereas D is based on allelic similarities and is not
subject to equilibrium assumptions.

We used geographically weighted regression (GWR;
Fotheringham et al. 2002) or multiple linear regression
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to test the influence of the landscape and climatic
variables along each path on Dy, or Gg;. GWR is a type
of spatial regression analysis that accounts for spatial
autocorrelation across the entire study area. The
analysis is performed by estimating regression parame-
ters at each data point using only data points within a
specified bandwidth of the focal point and parameter
estimation based on a spatial weight, defined by a spatial
weighting matrix. We created a spatial weighting matrix
based on the distance between the midpoints of each
pairwise site comparison. Specifically, we used a bi-
square weighting function in which the weight (W) =1
— (di,/b)z, where d represents the distance between the
two midpoints 7 and j, and b is the bandwidth. We
included 10-15% of neighboring sites as the bandwidth,
with the exact percentage determined by greatest AIC
support (Rangel et al. 2006).

Ordinary least squares (OLS) multiple linear regres-
sion may be more appropriate in cases when there is not
strong spatial autocorrelation or local differences in Dy,
or Ggp. Therefore, for each model, we tested whether
model support (based on AIC) was greater for OLS
regression than for GWR, and used the specific
regression analysis that had the highest support.
Regardless of the regression method used, we chose
the best-supported model(s) based on AIC weight. All
regression analyses were run in SAM (Spatial Analysis
in Macroecology; Rangel et al. 2006).

Our landscape genetic results indicated that different
environmental processes influenced genetic structure in
the monument blast area and managed blast area. To
assess whether these differences would lead to differ-
ences in genetic diversity in the two areas, we used the
spatially explicit genetic simulation model CDPOP
version 1.0 (Landguth and Cushman 2010). CDPOP
simulates mating and reproduction of individuals with
dispersal and mating distances dictated by a resistance
surface input by the user. The individual locations on
the landscape are determined by the user and are fixed
throughout the simulation. That is, the same locations
are also occupied from generation to generation,
although the individuals that occur in that location
may or may not be offspring of the individual at that
location in the previous generation. Our simulation area
was created based on a minimum convex polygon that
contained all of our sampling sites in the monument,
managed, and tephra disturbance categories. The best-
supported resistance surface for the monument distur-
bance category was simple isolation by distance, and the
forest/stream resistance surface was best for the
managed and tephra-fall areas. Therefore, our simula-
tion resistance surface combined the isolation by
distance surface in the monument boundary with the
forest/stream resistance surface for the remaining area.
We also ran a second simulation on a surface that was
entirely isolation by distance to provide a comparison of
genetic diversity in the managed area without the
restrictions of the resistance surface.
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Because streams are required for successful reproduc-
tion, we restricted all individual locations to streams. We
randomly placed 250 individuals across the simulation
area. Because the monument area was smaller than the
managed/tephra area, there were 105 individuals in the
monument and 145 individuals outside the monument.
Our main interest was to understand how genetic
diversity might change on a timescale relevant to
management, and therefore we ran each simulation for
10 generations, which equals 50—100 years, assuming an
average generation time of 5-10 years for tailed frogs.
For each of the two simulation scenarios, we ran 10
replicate runs. We assumed nonoverlapping generations
and constant population size. The number of offspring
are modeled as a Poisson distribution with a mean of 62
(an average value for tailed frog clutch size based on
Adams and Pearl (2005)). However, because population
size is constant, juvenile mortality is extremely high, as is
the case in actual amphibian populations (Wilbur 1980).
Dispersal and mating movement distances were chosen
based on an inverse square function, with a maximum
movement distance of 5000 cost distance units (equiv-
alent to a frog moving 5 km in ideal habitat). Sex ratio at
birth was equal. Males were allowed to mate with
replacement, whereas females mated without replace-
ment. For each generation 0—10, we averaged the Fig
and Fgt values separately for the monument and
managed areas for both simulations.

RESULTS

Genetic diversity and differentiation
across disturbance types

Two of the 13 microsatellite loci (A14 and A29) were
out of Hardy-Weinberg equilibrium at multiple sam-
pling sites and had high estimated proportions of null
alleles. Thus, we removed loci Al4 and A29 from all
genetic analyses. There was no consistent pattern of
linkage disequilibrium among loci, with only seven (of
78) locus pairs out of linkage equilibrium among all sites
and each pair occurring at one site each. Most sites had
zero or only one full sibling pair of larvae, with the latter
evenly distributed across the disturbance categories.

Genetic diversity was generally high and consistent
among disturbance types (Table 1): the range in average
number of alleles was 15.56-16.26, H. (expected
heterozygosity) ranged from 0.869 to 0.878, H, (ob-
served heterozygosity) from 0.844 to 0.858, and Fig from
0.023 to 0.039. No comparisons of genetic diversity
among disturbance types were significantly different.
Furthermore, there was no evidence of widespread
bottlenecks, as would be indicated by heterozygosity
excess or shifted allele distributions at any sampled site,
although two sites in the blast area and three sites in the
tephra-fall area had values of P < 0.05 but were not
significant after Bonferroni correction (Table 1). Clus-
tering analysis determined that the greatest likelihood
was K = 1, detecting no population substructure across
the entire sampling region (Fig. 2), and the global value
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Fic. 2. Plot of the genetic clustering log-likelihood values
from the Bayesian STRUCTURE program (Pritchard et al. 2000)
for each potential value of K (number of genetic clusters).

of G§p was 0.028. Combined, this indicates widespread
recolonization that has resulted in low genetic differen-
tiation and high genetic diversity.

Landscape genetic patterns across disturbance types

The hierarchical regression analysis showed that there
were different environmental factors influencing gene
flow dependent on the disturbance types. Additionally,
models based on the two genetic distances were generally
similar, although D, had a consistently stronger
correlation based on r? (Tables 2 and 3). The best-
supported global model came from a GWR based on the
least-cost forest/stream path and Dy, which included
total topographic distance, growing-season precipita-
tion, and slope (r>=0.660; AIC weight =0.55) (Table 2).
Distance was positively correlated with D, whereas
slope had a negative correlation. Growing-season
precipitation was both positively and negatively corre-
lated across the different local regressions that comprise
GWR, and thus a consistent relationship was not
apparent. The major difference in the Gg top model
was that frost-free period was included instead of
growing-season precipitation, and non-forest distance
was included instead of total distance; r* (0.392) was
much lower (Table 3). The remaining global models with
some AIC support were similar for both genetic
distances, as slope and some measure of distance (either
topographic or non-forest) were included in every model
(Appendices B and C). Frost-free period also was
included in secondary D, models.

The next hierarchical division, between blast area sites
and tephra-fall sites, produced different models, but
explained relatively little differentiation across both
genetic distances (r> = 0.226-0.363) (Tables 2 and 3).
The best-supported regression model across the blast
area (an OLS model with D) followed the least-cost
path and contained four variables: distance through
non-forest, canopy cover, slope, and growing-season
precipitation (Table 2). Distance through non-forest and
growing-season precipitation were both positively cor-
related with Dy, whereas canopy and slope were
negatively correlated. The Gg; model with the highest
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Best-supported D, model results from geographically weighted regression (GWR) or ordinary least squares (OLS)

analysis for all hierarchical models in different disturbance categories surrounding Mount St. Helens.

Disturbance category, path, (analysis)

Variable

Direction 2 AIC AIC weight

Global, LC forest/stream (GWR)
slope
2sp

Blast area, LC forest/stream (OLS)
canopy
slope
gsp

Tephra, LC forest/stream (OLS)

National Volcanic Monument, straight line (OLS)
ffp

Managed blast area, LC forest/stream (OLS)
hli
slope
ffp
asp

total distance +

non-forest distance

non-forest distance
non-forest distance

non-forest dist

0.66 —1523.23 0.55

0.347 —221.286 0.47

0.363
0.738

—123.257
—82.35

0.69
0.47
0.83

—56.357 0.48

++\++++++|\+$

Notes: The global model includes all sites in all categories. Path is the least-cost (LC) path upon which the model is based.
Variables are the independent variables included in the model, and direction refers to the correlation with D, (genetic distance, as
proportion of shared alleles). Variable abbreviations are: gsp, growing-season precipitation; ffp, frost-free period; hli, heat load
index. For the GWR analysis, + or — symbols indicate the direction in which correlation varies across the local regressions.

support was based on the same least-cost path, but was
more simplistic, including only non-forest distance and
frost-free period (Table 3). Other models that had some
support based on AIC weight were largely similar,
including a distance variable, slope, and growing-season
precipitation (Appendices B and C). The best model
describing the geographic distribution of genetic differ-
entiation across the tephra-fall zone was very simplistic,
following the least-cost path and only influenced by
distance through non-forest based on D, and following
a straight-line path and including frost-free period for
Gér (Tables 2 and 3). This was the only instance in
which the model path differed between D, and Ggr
models.

Finally, separate OLS models describing the unman-
aged and replanted portions of the blast area produced
differing results, and the top models in both portions
explained more variation than did any of the other
hierarchical models (> = 0.612—0.83) (Tables 2 and 3),

TABLE 3.

with the highest proportion of variation again explained
using Dy, models. Differentiation among the sites within
the unmanaged blast zone was based on a straight-line
path and only included two variables: distance and frost-
free period for D, and distance through non-forest and
slope for Gg; (Fig. 3, Tables 2 and 3). All were positively
correlated with genetic distance. In contrast, the
managed, replanted blast area sites were best described
by gene flow models following the forest/stream least-
cost path, with multiple independent variables that
included distance through non-forest, growing-season
precipitation, slope, frost-free period, and heat load
index (Fig. 3, Tables 2 and 3). Slope was negatively
correlated with genetic distance across the managed
blast area, whereas all of the remaining independent
variables included in the managed blast area model were
positively correlated with genetic distance. Secondarily
supported models were extremely similar as well, with

Best-supported G¢; model results from geographically weighted regression (GWR) or ordinary least squares (OLS)

analysis for all hierarchical models in different disturbance categories surrounding Mount St. Helens.

Disturbance category, path, (analysis) Variable Direction r? AIC AIC weight

Global, LC forest/stream (GWR) non-forest distance + 0.392 —1771 0.83
ffp —
slope —

Blast area, LC forest/stream (OLS) non-forest distance + 0.226 —298 0.41
ffp —

Tephra, straight line (OLS) ffp - 0.328 —-107 0.57

National Volcanic Monument, straight line (OLS) non-forest dist + 0.638 —67 0.31
slope +

Managed blast area, LC forest/stream (OLS) non-forest dist + 0.612 =70 0.23
gsp +
slope —
hli +

Notes: Path is the least-cost (LC) path upon which the model is based. Variables are the independent variables included in the
model, and direction represents the positive (+) or negative (—) correlation with G¢;. Variable abbreviations are: gsp, growing-

season precipitation; ffp, frost-free period; hli, heat load index.
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FiG. 3.

Map of blast area sites depicting least-cost paths among both unmanaged and managed blast area sites. Dashed lines

represent the best-supported path for unmanaged sites (stars), and solid lines represent the best-supported path for managed sites

(circles).

all models with any support containing 3-5 variables
(Appendices B and C).

The post hoc simulations demonstrated that Fig is
generally higher in the managed area relative to
monument populations, especially from generation 7—
10 (Fig. 4A). Similarly, Fis was greater for the managed
populations under the scenario of the resistance surface
as compared to managed populations under IBD (Fig.

4B). Interestingly, Fst was greater for the monument
populations than the managed populations (Fig. 4C).
However, Fst was greater for managed populations
simulated on the resistance surface relative to the IBD
scenario (Fig. 4D). Thus, population differentiation is
increased due to the more restrictive landscape condi-
tions in which the current managed populations exist.
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DiscussioN have had to persist in the blast area during early stages

The eruption of Mount St. Helens provided a rare
opportunity to study the ecological effects of a
catastrophic event, and our study suggests surprising
resiliency of tailed frogs to such dramatic and rapid
landscape alterations. Our genetic data suggest rapid
recolonization from outside source populations within
one generation. Additionally, our landscape genetic
analyses show that post-eruption management, in the
form of salvage logging and replanting, has the potential
to limit future tailed frog genetic diversity and gene flow
relative to naturally regenerated areas, especially in
response to future environmental change.

Colonization and genetic diversity
across disturbance zones

Based on previous research (Crisafulli et al. 2005b),
we addressed the hypothesis that residual adults would
be the primary population founders in the unmanaged
blast area. Although residual adults probably contrib-
uted to populations in the current blast area, evidence
suggests that gene flow has been widespread across the
blast area, as well as within the surrounding tephra-fall
and undisturbed forest. A high overall rate of gene flow
is most clearly supported by the lack of any detectable
genetic structure across the entire sampled area. High
gene flow and recolonization across the volcanic area is
supported from two further lines of evidence.

First, there were no significant differences in genetic
diversity measures in the blast area compared to the
intact forest, and the levels of genetic diversity were
consistent with those of other undisturbed populations
on the Olympic Peninsula (Spear and Storfer 2008).
Populations that have undergone severe reductions with
subsequent isolation are expected to lose genetic
diversity and increase inbreeding (Frankham et al.
2002), and this has been demonstrated in bottlenecked
populations of birds and amphibians on isolated islands
(Boessenkool et al. 2007, Lampert et al. 2007, Ewing et
al. 2008). Whereas we might not expect to see immediate
changes in heterozygosity (Keyghobadi et al. 2005),
allelic diversity and inbreeding should differ in the post-
bottlenecked population. However, our analysis showed
no significant differences between allelic diversity and
inbreeding between blast area populations and those in
undisturbed forests. The average number of alleles was
similar among undisturbed forest and sites affected to
varying degrees by the blast. Although Fig values were
significantly greater than zero, there were no differences
among disturbance categories, suggesting that estimated
levels of inbreeding were not due to the volcanic
eruption.

The lack of consistent heterozygosity excess or shifted
allele distribution is a second indicator of widespread
genetic exchange across the blast area. It is very likely
that a number of adults survived in isolated refugia, but
the eruption eliminated all larval individuals in streams
(two-year classes). As a result, surviving adults would

of plant succession (Crisafulli et al. 2005b). Therefore,
scenarios in which the blast area populations did not
suffer dramatic reductions in effective population size
are unlikely. It follows, then, that the current genetic
identity of recolonists has resulted from multiple
dispersal events from populations outside the blast that
created panmixis with blast area survivors, probably via
movement through stream corridors that pass through
both blast area and intact forest.

Surprisingly, the patterns of genetic diversity and
structure are consistent with the few studies that have
investigated genetic structure of other taxa at Mount St.
Helens. Bakkegard (2008) observed similarly high levels
of gene flow in rough-skinned newts (Taricha granulosa)
and northwestern salamanders (Ambystoma gracile) and
Yang et al. (2008) did not detect any founder effects and
found low genetic structure in animal-dispersed black
huckleberry (Vaccinium membranaceum). Although the
results of the previous two studies were unexpected by
the authors, V. membranaceum is dispersed by mammals
and birds that can more easily move across barren
terrain. With respect to the two salamander species, 7.
granulosa is known to sometimes occur in open areas,
and A. gracile uses the extensive tunnel network created
by northern pocket gophers (Thomomys talpoides)
across the blast area (Crisafulli et al. 20055). In addition,
dispersal of salamanders up to 3.2 km across pyroclastic
flow surfaces has been documented at Mount St. Helens
(Crisafulli et al. 2005b). In contrast to these species,
coastal tailed frogs are not known to cross extensive
open areas or to use underground burrows, and a study
on the Olympic Peninsula, Washington concluded that
open alpine meadows strongly impeded tailed frog gene
flow (Spear and Storfer 2008). Thus, our results suggest
that some aspect of the Mount St. Helens landscape has
facilitated genetic connectivity through a seemingly
hostile matrix, which may include features such as seeps
(Crisafulli et al. 2005b), hill-shading, regenerated vege-
tation, or coarse woody debris.

Landscape influences on gene flow
across disturbance types

Landscape genetic analyses allow us to detect and
identify specific variables that facilitate or inhibit gene
flow (Storfer et al. 2007), in this case, through the
apparently unsuitable post-eruption St. Helens land-
scape. Our hierarchical approach demonstrated that
landscape influence on gene flow varied with both
spatial scale and disturbance type, even between sets of
sites separated by only a few kilometers. The global
model indicated that most gene flow followed a least-
cost route almost exclusively through forest, and if
forest cover was lacking, along stream paths. Although
topographical distance was positively correlated with
genetic distance and frost-free period duration was
negatively correlated, as expected, slope was surprisingly
negatively correlated. In other words, as the degree of
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slope increased, so did gene flow. Interestingly, this same
relationship with slope occurred across managed forests
on the Olympic Peninsula (Spear and Storfer 2008).
Adults may move up to high-gradient areas in late
summer (Hayes et al. 2006), and if these movements
facilitated dispersal, slope would be positively correlated
with gene flow. The surprising relationship with slope
also highlights the ability of landscape genetic analyses
to identify nonintuitive results that can be the subject of
further hypothesis testing (Spear et al. 2005, Storfer et
al. 2010).

Our first hierarchical division, which created separate
models for blast area (including managed and unman-
aged together) and tephra-fall forest, demonstrated
lowered support (based on r?) for either of the two
models as compared to the global model. The blast area
model included variables similar to the global model,
but with roughly half of the r* support. Across the
tephra-fall forest, the amount of variation explained was
similarly low, but the best model was relatively simplistic
and only included distance (D) or frost-free period
(G&7); both had relatively low r? values. Tailed frogs,
and amphibians in general, are not known to exhibit

simple isolation by Euclidean distance (Funk et al. 2005,
Spear et al. 2005, Giordano et al. 2007, Measey et al.
2007, Spear and Storfer 2008); thus, there are perhaps
additional unsampled landscape variables that better
explain genetic structure in the tephra-fall forest.

The second hierarchical division (separating managed
vs. unmanaged blast area) strongly suggests that
different processes are affecting gene flow in the blast
area, dependent on management history after eruption.
Contrary to our expectations that gene flow would
follow a least-cost forest/stream path across the
unmanaged blast area, the best-supported gene flow
model followed a straight line, with topographic
distance and length of frost-free period or slope as the
only significant independent variables. In contrast,
across the managed blast area, gene flow was best
described by the least-cost path and several climatic
variables, including heat load index, growing-season
precipitation, and frost-free period. The positive rela-
tionship of frost-free period with genetic differentiation
in both models differs from the global model and is
somewhat unexpected. Frogs are not expected to move
over frozen or snowbound ground, and therefore a
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longer frost-free period should increase gene flow, not
decrease it. Instead, this relationship in the blast area
may represent the pattern of survival within the BDSC
zone, where some amphibians probably survived the
blast under cover of ice and snow, as evidenced by
occasional observations of adult amphibians in the blast
area shortly after the eruption (Crisafulli et al. 2005b).
The fact that such areas are correlated with increased
connectivity is consistent with the observation that
succession and recovery at Mount St. Helens have
occurred from multiple foci within the blast area
(Franklin and MacMahon 2000), and suggests that
residual individuals have played an important role of
population recovery.

The genetic support for a constrained least-cost path
in the managed area indicates that connectivity will be
reduced and therefore will lead to a reduction of genetic
diversity relative to populations in the monument. Our
simulation results supported this intuition, although
seven generations were needed for differences to become
apparent. This explains the lack of a difference in
current levels of genetic diversity, as there has been at
most only five generations since population recovery
was initiated. The other insight from the simulations is
that genetic diversity responds more strongly to
landscape changes than genetic differentiation. The
larger increase in Fst in the monument area is probably
related to the smaller monument area suitable for tailed
frogs and a reduced density of stream habitat relative to
the managed area. There is a greater degree of
population differentiation in the managed area under
the resistant landscape as opposed to the isolation by
distance scenario. Thus, we predict that tailed frogs in
the unmanaged monument will exhibit higher substruc-
ture simply due to distance, but loss of diversity within
subpopulations will be less than that of frogs in the
managed area. Furthermore, we can infer that the higher
Fig values in the managed area are due to landscape
conditions because the hypothetical scenario of isolation
by distance in the managed area did not lead to
increased Fig relative to the monument populations.
We would also stress that the differences in genetic
diversity in the managed area are likely to be conserva-
tive, as our simulations only used the resistance surface
used to generate the least-cost paths, and did not
incorporate the climatic constraints included in the
managed model that would probably further decrease
diversity. However, these basic simulations demonstrate
that there are future genetic consequences for tailed
frogs in the blast area, despite the current lack of genetic
differences.

Given that both the managed and unmanaged
portions of the blast area were subject to approximately
the same degree of disturbance from the Mount St.
Helens eruption, it is curious why the landscape models
are so different. We suggest that the management
history after eruption offers the most likely explanation,
as this is the major difference between the two areas.
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Within the national monument, there is currently little
forest cover, with primarily a shrub canopy and much
coarse woody debris. Outside the national monument, in
the managed blast area, nearly all large logs were
salvaged and conifers were planted, such that the area
now resembles a tree plantation with little understory
(Crisafulli et al. 20054, Titus and Householder 2007).
Our results therefore imply a differential population
response to salvage logging compared to natural
regeneration, which we hypothesize is due to the
importance of biological legacies for increasing gene
flow in post-disturbance environments. The importance
of biological legacies such as downed woody debris to
ecosystem recovery has been suggested by several
authors (Franklin and MacMahon 2000, Franklin et
al. 2002, Lindenmayer and Noss 2006, Manning et al.
2006, Lindenmayer et al. 2008, Olson and Burnett 2009,
Swanson et al. 2011), and this study indirectly supports
the importance of legacy structures to amphibians.

Our previous research also supports the importance of
biological legacies left after severe fire for Rocky
Mountain tailed frogs, Ascaphus montanus (Spear and
Storfer 2010). We suspect that the removal of coarse
woody debris has led frogs to more closely follow
forested and stream corridors. However, the most
pertinent effect we see is that gene flow is influenced
by several more variables in the salvaged blast area, such
as heat load index and growing-season precipitation. As
such, it is possible that climate changes in the future
could disrupt population dynamics of amphibian
populations that require the protective cover of under-
story structures. The importance of coarse woody debris
for amphibian populations in disturbed areas is increas-
ingly being appreciated (Waldick et al. 1999, Butts and
McComb 2000, Thompson et al. 2003, Alkaslassy 2005,
Spear et al. 2005, Rittenhouse et al. 2008; but see Aubry
2000). Our results suggest that coarse woody debris
might help to create a stable microclimate that is more
resistant to the impacts of the broader environment.

We acknowledge that the least-cost path used in this
study is quite coarse (using only forest land cover and
streams); there is likely to be more fine-scale heteroge-
neity that is influencing genetic connectivity across the
blast area. Indeed, our hypothesis of the importance of
coarse woody debris is fully dependent on the existence
of such heterogeneity. We were unable to incorporate
fine-scale features because the spatial data are currently
unavailable, and therefore we had to rely on variables
such as forest cover and canopy cover.

Conclusions

Our study has major findings relevant to both
conservation and disturbance ecology. As amphibians
are declining globally, our study gives hope that some
amphibian populations initially decimated after large-
scale disturbances may be able to recover and quickly
repopulate once the habitat has stabilized and suitable
terrestrial features exist to facilitate dispersal. We
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demonstrate the resilience of a (seemingly) environmen-
tally sensitive species, the coastal tailed frog, to a
broadscale and catastrophic disturbance. Specifically,
we have documented high levels of genetic diversity
shortly after disturbance. This resilience previously has
been demonstrated for several species of pond-breeding
amphibians across Mount St. Helens (Karlstrom 1986,
Crisafulli et al. 2005h, Bakkegard 2008), but the
response of the stream-breeding tailed frog is important,
considering its low desiccation tolerance.

Despite overall high gene flow, landscape genetic
models suggested that environmental variables influence
genetic connectivity differently due to management type,
a conclusion that also was recently supported for the
closely related Ascaphus montanus (Spear and Storfer
2010). Management strategies after broadscale distur-
bances such as fire, windstorms, or volcanic eruptions
are often difficult to evaluate and can be highly
controversial (Lindenmayer et al. 2008). Post-distur-
bance salvage logging is often proposed due to economic
concerns, to facilitate forest succession, to minimize the
risk of pest outbreaks, and to reduce fuel load and
potential future fire severity (Sessions et al. 2004).
However, salvage logging can also be detrimental owing
to loss of biological legacies, soil disturbance, or
impaired natural regeneration (Lindenmayer and Noss
2006). In particular, our landscape genetic models
strongly suggest that individuals in salvage-logged areas
may be more affected by environmental factors such as
heat load and climate relative to areas left to naturally
regenerate. We expect that such constraints will lead to
long-term differences in genetic diversity, and our
simulations provide evidence that salvage logging can
influence population genetic structure in ways that may
not be apparent demographically for several genera-
tions. Finally, the fact that climatic factors were most
prominent in the landscape genetic models implies that
the interaction between habitat alteration and global
climate change are likely to be critical for understanding
population response to disturbance.

ACKNOWLEDGMENTS

We thank J. Baumsteiger, R. Dezanni, J. Evans, C. Gold-
berg, R. Gomulkiewicz, M. Hayes, A. Mclntyre, M. Murphy, J.
Sullivan, and L. Waits for insightful discussions and comments
regarding sampling and analytical techniques. J. Baumsteiger,
K. Chojnacki, N. Chojnacki, J. Eastman, D. Jochimsen, M.
Rainey, and N. Rainey all helped with field collections. J.
Baumsteiger and M. Murphy assisted with running PCR
reactions for samples. Collecting permits were granted by
Washington Department of Fish and Wildlife. D. Olson, D.
Reed, and one anonymous reviewer provided helpful comments
on a previous version of the manuscript. Genetic data for the
undisturbed sites surrounding the blast area were collected as
part of another project funded by the Cooperative Monitoring,
Evaluation and Research Committee under the Washington
Department of Natural Resources Forest Practices Adaptive
Management Program (IAA-06-047) to A. Storfer. Funding for
the remainder of the project was provided by the American
Museum of Natural History Theodore Roosevelt Memorial
Fund to S. F. Spear, WSU College of Sciences to A. Storfer,
and both WSU SBS King Fellowship and WSU SBS Brislawn

TAILED FROG GENE FLOW, MOUNT ST. HELENS 867

scholarship to S. F. Spear. C. M. Crisafulli was supported by
the Forest Service, Pacific Northwest Research Station and
National Science Foundation (LTREB Program).

LITERATURE CITED

Adams, M. J., and C. A. Pearl. 2005. Ascaphus truei. Pages 382—
384 in M. Lannoo, editor. Amphibian declines: The
conservation status of United States species. University of
California Press, Berkeley, California, USA.

Alkaslassy, E. 2005. Abundance of plethodontid salamanders in
relation to coarse woody debris in a low elevation mixed
forest of the western Cascades. Northwest Science 79:156—
163.

Applied Biosystems. 2004. GeneMapper version 3.7. Applied
Biosystems, Foster City, California, USA.

Aubry, K. B. 2000. Amphibians in managed, second-growth
Douglas-fir forests. Journal of Wildlife Management
64:1041-1052.

Bakkegard, K. A. 2008. The genetic response of two amphibian
species after the 1980 eruption of Mount St. Helens.
Dissertation. Utah State University, Logan, Utah, USA.

Boessenkool, S., S. S. Taylor, C. K. Tepolt, J. Komdeur, and
1. G. Jamieson. 2007. Large mainland populations of South
Island robins retain greater genetic diversity than offshore
island refuges. Conservation Genetics 8:705-714.

Bowcock, J. M., A. Ruiz-Linares, J. Tomfohrde, E. Minch,
J. R. Kidd, and L. L. Cavalli-Sforza. 1994. High resolution of
human evolutionary trees with polymorphic microsatellites.
Nature 368:455-457.

Brown, H. A. 1975. Temperature and development of the tailed
frog, Ascaphus truei. Comparative Biochemistry and Physi-
ology A 50:397-405.

Butts, S. R., and W. C. McComb. 2000. Associations of forest-
floor vertebrates with coarse woody debris in managed
forests of western Oregon. Journal of Wildlife Management
64:95-104.

Chapuis, M. P., and A. Estoup. 2007. Microsatellite null alleles
and estimation of population differentiation. Molecular
Biology and Evolution 24:621-631.

Claussen, D. L. 1973. The water relations of the tailed frog,
Ascaphus truei, and the Pacific tree frog, Hyla regilla.
Comparative Biochemistry and Physiology A 44:155-171.

Collins, J. P., and A. Storfer. 2003. Global amphibian declines:
sorting the hypotheses. Diversity and Distributions 9:89-98.

Cornuet, J. M., and G. Luikart. 1996. Description and power
analysis of two tests for detecting recent population
bottlenecks from allele frequency data. Genetics 144:2001—
2014.

Crisafulli, C. M., and C. P. Hawkins. 1998. Ecosystem recovery
following a catastrophic disturbance: Lessons learned from
Mount St. Helens. Pages 23-26 in M. J. Mac, J. P. A. Opler,
C. E. Puckett Haecker, and P. D. Doran, editors. Status and
trends of the nation’s biological resources. Volumes 1 and 2.
U.S. Department of the Interior, U.S. Geological Survey,
Reston, Virginia, USA.

Crisafulli, C. M., F. J. Swanson, and V. H. Dale. 2005a.
Overview of ecological responses to the eruption of Mount
St. Helens: 1980-2005. Pages 287-300 in V. H. Dale, F. J.
Swanson, and C. M. Crisafulli, editors. Ecological responses
to the 1980 eruption of Mount St. Helens. Springer, New
York, New York, USA.

Crisafulli, C. M., L. S. Trippe, C. P. Hawkins, and J. A.
MacMahon. 2005h. Amphibian responses to the 1980
eruption of Mount St. Helens. Pages 183-197 in V. H. Dale,
F. J. Swanson, and C. M. Crisafulli, editors. Ecological
responses to the 1980 eruption of Mount St. Helens.
Springer, New York, New York, USA.

Dale, V. H., F. J. Swanson, and C. M. Crisafulli. 2005a.
Disturbance, survival, and succession: understanding ecolog-
ical responses to the 1980 eruption of Mount St. Helens.
Pages 3-12 in V. H. Dale, F. J. Swanson, and C. M.



868 STEPHEN F. SPEAR ET AL.

Crisafulli, editors. Ecological responses to the 1980 eruption
of Mount St. Helens. Springer, New York, New York, USA.

Dale, V. H., F. J. Swanson, and C. M. Crisafulli. 20055.
Ecological perspectives on management of the Mount St
Helens landscape. Pages 277-286 in V. H. Dale, F. J.
Swanson, and C. M. Crisafulli, editors. Ecological responses
to the 1980 eruption of Mount St. Helens. Springer, New
York, New York, USA.

Dempster, A. P., N. M. Laird, and D. B. Rubin. 1977.
Maximum likelihood from incomplete data via the EM
algorithm. Journal of the Royal Statistical Society B 39:1-38.

ESRI. 2008. ArcGIS 9.3. Environmental Systems Research
Institute, Redlands, California, USA.

Evanno, G., S. Regnaut, and J. Goudet. 2005. Detecting the
number of clusters of individuals using the software
STRUCTURE: a simulation study. Molecular Ecology
14:2611-2620.

Ewing, S. R., R. G. Nager, M. A. Nicoll, A. Aumjaud, C. G.
Jones, and L. F. Keller. 2008. Inbreeding and loss of genetic
variation in a reintroduced population of Mauritius kestrel.
Conservation Biology 22:395-404.

Foster, D. R., D. H. Knight, and J. F. Franklin. 1998.
Landscape patterns and legacies resulting from large,
infrequent forest disturbances. Ecosystems 1:497-510.

Fotheringham, A. S., C. Brunsdon, and M. E. Charlton. 2002.
Geographically weighted regression: the analysis of spatially
varying relationships. Wiley, Chichester, UK.

Frankham, R., J. D. Ballou, and D. A. Briscoe. 2002.
Introduction to conservation genetics. Cambridge University
Press, Cambridge, UK.

Franklin, J. F., and J. A. MacMahon. 2000. Messages from a
mountain. Science 288:1183-1184.

Franklin, J. F., T. A. Spies, R. Van Pelt, A. B. Carey, D. A.
Thornburgh, D. Rae Berg, D. B. Lindenmayer, M. E.
Harmon, W. S. Keeton, D. C. Shaw, K. Bible, and J. Chen.
2002. Disturbances and structural development of natural
forest ecosystems with silvicultural implications, using
Douglas-fir forests as an example. Forest Ecology and
Management 155:399—-423.

Funk, W. C., M. S. Blouin, P. S. Corn, B. A. Maxell, D. S.
Pilliod, S. Amish, and F. W. Allendorf. 2005. Population
structure of Columbia spotted frogs (Rana luteiventris) is
strongly affected by the landscape. Molecular Ecology
14:483-496.

Giordano, A. R., B. J. Ridenhour, and A. Storfer. 2007. The
influence of altitude and topography on genetic structure in
the long-toed salamander (Ambystoma macrodactylum).
Molecular Ecology 16:1625-1637.

Goldberg, C. S., M. E. Kaplan, and C. R. Schwable. 2003.
From the frog’s mouth: Buccal swabs for collection of DNA
from amphibians. Herpetological Review 34.

Goldberg, C. S., and L. P. Waits. 2010. Quantification and
reduction of bias from sampling larvae to infer population
and landscape genetic structure. Molecular Ecology Resourc-
es 10:304-313.

Goudet, J. 2001. FSTAT, a program to estimate and test gene
diversities and fixation indices. Version 2.9.3. Lausanne
University, Lausanne, Switzerland.

Hawkins, C. P., L. J. Gottschalk, and S. S. Brown. 1988.
Densities and habitat of tailed frog tadpoles in small streams
near Mount St. Helens following the 1980 eruption. Journal
of the North American Benthological Society 7:246-252.

Hayes, M. P., T. Quinn, D. J. Dugger, T. L. Hicks, M. A.
Melchiors, and D. E. Runde. 2006. Dispersion of coastal
tailed frog (Ascaphus truei): An hypothesis relating occur-
rence of frogs in non-fish-bearing headwater basins to their
seasonal movements. Journal of Herpetology 40:531-543.

Hedrick, P. W. 2005. A standardized genetic differentiation
measure. Evolution 59:1633-1638.

Karlstrom, E. L. 1986. Amphibian recovery in the north fork
Toutle River debris avalanche area of Mount St. Helens.

Ecological Applications
Vol. 22, No. 3

Pages 334-344 in S. A. C. Keller, editor. Mount St. Helens:
five years later. Eastern Washington University, Cheney,
Washington, USA.

Keyghobadi, N., J. Roland, S. F. Matter, and C. Strobeck.
2005. Among- and within-patch components of genetic
diversity respond at different rates to habitat fragmentation:
An empirical demonstration. Proceedings of the Royal
Society B 272:553-560.

Lampert, K. P., X. E. Bernal, A. S. Rand, U. G. Mueller, and
M. J. Ryan. 2007. Island populations of Physalaemus
pustulosus: History influences genetic diversity and morphol-
ogy. Herpetologica 63:311-319.

Landguth, E. L., and S. A. Cushman. 2010. CDPOP: A
spatially explicit cost distance population genetics program.
Molecular Ecology Resources 10:156-161.

Lewis, P. O., and D. Zaykin. 2001. Genetic data analysis:
computer program for the analysis of allelic data. Version 1.0
(d16c¢). University of Connecticut, Storrs, Connecticut, USA.

Lindenmayer, D. B., P. J. Burton, and J. F. Franklin. 2008.
Salvage logging and its ecological consequences. Island Press,
Washington, D.C., USA.

Lindenmayer, D. B., and R. F. Noss. 2006. Salvage logging,
ecosystem processes and biodiversity conservation. Conser-
vation Biology 20:949-958.

Luikart, G., F. W. Allendorf, J. M. Cornuet, and W. B.
Sherwin. 1998. Distortion of allele frequency distributions
provides a test for recent population bottlenecks. Journal of
Heredity 89:238-247.

Manning, A. D., J. O. Fischer, and D. B. Lindenmayer. 2006.
Scattered trees as keystone structures—implications for
conservation. Biological Conservation 132:311-322.

Measey, G. J., P. Galbusera, P. Breyne, and E. Matthysen.
2007. Gene flow in a direct-developing, leaf litter frog
between isolated mountains in the Taita Hills, Kenya.
Conservation Genetics 8:1177-1188.

Meirmans, P. G. 2006. Using the AMOVA framework to
estimate a standardized genetic differentiation measure.
Evolution 60:2399-2402.

Murphy, M. A, J. S. Evans, and A. Storfer. 2010. Quantifying
Bufo boreas connectivity in Yellowstone National Park with
landscape genetics. Ecology 91:252-261.

Olson, D. H., and K. M. Burnett. 2009. Design and
management of linkage areas across headwater drainages to
conserve biodiversity in forest ecosystems. Forest Ecology
and Management 258:S117-S126.

Paine, R. T., M. J. Tegner, and E. A. Johnson. 1998.
Compounded perturbations yield ecological surprises. Eco-
systems 1:535-545.

Pritchard, J. K., M. Stephens, and P. Donnelly. 2000. Inference
of population structure using multilocus genotype data.
Genetics 155:945-959.

Rangel, T. F. L. V. B., J. A. F. Diniz-Filho, and L. M. Bini.
2006. Towards an integrated computational tool for spatial
analysis in macroecology and biogeography. Global Ecology
and Biogeography 15:321-327.

Raymond, M., and F. Rousset. 1995. Genepop (Version 1.2):
Population genetics software for exact tests and ecumenicism.
Journal of Heredity 86:248-249.

Rittenhouse, T. A. G., E. B. Harper, L. R. Rehard, and R. D.
Semlitsch. 2008. The role of microhabitats in the desiccation
and survival of anurans in recently harvested oak-hickory
forest. Copeia 2008:807-814.

Romme, W. H., E. H. Everham, L. E. Frelich, M. A. Moritz,
and R. E. Sparks. 1998. Are large, infrequent disturbances
qualitatively different from small, frequent disturbances?
Ecosystems 1:524-534.

Sessions, J., P. Bettinger, R. Buckman, M. Newton, and J.
Hamann. 2004. Hastening the return of complex forests
following fire: the consequences of delay. Journal of Forestry
102:38—45.



April 2012

Spear, S. F., J. Baumsteiger, and A. Storfer. 2008. Newly
developed polymorphic microsatellite markers for frogs of
the genus Ascaphus. Molecular Ecology Resources 8:936—
938.

Spear, S. F., C. R. Peterson, M. Matocq, and A. Storfer. 2005.
Landscape genetics of the blotched tiger salamander (Am-
bystoma tigrinum melanostictum). Molecular Ecology
14:2553-2564.

Spear, S. F., and A. Storfer. 2008. Landscape genetic structure
of coastal tailed frogs (Ascaphus 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 patterns of gene flow in the
Rocky Mountain tailed frog, Ascaphus montanus. Biological
Conservation 143:778-786.

Storfer, A., M. A. Murphy, J. S. Evans, C. S. Goldberg, 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.

Storfer, A., M. A. Murphy, S. F. Spear, R. Holderegger, and
L. P. Waits. 2010. Landscape genetics: Where are we now?
Molecular Ecology 19:3496-3514.

Stuart, S. N., J. S. Chanson, N. A. Cox, B. E. Young, A. S. L.
Rodrigues, D. L. Fischman, and R. W. Waller. 2004. Status
and trends of amphibian declines and extinctions worldwide.
Science 306:1783-1786.

Swanson, F. J., and J. J. Major. 2005. Physical events,
environments, and geological-ecological interactions at
Mount St. Helens: March 1980-2004. Pages 27-46 in V. H.
Dale, F. J. Swanson, and C. M. Crisafulli, editors. Ecological
responses to the 1980 eruption of Mount St. Helens.
Springer, New York, New York, USA.

Swanson, M. E., J. F. Franklin, R. L. Beschta, C. M. Crisafulli,
D. A. DellaSala, R. L. Hutto, D. B. Lindenmayer, and F. J.

TAILED FROG GENE FLOW, MOUNT ST. HELENS 869

Swanson. 2011. The forgotten stage of forest succession:
Early-successional ecosystems on forest sites. Frontiers in
Ecology and the Environment 9:117-125.

Thompson, I. D., J. A. Baker, and M. Ter-Mikaelian. 2003. A
review of the long-term effects of post-harvest silviculture on
vertebrate wildlife, and predictive models, with an emphasis
on boreal forests in Ontario, Canada. Forest Ecology and
Management 177:441-469.

Titus, J. H., and E. Householder. 2007. Salvage logging and
replanting reduce understory cover and richness compared to
unsalvaged-unplanted sites at Mount St. Helens, Washing-
ton. Western North American Naturalist 67:219-231.

Turner, M. G., and V. H. Dale. 1998. Comparing large,
infrequent disturbances: What have we learned? Ecosystems
1:493-496.

Turner, M. G., W. H. Romme, and D. B. Tinker. 2003.
Surprises and lessons from the 1988 Yellowstone fires.
Frontiers in Ecology and the Environment 1:351-358.

Waldick, R. C., B. Freedman, and R. J. Wassersug. 1999. The
consequences for amphibians of the conversion of natural,
mixed-species forests to conifer plantations in southern New
Brunswick. Canadian Field Naturalist 113:408-418.

Wang, J. 2004. Sibship reconstruction from genetic data with
typing errors. Genetics 166:1963-1979.

Welsh, H. H. 1990. Relictual amphibians and old-growth
forests. Conservation Biology 4:309-319.

Wilbur, H. M. 1980. Complex life cycles. Annual Review of
Ecology and Systematics 11:67-93.

Yang, S., J. G. Bishop, and M. S. Webster. 2008. Colonization
genetics of an animal-dispersed plant (Vaccinium membrana-
ceum) at Mount St. Helens, Washington. Molecular Ecology
17:731-740.

SUPPLEMENTAL MATERIAL

Appendix A

Description of landscape variables used for least-cost path or regression analyses (Ecological Archives A022-047-Al).

Appendix B
All model results for landscape correlations with Dy (Ecological Archives A022-047-A2).

Appendix C
All model results for landscape correlations with G (Ecological Archives A022-047-A3).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


