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ABSTRACT

Introduced trout have often been implicated in the
decline of high-mountain amphibian populations,
but few studies have attempted to understand
whether fish stocking also influences the distribu-
tion and abundance of amphibians throughout en-
tire mountain basins, including the remaining fish-
less lakes. We examined this relationship using the
relative abundance of long-toed salamanders (4m-
bystoma macrodactylum) and Columbia spotted frogs
(Rana luteiventris) in fish-containing and fishless
lentic sites in basins with varying levels of historic
fish stocking. All lentic waters were surveyed for
fish and amphibians in 11 high-elevation basins in
the Frank Church~River of No Return Wilderness,
Idaho, between 1994 and 1999. We found intro-
duced trout (Oncorhynchus clarki, O. mykiss, O. m.
aguabonita) in 43 of the 101 sites, representing 90%
of the total surface area of lentic water bodies avail-
able. At the scale of individual water bodies, after

accounting for differences in habitat characteristics
between fish-containing and fishless sites, the
abundance of amphibians at all life stages was sig-
nificantly lower in lakes with fish. At the basin
scale, densities of overwintering life stages of am-
phibians were lower in the fishless sites of basins
where more habitat was occupied by trout. Our
results suggest that many of the remaining fishless
habitats are too shallow to provide suitable breed-
ing or overwintering sites for these amphibians and
that current trout distributions may eventually re-
sult in the extirpation of amphibian populations
from entire landscapes, including sites that remain
in a fishless condition.

Key words: Ambystoma macrodactylum; amphibian;
extinction; fish stocking; introduced trout; met-
apopulation; persistence; Rana luteiventris; wilder-
ness.

INTRODUCTION

For over a century, trout and other sport fishes
have been introduced into historically fishless,
high-elevation lakes in western North America to
provide recreational fisheries for backcountry an-
glers (Bahls 1992). Recent concern over the decline
in amphibian populations has led researchers to
assess the role of fish stocking in the loss of amphib-
ian populations from high-elevation watersheds.
Although several recent studies have documented
the negative effects of introduced trout on amphib-
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ians at the scale of individual water bodies (Hayes
and Jennings 1986; Bradford 1989; Fisher and
Shaffer 1996; Bradford and others 1998), few stud-
ies have examined the consequences of introduced
fish on amphibian distributions at broader spatial
scales (but see Bradford and others 1993; Knapp
and Matthews 2000).

Numerous local-scale studies have documented
that, in general, amphibians are less likely to exist
and to breed successfully in lakes with predatory,
nonnative fish (Bradford 1989; Bronmark and
Edenhamn 1994; Brafla and others 1996; Gamradt
and Kats 1996; Hecnar and M’'Closkey 1997; Brad-
ford and others 1998; Goodsell and Kats 1999;
Knapp and Matthews 2000). In part, amphibian
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breeding success is lower in sites containing preda-
tory fish because female amphibians avoid laying
their eggs (Resetarits and Wilbur 1989; Kats and Sih
1992; Hopey and Petranka 1994). If egg-laying does
take place, fish prey upon the embryonic and larval
stages (Hayes and Jennings 1986; Gamradt and Kats
1996; Resetarits 1997; Tyler and others 1998a, b).

Further, the negative effects of introduced fish on
amphibians may be magnified in mountain lakes, as
compared to low-elevation waters, because many
mountain lakes have less habitat structure (greater
exposure to predation), lower productivity (re-
duced prey resources), and shorter productive pe-
riods. At high elevations, amphibians usually re-
quire more time to reach metamorphosis than
lower-elevation conspecifics (Anderson 1967; Licht
1975; Howard and Wallace 1985), increasing their
probability of predation during the vulnerable lar-
val period. In some circumstances, larvae may over-
winter for several years; thus, they are restricted to
permanent, deeper bodies of water, most of which
now contain fish (Bradford 1989; Knapp and Mat-
thews 2000). Furthermore, postmetamorphic am-
phibians that overwinter in lentic sites may have to
share with fish the few areas that do not freeze or
become anoxic beneath surface ice.

The effects of introduced fish at broader spatial
scales have not been adequately addressed and, to
our knowledge, are restricted to two hypotheses.
Bradford and others (1993) suggested that fish in-
troductions have caused the loss of mountain yel-
low-legged frog (Rana muscosa) populations from
entire drainages (including fishless lakes) as a result
of fish predation on frogs in stocked lakes and the
increased isolation of frog populations in the re-
maining fishless lakes. Knapp and Matthews (2000)
suggested that the extirpation of this species from
entire drainages could also be the result of fish
occupying the most suitable habitats (deep lakes),
restricting frogs to marginal habitats where extinc-
tion rates are high.

The objective of this study was to evaluate how
introduced trout influence the distribution and
abundance of amphibians at two spatial scales: in-
dividual lakes (local scale) and drainage basins
(landscape scale). To accomplish this, we first tested
the hypothesis that introduced trout have impor-
tant local effects by comparing amphibian densities
in sites with and without trout after controlling for
habitat differences between fish-containing and
fishless sites. Although the local effects of intro-
duced fish on amphibians have been documented
in numerous studies, our study is unique in that we
examined the local effects of introduced trout on
two amphibian species, the long-toed salamander

(Ambystoma macrodactylum) and the Columbia spotted
frog (Rana luteiventris), each of which has a different
life history and thus potentially different responses to
introduced trout. Long-toed salamander larvae over-
winter twice before metamorphosing into a terrestrial
adult, whereas spotted frog tadpoles complete their
larval stage in a single summer (Pilliod and Fronzuto
forthcoming; Reaser and Pilliod forthcoming). To
evaluate the effects of introduced trout on these am-
phibian species at the basin scale, we tested the hy-
pothesis that within drainage basins, amphibian den-
sities in fishless sites would decline with increasing
levels of trout occupancy.

METHODS

Study Area

Between 1994 and 1999, we repeatedly surveyed
all lentic habitats (lakes, ponds, flooded meadows)
in a 90 km? area of the Bighorn Crags, a region of
the Salmon River Mountains along the eastern
boundary of the Frank Church-River of No Return
Wilderness, Lemhi County, Idaho (Figure 1). The
study area encompassed the headwater areas of five
major drainages forming tributaries of the Middle
Fork and Main Salmon rivers. These drainages con-
tained two to three glacial cirque basins at 2300~
2800 m. Each basin contained one to 15 permanent
lakes or ponds and up to 10 ephemeral ponds and
flooded meadows. The basins were separated from
each other by headwall ridges of 500-1000 m and
steep, cascading outlets dropping 500 to 1000 m
into drainage tributaries. In total, we surveyed all
101 lentic sites in 11 basins, including 74 perma-
nent lakes and ponds, 14 permanently flooded
meadows, and 13 ephemeral ponds.

The climate of the study area is typical of the
Rocky Mountains. Winters are long (8 months),
and most precipitation falls as snow (more than
85% of approximately 80 cm average annual pre-
cipitation) (Finklin 1988). The dominant vegetation
is subalpine fir (Abies lasiocarpa) and grouse
whortleberry (Vaccinium scoparium), with En-
gelmann spruce (Picea engelmanni), alpine
rhododendron (Rododendrous altiflorum), and sedges
(Carex sp.) along riparian areas and shorelines of
lakes.

The study area is entirely within federally desig-
nated wilderness and is relatively free from most
anthropogenic disturbance. The area is 4-32 km
from the nearest unpaved road and is accessible
only by trail. Some recreational impacts appeared to
be associated with packstock (for example, horses,
llamas), which was mostly localized around a few
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Figure 1. Map of the study
area showing the 11 basins
studied in the Bighorn Crags,
Frank Church-River of No
Return Wilderness, Lemhi
County, Idaho. Fishless lakes
are shown in black; fish-con-
taining sites are white.
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lakes. The Environmental Protection Agency and
USDA Forest Service report negligible changes in air
pollution and water quality in the area since 1985
(Jackson 1996).

Although no biotic surveys were conducted in
the study area prior to the initial introduction of
fish, steep creek gradients (greater than 17% slope)
and falls (more than 3 m) draining each of the
basins probably prevented colonizing trout from
reaching the headwater lakes (Adams 1999). There-
fore, we assumed that all basins were historically
fishless (Bahls 1992).

Fish Surveys

We used historical records, hook-and-line angling,
gill netting, and visual observations to determine
the presence of fish. State stocking ledgers were

searched back to 1913, the 1st year for which writ-
ten records are available. In 1937 and 1938, the
Idaho Department of Fish and Game stocked 60,100
cutthroat trout (Oncorhynchus clarki) and rainbow
trout (Oncorhynchus mykiss) into 12 to 30 previously
fishless lakes in the study area to create recreational
fisheries (Idaho Department of Fish and Game un-
published). Although a few lakes were again
stocked in the 1950s, regular fish stocking did not
begin until the mid 1960s, when fish were re-
stocked every 3 to 6 years. In total, more than
300,000 fry or fingerlings have been introduced
into 37 lakes. Each of these lakes has been stocked
from four to 12 times and at least twice since 1989.

To determine the presence of fish, all small ponds
and ephemeral pools less than 1.5 m deep were
visually inspected for fish from shore and while
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wading (n = 31). For water bodies more than
1.5 m deep, we noted the presence of fish during
amphibian surveys (n = 43). If fish were not ob-
served, we further assessed fish presence/absence
using overnight gill net sets (40 X 1.8 m, seven
panels of 10-38-mm mesh) for 12-16 h (n = 11)
or snorkeling (» = 8) and multiple visual surveys
in smaller water bodies (n = 8).

Amphibian Surveys

The distribution and abundance of amphibians in
all lentic habitats in each basin were determined
using visual encounter surveys as described by
Crump and Scott (1994) and Thoms and others
(1997). The earliest surveys were conducted during
1-7 July, approximately 1 week after ice-out on the
larger lakes (breeding usually occurred in late June
to early July). All sites were surveyed in July and
August between 1000 and 1700 h, when air tem-
peratures were above 10°C. Nearly all sites were
surveyed each year, and some sites were surveyed
two or three times each year between 1994 and
1999 (median, four surveys/site; range, one to 30).

In each of the 11 basins, teams of two trained
observers searched the entire perimeter of each lake
and pond (2 m of the littoral zone and 2 m of the
riparian zone) and flooded areas of meadows. We
enumerated each amphibian life stage both from
shore and while wading 1 m from the shoreline. In
addition, dip nets were used to sweep the substrate
and, when present, the aquatic vegetation. We cal-
culated amphibian densities as the maximum num-
ber of individuals observed at each site/area
searched (m?). Larval salamanders less than 25 mm
snout-vent length (SVL) were considered to be in
their 1st year, and larvae more than 26 mm SVL
were considered to be 2 or more years old (Ander-
son 1967). Salamander larvae transformed in July
of their 3rd year (at approximately 36-48 mm
SVL). Too few adult long-toed salamanders were
captured to reliably estimate population size, so we
did not analyze adult salamander abundance. Juve-
nile frogs were defined as postmetamorphic frogs
that had overwintered at least once and were less
than 46 mm SVL (Turner 1960). We did not include
young-of-the-year postmetamorphic frogs in any
analyses because relatively few surveys were con-
ducted in late September when recently metamor-
phosed frogs could be counted.

To evaluate how accurately our visual surveys
estimated the abundance of amphibians, we com-
pared visual salamander counts made while wading
to counts made using snorkel surveys in 11 lakes
and compared visual frog counts with Lincoln-
Petersen mark-recapture population estimates in

39 lakes. Salamander counts made using visual sur-
veys were comparable to salamander counts made
during snorkel surveys (n = 11, Pearson r> = 0.90,
P < 0.001); (B. Hoffman and D. S. Pilliod unpub-
lished), and visual survey frog counts were compa-
rable to population estimates (n = 39, Pearson r* =
0.96, P < 0.001).

Site Descriptions

We used a combination of field and laboratory mea-
surements to quantify the physical, chemical, and
biological characteristics of each lentic wetland.
Surface area, perimeter, and elevation were ob-
tained from 1:24,000 topographic maps or a geo-
graphic information system (GIS). Maximum depth
was measured with a tape measure or hand-held
sonar gun. Conductivity and pH were measured at
the outlet of each site using Oakton hand-held
meters (models T3, pH 2, Forestry Supp. Jackson,
MS). Water temperature was recorded at the begin-
ning of each survey (at 5 cm deep and within 1 m
from shore) and then averaged within and among
years. We estimated the relative amounts of aquatic
littoral and terrestrial riparian substrate subclasses
along the shoreline or over the area of each site
(modified lacustrine and palustrine system classifi-
cation, National Wetland Inventory) (Cowardin
and others 1979). Terrestrial substrate subclasses
included forest, shrub, forb-graminoid, rock, and
woody debris. Aquatic subclasses included bedrock,
cobble-gravel, silt/organic mud, vegetation, and
woody debris. We calculated the proportion of
shoreline made up of each substrate class by sum-
ming the linear distances of each class around a site
and dividing by the site perimeter.

Statistical Analyses

To evaluate the local effects of introduced trout on
amphibian populations, we first compared amphib-
ian densities in sites with and without fish using a
Mann-Whitney U test (Sokal and Rohlf 1995). We
did not use parametric models, even with trans-
formed variables, because the data were skewed by
the low densities of amphibians in fish-containing
sites.

To minimize the potentially confounding influ-
ence of habitat differences between sites with and
without fish, we used a two-step approach. First, to
determine which habitat variables were associated
with fish-containing sites, we entered all habitat
variables into a backward stepwise logistic regres-
sion. We then used the resulting model to select
those fishless sites that had similar values for signif-
icant habitat variables as sites with fish. This model
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identified 10 fishless sites that were very similar in
habitat characteristics to fish-containing sites (n =
43). This subset of fishless sites was used to evalu-
ate the effects of fish on amphibian densities while
minimizing the habitat differences between fish-
containing and fishless sites. Amphibian densities in
these two types of sites were compared using a
Mann-Whitney U test. We used this approach in-
stead of multiple regression because our dependent
variables, amphibian densities, were always non-
normal due to many sites that lacked any amphib-
ians. These skewed distributions could not be nor-
malized using standard transformations.

To further evaluate whether long-toed salamanders
and spotted frogs used deep lakes (at least 2 m) for
breeding and to determine whether amphibian repro-
duction in deep lakes was successful, we compared
the densities of 1st-year and 2nd-year amphibian life
stages among fishless sites as a function of maximum
lake depth (less than 2 m, 2-4 m, 4-6 m, at least 6 m)
using chi-square approximations of the Kruskal-Wal-
lis test (Sokal and Rohlf 1995). To determine possible
landscape effects of introduced trout on amphibian
abundance at the basin scale, we performed simple
linear regression analyses on the mean density of
amphibians in fishless sites as a function of the per-
cent area of lentic habitat containing trout in a basin.
The influence of outliers was assessed with the F
approximation of Cook’s distance (Ramsey and Scha-
fer 1997).

To differentiate between the effects of fish and
the effects of differences in habitat among basins,
we first reduced the number of habitat variables
using factor analysis with a principal component
extraction and varimax rotation. Factor scores were
calculated for each site. We then evaluated the
significance of differences in the average factor
scores among basins using multivariate analysis of
variance (MANOVA), with factor scores as our de-
pendent variables and basin as our independent
variable. These models met assumptions of normal-
ity and homoscedasticity but not equality of covari-
ance matrices. Therefore, we evaluated model sig-
nificance using Pillai’s trace, a conservative and
robust multivariate F test (Norusis 1990). To iden-
tify which factors were significantly different
among basins, we performed multiple univariate
analysis of variance (ANOVA), again using factor
score as our dependent variable and basin as our
independent variable. Finally, to determine which
basins were significantly different from each other,
we used Tukey’s pair-wise comparisons on each of
the significant factors. Similarly, to determine
whether fishless sites had significantly different
habitat among basins, we repeated the above pro-

cedure, but only included factor scores from fishless
sites.

In regression analyses and MANOVAs, we
screened predictor variables for colinearity and ex-
cluded redundant variables from analyses. These
included area and perimeter, which were correlated
with depth, and woody debris and bedrock, due to
the redundancy of including all subclasses in per-
centage estimates. Conductivity was also excluded
because there was little variation across sites (mean,
5.5 uS; range, 0-30 wS). We performed all analyses
on SPSS software v.10.0 (SPSS Inc Chicago, IL) and
used o = 0.05 as a significance criterion.

REsuLTS

Introduced cutthroat, rainbow, or golden trout and
their hybrids were found in all basins, but the per-
cent of sites and area of habitat occupied by trout
varied among basins (Table 1 and Figure 1). We
found trout in 43% of all lentic sites, accounting for
90% of the available surface area of lentic habitat.
Trout occupied the majority of lakes that were one
or more ha in surface area and deeper than 4 m,
while most sites less than 1 ha in surface area and
less than 4 m deep were fishless (Figure 2). As a
result, the more lentic habitat that was occupied by
trout in a basin, the fewer deep, fishless sites re-
mained (Table 1). Only two basins, Skyhigh and Tip
Top, had less than 90% of the surface area of their
lentic habitat occupied by trout, and both of these
basins contained several deep, fishless lakes that
could have supported trout populations. Other ba-
sins contained at most one deep, fishless lake (Table
1).

Local-scale Effects of Introduced Trout on
Amphibians

The densities of all life stages of long-toed
salamanders and spotted frogs were significantly
lower in fish-containing sites than in fishless sites
(for all life stages; n = 101, U = 647-930, P <
0.018) (Figure 3). The logistic regression analysis
used to identify fishless sites that had similar habitat
as fish-containing sites was significant (df = 2, x* =
58.50, P < 0.001, r* = 0.59). Greater maximum
depths and rocky substrates characterized lakes
with fish. Fishless sites selected using the logistic
regression model were also deep, rocky lakes. Com-
parisons between these 10 fishless sites and the 43
sites where fish occurred indicated that fish-con-
taining sites again had significantly lower densities
of all life stages of amphibians than did fishless sites
with similar habitat (for all life stages; n = 53, U =
48-86, P =< 0.002).
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Table 1. Number of Sites and Surface Area of Lentic Habitat Occupied by Fish in 11 Basins in the
Bighorn Crags of the Frank Church-River of No Return Wilderness, Idaho

Total % Surface
Total Fish Surface Area Area Fish
Basin Sites Present (%) Sites (ha) Present

Birdbill 9 5 (56) 7.17 95.8
Cathedral 2 1 (50) 7.25 99.7
Glacier 7 7 (100) 16.87 100.0
Golden Trout 3 3 (100) 5.29 100.0
Harbor 12 4 (33) 15.38 92.2
Lost 6 4 (67) 5.14 98.1
Sheepeater 5 3 (60) 11.11 95.7
Ship Island 5 2 (40) 43.75 95.7
Skyhigh 29 7 (24) 24.75 81.1
Terrace 7 5(71) 7.63 95.5
Tip Top 16 2 (13) 14.43 52.5
Totals 101 43 (42.6) 158.8 90.0

Basin-scale Effects of Introduced Trout on
Amphibians

Long-toed salamanders and spotted frogs repro-
duced in lentic sites ranging in depth from 0.2 to 6
or more m and the densities of 1st-year salamander
larvae and frog tadpoles were not significantly dif-
ferent among fishless sites across this range of
depths (lst-year salamander larvae: df = 3, x* =
3.2, P = 0.36, Figure 4A; spotted frog tadpoles:
df = 3, x> = 6.3, P = 0.10, Figure 4B). However,
among these fishless sites, densities of amphibian
life stages that had overwintered at least once were
significantly lower in sites less than 2 m deep than
in deeper sites (2nd-year salamander larvae: df = 3,
x> = 24.2, P < 0.001, Figure 4A; juvenile frogs:
df = 3, x> = 9.3, P = 0.025, Figure 4B).

Among basins, the density of 1st-year amphibian
life stages in fishless sites was not related to the
percent surface area of lentic sites occupied by trout
(Figure 5A and 6A). However, the percent surface
area of lentic sites occupied by trout was a highly
significant predictor of the density of salamander
larvae at least 2 years old in fishless sites (Adj. R* =
0.95, F, ; = 167.4, P < 0.001; Figure 5B) and of
the density of adult and juvenile frogs in fishless
sites (Adj. R? = 0.98, F, ;= 330.7, P < 0.001;
Figure 6B). Both of these relationships were
strongly influenced by the data point for Tip Top
Basin (lentic surface area containing fish = 52%),
as measured by the F approximation to Cook’s dis-
tance. When we excluded this data point from the
models, no other basins had a disproportionate in-
fluence on the regression, and the linear regression
was still highly significant for both salamanders

(Figure 5B; Adj. R* = 0.64, F, , = 13.4, P =
0.011) and frogs (Figure 6B; Adj. R* = 0.81,
Fy ¢ = 31.47, P = 0.001). Therefore, densities of
older amphibian life stages in fishless sites de-
creased with increases in the proportion of lentic
habitat occupied by trout.

Habitat characteristics of all sites formed five
composite factors, three of which were significantly
different among basins (Pillai’s trace = 0.83,
Fsg.450 = 2.0, P = 0.001). These three significant
factors characterized lakes with (a) greater rocky
substrate, (b) sparse aquatic vegetation and at
higher elevations, and (c) greater maximum depths
and forested shorelines. Pair-wise comparisons in-
dicated that Glacier Basin had significantly higher
factor scores than Tip Top Basin for the factor that
characterized lakes with sparse aquatic vegetation
at higher elevations. No other factors were signifi-
cantly different among individual basins. Habitat
characteristics of fishless sites were not significantly
different among basins based on composite factor
scores (Pillai’s trace = 0.69, F35,45 = 1.12, P =
0.31). Therefore, the relationships between am-
phibian density in fishless sites and percent of lentic
surface area occupied by trout (Figure 5 and 6)
were unlikely to have been confounded by habitat
differences among basins.

DiscussioN

Recent studies have documented the negative local
effects of introduced trout on amphibian abun-
dance and occurrence in high-mountain lakes in
the western United States (Bradford 1989; Bradford
and others 1998; Tyler and others 1998a; Knapp
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Figure 2. Frequency histograms showing the proportion
of fishless (black) and fish-containing (white) lentic sites
as a function of surface area (A) and maximum lake
depth (B) in the Bighorn Crags of the Frank Church-
River of No Return Wilderness. Numbers above bars in-
dicate the number of sites in each category.

and Matthews 2000). Our study is unique in that
we also examined whether the negative effects in
stocked lakes have implications for the distributions
of these amphibians across a landscape (that is,
whether impacts extend to fishless sites in a basin)
and did so by studying two amphibians with very
different life histories. This information is needed to
explain the reported declines and extirpation of
high-mountain amphibians from landscapes (ba-
sins, watersheds) where fishless habitats still exist
(for example, Fellers and Drost 1993; Bradford and
others 1994; Drost and Fellers 1996; Knapp and
Matthews 2000).

In congruence with other studies, we found that
the abundance of all life stages of long-toed
salamanders and spotted frogs was lower in sites
with fish than it was in fishless sites (Tyler and
others 1998a; Knapp and Matthews 2000). How-
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Figure 3. Mean density (number per m? searched; + 1
SE) of 1st- and 2nd-year salamander larvae (A) and
spotted frog tadpoles and juveniles plus adults (B) in sites
with (black bars) and without (white bars) introduced
trout in the Bighorn Crags of the Frank Church-River of
No Return Wilderness between 1994 and 1999. Asteriks
between pairs of bars indicate that the densities of all life
stages of amphibians were significantly lower in lakes
with fish compared to fishless sites (*P < 0.001).

ever, without prestocking records with which to
compare current amphibian densities, we cannot be
certain whether amphibian populations at fish-con-
taining sites are smaller now than they were before
trout were introduced. A common argument is that
sites now occupied by trout are, and always were,
poor habitat for amphibians because these sites are
typically deep, rocky lakes. However, few studies
have examined the habitat associations and re-
quirements of high-elevation amphibians; thus, this
perception has little scientific basis. We found sig-
nificantly larger populations of amphibians in fish-
less than in fish-containing sites, even after ac-
counting for the differences in habitat; this suggests
that long-toed salamanders and spotted frogs may
historically have had large populations in lakes now
occupied by trout. Based on the low abundance and
recruitment of amphibians in lakes with fish, we
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Figure 4. Mean density (number per m? searched; + 1
SE) of Ist- (black bars) and 2nd-year (white bars)
salamander larvae (A) and spotted frog tadpoles (black
bars) and juveniles plus adults (white bars) (B) in fishless
sites as a function of the maximum depth of each site in
the Bighorn Crags of the Frank Church-River of No Re-
turn Wilderness between 1994 and 1999. First-year lar-
vae and tadpoles were abundant in shallow sites (less
than 2 m deep), whereas densities of older life stages
were lowest in sites less than 2 m.

suspect that lakes with fish are sink habitats for
amphibians where juvenile recruitment insuffi-
ciently compensates for adult mortality (Pulliam
1988; Pulliam and Danielson 1991). Local extinc-
tion of amphibian populations at such sites may be
prevented by the immigration of juveniles and
adults from nearby fishless sites that frequently act
as sources.

Despite relatively high levels of reproduction in
fishless sites less than 2 m deep (as seen in Figure
4), we rarely found 2nd-year salamander larvae
and juvenile frogs in these shallow ponds, suggest-
ing that both species generally require lentic sites at
least 2 m deep for surviving through winter. In
shallow ponds, long-toed salamanders risk desicca-
tion during summer and freezing or anoxic condi-
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Figure 5. Plot of the relationship between the percentage
of lentic water surface area containing trout and the
mean site density (number per m? searched) per basin of
Ist-year long-toed salamander larvae (A) and 2nd-year
long-toed salamander larvae (B) in fishless sites in the
Bighorn Crags of the Frank Church-River of No Return
Wilderness. Significant linear regression lines are shown.
The Tip Top Basin data point is an outlier in this model,
but the relationship remained highly significant when
this data point was excluded.

tions during winter (we occasionally found dead
larvae in these shallow sites during spring surveys),
whereas in deep lakes they risk predation from
introduced trout. Because high-elevation popula-
tions of long-toed salamanders have a long larval
stage (2-3 years) (Anderson 1967), they may be
more restricted to deeper water bodies and thus
have lost most of their suitable breeding habitat to
introduced fish. Mountain yellow-legged frogs, en-
demic to the Sierra Nevada, also have multiple-year
larval stages. Recent research suggests that the loss
of deep, fishless breeding sites is threatening the
persistence of this species across its range (Knapp
and Matthews 2000).

In contrast to salamanders, spotted frogs are able



330 D. S. Pilliod and C. R. Peterson

1.6 -
14 1
1.2w
1.0 {
0.8 -
0.6 -
0.4 ¢ *
0.2

0.0 - — . — o
50 60 70 80 90 100

Tadpole Density

0.16
0.14 4
0.12 4
0.10 4
0.08
0.06 -
0.04 -
0.02 4
0.00 — r T - J
50 60 70 80 90 100

Lentic Surface Area Containing Fish (%)

Juvenie Frog Density

Figure 6. Plot of the relationship between the percentage
of lentic water surface area containing trout and the
mean site density (number per m? searched) per basin of
spotted frog tadpoles (A) and juveniles plus adults (B) in
fishless sites in the Bighorn Crags of the Frank Church-
River of No Return Wilderness. Significant linear regres-
sion lines are shown.

to breed successfully in shallow, fishless sites, be-
cause most of the tadpoles transform into juveniles
before the lakes begin to freeze. We did not observe
any overwintering tadpoles, a finding consistent
with the life history of this species across its range
(Reaser and Pilliod forthcoming). In the late sum-
mer, recently metamorphosed juveniles migrated
with adults and older juveniles to deeper bodies of
water to overwinter (D. S. Pilliod unpublished).
Based on our observations indicating that the high-
est overwinter survival of postmetamorphic frogs
occurred in deeper, fishless sites, we suggest that
predation by trout on juveniles that migrated from
shallow fishless sites to deep, fish-containing lakes
may effectively eliminate successful reproduction at
fishless sites. Because trout now occupy 67 % of all
lentic sites 2 or more m deep in the study area, the
majority of high-quality overwintering habitat for
these amphibians has been lost.

The overwintering requirements of long-toed
salamander larvae and spotted frogs may provide a
mechanism that would explain why the local-scale
negative effects of introduced trout can extend to
an entire basin. Basins with more lentic habitat
occupied by introduced trout had fewer deep, fish-

less sites and lower densities of late-stage

salamander larvae and postmetamorphic frogs
(more than 1 year old) in fishless sites. Because
Ist-year salamander larvae and frog tadpoles were
fairly abundant in fishless sites in all basins, the low
density of older life stages of these amphibians in
fishless sites in heavily stocked basins was likely due
to lower survival in basins that lacked sufficient
deep, fishless habitat.

The combined negative effects of introduced
trout at local and basin scales demonstrated by this
study may have consequences for amphibian per-
sistence within the study basins. Now mostly occu-
pied by trout, deep lentic habitats in the study area
likely provided critical breeding and winter habitat
for salamanders and frogs and thus may have been
important amphibian source populations in many
basins prior to fish introductions. We believe that
the shallow water bodies that make up the majority
of remaining fishless habitat may be sink habitats
for amphibians. Although the amphibian popula-
tions at these sites may have been maintained by
immigration from source populations prior to fish
introductions, most of these source populations
have been extirpated by the introduced trout. In the
absence of immigration, we would expect these
populations to eventually disappear.

Based on the negative effects of trout on amphib-
ians in fish and fishless sites, what evidence do we
have that this condition may be threatening am-
phibian persistence? Long-toed salamanders may
have already disappeared from three of 11 basins
(Cathedral, Ship Island, Sheepeater), including an
entire drainage, and they appear to be on the verge
of extirpation in several other basins (Glacier,
Golden Trout, Lost). We cannot be certain that
salamanders historically inhabited the three basins
in which they are currently absent, but the wide
distribution of this species and characteristics of the
habitat in these basins indicate that they most likely
once supported salamander populations. Long-toed
salamander populations may be particularly vulner-
able to extinction following trout introductions be-
cause they are generally highly philopatric, have
relatively small home ranges (less than 300 m?),
and may only disperse up to 100 m away from
breeding sites (Sheppard 1977; Beneski and others
1986; Powell and others 1997).

Despite the local- and basin-scale effects of intro-
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duced trout on spotted frogs, this species still oc-
curred at almost all sites and in all basins in our
study area. Several studies have concluded that lo-
cal populations of lentic-breeding amphibians may
be able to persist in sink habitats due to relatively
high immigration and the “rescue effect” associated
with some metapopulations (Gill 1978; Sjogren
1991; Gibbs 1993; Sjogren-Gulve 1994; Sinsch
1992, 1997). However, our results also suggest that
spotted frogs may be more threatened than their
widespread distribution indicates. Tadpole survival,
juvenile recruitment, and the abundance of frogs in
most of the heavily stocked basins were lower than
in basins with less habitat occupied by trout. In
addition, the age structure of frogs in fish-domi-
nated basins indicates that the frogs have not re-
produced successfully for 6 to 8 years (D. S. Pilliod
unpublished). Given the longevity of these animals
(12-14 years) (Turner 1960), spotted frogs may
soon disappear from the basins where remaining
fishless sites do not provide adequate overwintering
habitat.

A concluding question that is often asked is, why
have fish not eliminated these amphibians sooner?
Based on the evidence in this study and others, we
believe that the initial local impacts of fish intro-
ductions occurred within years (Terrero 1951; Ma-
can 1966; Sexton and Phillips 1986; Aronsson and
Stenson 1998; Meyer and others 1998), but that the
extirpation of amphibians at broader spatial scales
took many decades (Bradford and others 1993;
Knapp and Matthews 2000). Frogs and salamanders
were probably once widely distributed and were
quickly eliminated—or nearly eliminated—from
lakes where trout were introduced. The quality of
the remaining fishless habitats may have been in-
sufficient to maintain viable populations, and re-
maining populations are probably continuing to de-
cline slowly. Because the lakes in this study were
not regularly stocked until the 1960s, these am-
phibians have only experienced high trout densities
for a relatively short time (40 years, or only about
four generations). Factors such as metapopulation
dynamics can prolong declines to extinction, espe-
cially among long-lived organisms like high-eleva-
tion amphibians (Sjégren 1991; Hanski 1997).

Restoration

Conserving natural biodiversity and maintaining
functioning ecosystems is a goal of protected area
management. The results of this study suggest that
wildlife managers need to consider restoring a few
deep lakes in each basin to create fishless breeding
and overwintering habitat for amphibians (Knapp
1996; Knapp and Matthews 1998; Pilliod and Peter-

son 2000). Given that some amphibian reproduc-
tion is occurring, even in heavily stocked basins (see
Figures 5A and 6A), we suspect that amphibian
populations could recover quickly if a few deep
lakes were restored to a fishless state (Bronmark
and Edenhamn 1994; Knapp 1996; Funk and Dun-
lap 1999; Knapp and others 2001). However, be-
cause amphibian populations in mountain basins
are widely isolated from each other (Howard and
Wallace 1981; Call 1997; Tallmon and others 2000),
recolonization following the extirpation of amphib-
ians from entire basins could take decades.
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