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A B S T R A C T

The mountain yellow-legged frog (Rana muscosa) was once a common inhabitant of the

Sierra Nevada (California, USA), but has declined precipitously during the past century

due in part to the introduction of nonnative fish into naturally fishless habitats. The objec-

tives of the current study were to describe (1) the effect of fish removal from three lakes

(located in two watersheds) on the small, remnant R. muscosa populations inhabiting those

lakes, and (2) the initial development of metapopulation structure in each watershed as R.

muscosa from expanding populations in fish-removal lakes dispersed to adjacent habitats.

At all three fish-removal lakes, R. muscosa population densities increased significantly fol-

lowing the removal of predatory fish. The magnitude of these increases was significantly

greater than that observed over the same time period in R. muscosa populations inhabiting

control lakes that remained in their natural fishless condition. Following these population

increases, R. muscosa dispersed to adjacent suitable (but unoccupied) sites, moving between

200 and 900 m along streams or across dry land. Together, these results suggest that large-

scale removal of introduced fish could result in at least partial reversal of the decline of R.

muscosa. Continued monitoring of R. muscosa at the fish-removal sites will be necessary to

determine whether the positive effects of fish eradication are sustained over the long-term,

especially in light of the increasingly important role played by an emerging infectious dis-

ease (chytridiomycosis, caused by Batrachochytrium dendrobatidis) in influencing R. muscosa

populations.

� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Amphibian species are experiencing severe population de-

clines around the world. Thirty-two percent of the world’s

5743 recognized amphibian species are globally threatened

and at least 43% of all amphibian species are experiencing de-
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clines (Stuart et al., 2004). The magnitude of many of these

declines suggests the impending extinction of many amphib-

ian species during coming decades. Many different factors

have been suggested as contributing to these declines, includ-

ing habitat loss (Dodd and Smith, 2003), increases in ultravio-

let radiation (Blaustein et al., 2003), climate change (Pounds
.
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et al., 1999), over-exploitation (Jensen and Camp, 2003), intro-

duction of nonnative species (Kats and Ferrer, 2003), chemical

contaminants (Boone and Bridges, 2003), and emerging dis-

eases (Daszak et al., 2003). In addition to the effects of these

individual factors, synergisms between two or more factors

may also be important as drivers of amphibian declines (Blau-

stein and Kiesecker, 2002; Kiesecker, 2002; Pounds et al., 2006).

Stressors such as climate change and disease offer daunt-

ing prospects for the conservation and restoration of amphib-

ians because of our limited ability to reverse changes caused

by these stressors over time scales relevant to current conser-

vation efforts. However, some effects, such as those caused by

nonnative species introductions, may be more readily re-

versed. The introduction of fish into fishless habitats world-

wide provides a notable example. The mountains of western

North America contain thousands of lakes that remained in

their natural fishless condition until the late 1800s, when

extensive programs were undertaken to expand recreational

fisheries by introducing nonnative trout (Oncorhynchus sp., Sal-

mo sp., Salvelinus sp.) into many of these sites (Pister, 2001;

Schindler and Parker, 2002). These introductions resulted in

dramatic changes to the distribution of many native aquatic

species (Anderson, 1980; Stoddard, 1987; Bradford et al.,

1998; Carlisle and Hawkins, 1998; Knapp et al., 2001), includ-

ing amphibians (Tyler et al., 1998; Knapp and Matthews,

2000; Pilliod and Peterson, 2001; Knapp, 2005). The possibility

that the negative effects of introduced fish on amphibians can

be reversed was suggested by studies showing that amphibi-

ans often recovered following the termination of stocking and

the subsequent disappearance of introduced fish populations

(Funk and Dunlap, 1999; Knapp et al., 2001; Knapp et al., 2005).

This apparent reversibility was recently confirmed for the

mountain yellow-legged frog, Rana muscosa, through the use

of a multi-lake fish-removal experiment (Vredenburg, 2004).

Rana muscosa is endemic to the Sierra Nevada of California

and Nevada and to the Transverse and Peninsular Ranges of

southern California where it was once a common resident

of lakes, ponds, and streams (Stebbins, 2003). During the past

century, R. muscosa has disappeared from more than 90% of

its historic localities (Vredenburg et al., 2006) due in part to

the widespread introduction of nonnative fish, and its listing

under the US Endangered Species Act was recently found to

be ‘‘warranted’’ (US Fish and Wildlife Service, 2003). Given re-

cent evidence suggesting that this decline might be at least

partially reversed by removing nonnative fish (Knapp et al.,

2001; Vredenburg, 2004; Knapp et al., 2005), several agencies

have begun planning ambitious fish-removal efforts. How-

ever, at least two key questions remain unanswered regarding

the efficacy of fish eradication as a tool to restore R. muscosa

populations. First, the only previous fish removal experiment

(Vredenburg, 2004) was conducted in a single watershed in

the southern Sierra Nevada. Therefore, the degree to which

those results are generalizable to other parts of the native

range of R. muscosa is unknown. This is particularly important

given that potential stressors of amphibian populations in

addition to introduced fish (e.g., pesticides) are unlikely to

be evenly distributed across the native range of R. muscosa

(Davidson, 2004). In addition, the R. muscosa populations re-

ported in Vredenburg (2004) are actually highly genetically

divergent from those in the central and northern Sierra Neva-
da (Vredenburg et al., 2006). Second, Vredenburg (2004) fo-

cused only on changes in R. muscosa population sizes in the

fish-removal lakes themselves. As a result, considerable

uncertainty currently exists regarding the extent to which

frog populations that recover at a single site following fish re-

moval will be able to recolonize adjacent water bodies to

recreate historic metapopulation structures (Bradford et al.,

1993).

The objectives of the current study were two-fold. First, we

described the effect of fish removal from a series of lakes in

two watersheds on the small, remnant R. muscosa populations

inhabiting these sites. These watersheds are widely separated

from the watershed used by Vredenburg (2004) and may

therefore be subject to a different set of stressors that could

influence experimental outcomes. In addition, the R. muscosa

inhabiting our study watersheds are genetically distinct (Vre-

denburg et al., 2006) from those that were the focus of a pre-

vious fish-removal experiment (Vredenburg, 2004). Second,

we described the initial establishment of R. muscosa metapop-

ulation structures as frogs from the expanding R. muscosa

populations at the fish-removal lakes dispersed to adjacent

water bodies.

2. Methods

2.1. Study area description

The two study areas, referred to here as Humphreys Basin and

LeConte Basin, are located in the John Muir Wilderness (Sierra

National Forest) and the adjacent northern Kings Canyon Na-

tional Park, respectively. These basins are located 55 km

(Humphreys Basin) and 40 km (LeConte Basin) north-north-

west of Sixty Lake Basin where the fish eradication experi-

ment described in Vredenburg (2004) was conducted. Our

two study basins are located in the alpine zone and contain

several oligotrophic lakes and ponds, all of which were natu-

rally fishless (Knapp, 1996). Lakes in the study basins were

stocked with trout prior to 1950 and maintained self-sustain-

ing trout populations between the time of initial stocking and

when fish were removed during this study. The terrestrial

environment is dominated by exposed granitic bedrock and

scattered stands of whitebark pine (Pinus albicaulis) and lodge-

pole pine (Pinus contorta).

In Humphreys Basin, we described the distribution of R.

muscosa and introduced trout in all water bodies in 1996

(Fig. 1A). Removal of the nonnative trout population from

Marmot Lake (the only water body in the basin that contained

R. muscosa) was initiated in September 1997 (Table 1). Follow-

ing the successful removal of fish from Marmot Lake, we ini-

tiated trout population removal from Cony and No Good

Lakes (Fig. 1A, Table 1). We chose to remove the trout popula-

tions from Cony and No Good Lakes despite the absence of

any R. muscosa at these sites to increase the amount of fish-

less habitat in the vicinity of the R. muscosa population in Mar-

mot Lake.

We described the distribution of R. muscosa and introduced

trout in all water bodies in LeConte Basin in 1997 (Fig. 2). Re-

moval of the nonnative trout populations from Upper and

Lower LeConte Lakes (Table 1; both lakes contained nonnative

fish and small populations of R. muscosa) and the adjacent



Fig. 1 – Map of the Humphreys Basin study area showing the

distribution of Rana muscosa and nonnative fish populations

(A) in 2000 when fish eradication from Marmot Lake was

nearly complete and just beginning in Cony and No Good

Lakes, and (B) in 2005, 3–5 years following fish eradication

from the study lakes. Natural barriers to upstream fish

movement are shown in (A) as thin black double lines.

Table 1 – Description of lakes from which nonnative fish popu

Lake name Basin
name

Lake
category

Maximum
depth (m)a

Surface
area (ha)b

P

Marmot Humphreys Primary 7.8 3.1

Cony Humphreys Secondary 3.2 1.5

No Good Humphreys Secondary 5.0 1.2

Upper LeConte LeConte Primary 5.7 1.5

Lower LeConte LeConte Primary 1.5 0.5

Black Giant LeConte Secondary 11.0 1.6

a Determined by sounding with a weighted line.

b Obtained from a geographic information system hydrologic layer base

c Obtained from 7.5 0 US Geological Survey topographic maps.

d BK: Brook trout (Salvelinus fontinalis). GT · RT: Golden trout (Oncorhynch

e Breeding population.

f Non-breeding population.

Fig. 2 – Map of the LeConte Basin study area in 2001

showing the distribution of Rana muscosa and nonnative

fish populations just prior to the initiation of fish

eradications in the three study lakes. Natural barriers to

upstream fish movement are shown as thin black double

lines. On the map, the Middle Fork Kings River flows from

northwest to southeast. No map is provided of the fish and

frog distribution at the end of the study because all fish had

not yet been eradicated and fish distributions had therefore

not changed markedly.
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stream sections began in 2001 (Fig. 2). To increase the amount

of fishless habitat in the vicinity of Upper and Lower LeConte

Lakes, we also removed trout from adjacent habitats that did

not contain R. muscosa. These included Black Giant Lake and

the Middle Fork Kings River; Fig. 2, Table 1).

To distinguish the fish-removal lakes that were inhabited

by R. muscosa before and during fish eradication (the primary

focus of this study: Marmot, Upper LeConte, and Lower Le-

Conte Lakes) from those that initially lacked R. muscosa (Cony,
lations were removed

erimeter
(m)b

Elevation
(m)c

Fish
speciesd

R. muscosa presence

Pre-removal Post-removal

833 3583 GT · RT Yese Yese

531 3492 BK No Yesf

482 3516 BK No Yesf

579 3213 GT · RT Yese Yese

293 3211 GT · RT Yesf Yese

549 3153 GT · RT No Yesf

d on 7.5 0 US Geological Survey topographic maps.

us mykiss aguabonita) · rainbow trout (O. mykiss) hybrids.
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No Good, and Black Giant Lakes), we refer to the former as

‘‘primary’’ fish-removal lakes and to the latter as ‘‘secondary’’

fish-removal lakes.

2.2. Amphibian surveys

At the beginning of this study, we used diurnal visual encoun-

ter surveys (Crump and Scott, 1994) of entire water body

perimeters to describe the abundance of R. muscosa adults,

subadults, and tadpoles at all lentic sites in the study basins.

After using this information to select the fish-removal lakes,

we conducted 1–6 visual encounter surveys at each of the

fish-removal lakes starting the year in which fish eradication

was initiated and continuing through 2005 (average = 3.1 sur-

veys at each lake per year). R. muscosa subadults and adults

(both hereafter referred to as ‘‘frogs’’) as well as tadpoles have

high detectabilities during diurnal shoreline surveys con-

ducted during summer. Their high detectability is a conse-

quence of several factors. First, in the Sierra Nevada, water

clarity in alpine lentic habitats is exceedingly high (Diamond

et al., 2005) and habitats are structurally simple (e.g., lacking

aquatic vegetation and submerged logs). Second, frogs spend

the majority of the ice-free season on shore immediately

adjacent to water and tadpoles are found primarily in near-

shore shallows (Camp, 1917; Zweifel, 1955). Third, frogs are

highly aquatic and spend little or no time in terrestrial habi-

tats (Matthews and Pope, 1999). And fourth, tadpoles are pres-

ent throughout the summer (and during all other seasons)

due to the 2–3 year duration of this life stage in R. muscosa

(Zweifel, 1955; Vredenburg et al., 2005). As a result of their

high detectability, visual encounter surveys provide estimates

of R. muscosa abundance that are highly correlated with actual

abundances (Vredenburg and Knapp, unpublished data). To

maximize the accuracy of R. muscosa count data, surveys were

typically conducted on sunny days and between 1000 and

1500 h when air temperatures were near their daily maxima

and frogs and tadpoles were likely to be basking close to shore

(Bradford, 1984).

2.3. Fish surveys and fish population eradication

We described the presence or absence of trout in all water

bodies in each basin using visual encounter surveys or gill

nets (Knapp and Matthews, 2000). In shallow ponds (<3 m

deep) and in streams, trout presence or absence was deter-

mined using visual encounter surveys conducted while walk-

ing the entire pond or stream shoreline. In deeper water

bodies, fish presence or absence was determined using both

visual surveys and a single sinking monofilament gill net

set for 8–12 h.

Eradication of trout populations from the six study lakes

was conducted using sinking monofilament gill nets (Knapp

and Matthews, 1998). Nets were 36 m long and 1.8 m tall, each

with six 6 m panels with bar mesh sizes of 10, 12.5, 18.5, 25,

33, and 38 mm (manufactured by Lundgrens Fiskredskapsfab-

rik AB, Stockholm, Sweden). Each net was deployed perpen-

dicular to the lake shoreline, with the end of the net

containing the smallest mesh size anchored to the shore

and the end of the net containing the largest mesh size an-

chored in deep water. Three to 13 gill nets were deployed con-
tinuously in each lake during the fish eradication period, with

the number of gill nets used being a function of lake surface

area. During the ice-free months (June–October), captured fish

were removed from nets every 12–24 h when catch rates were

high and every 2–5 days when catch rates were low. Each fall,

just prior to when the lakes froze over, we moved all nets to

deep water and allowed them to fish under the ice unat-

tended for the entire winter. The following spring, these over-

wintered nets were cleaned of captured fish immediately

after ice-out. Gill netting was continued at a lake until catch

rates fell to zero for an entire summer.

Both study basins contained fish-bearing streams associ-

ated with the fish-removal lakes. In Humphreys Basin, these

stream sections included the stream flowing from Marmot

to Cony Lake, from Cony Lake to a natural fish barrier (steep

cascade) 100 m downstream, and flowing into and out of No

Good Lake (Fig. 1A). These stream sections are all ephemeral,

and fish populations were eliminated when all stream sec-

tions dried during consecutive summers (see Section 3). In

LeConte Basin, fish-bearing stream sections included a

stream flowing from Upper to Lower LeConte Lake, from Low-

er LeConte Lake to its confluence with the Middle Fork Kings

River, and the Middle Fork Kings River itself (Fig. 2). All stream

sections were perennial and required active fish removal. Fish

were removed by electrofishing these stream sections every

2–10 days during each summer from 2001 to 2005. The num-

ber of R. muscosa observed in each stream section while elec-

trofishing was also recorded. Fish were also removed from

several large pools in the Middle Fork Kings River using short

sections of gill nets. One to seven gill net sections were de-

ployed continuously each summer from 2002 through 2005.

2.4. Statistical analysis

To allow comparisons among the study lakes, all R. muscosa

count data were transformed into frog and tadpole densities

(number/10 m of shoreline) by dividing total counts by the

lake perimeter (Table 1). The statistical significance of

changes in frog and tadpole density following fish eradication

at each lake was determined by comparing densities from the

first five surveys and the last five surveys using one-tailed

Wilcoxon rank-sum tests. In Marmot Lake, the first five sur-

veys included one conducted in 1996, three in 1997, and the

first survey conducted in 1998. The last five surveys included

three surveys conducted in 2004 and two surveys conducted

in 2005. In Upper and Lower LeConte Lakes, the first five sur-

veys included one survey conducted in 1997, one in 2001, and

the first three surveys conducted in 2002. The last five surveys

were all conducted in 2005. Significant increases in R. muscosa

populations in all fish-removal lakes would provide reason-

ably strong evidence that the negative effects of fish on this

species can be reversed. However, it is possible that the R.

muscosa populations in the fish-removal lakes increased not

solely due to fish removal but also due to favorable environ-

mental conditions that caused R. muscosa population in-

creases across the Kings Canyon National Park–John Muir

Wilderness region. Therefore, we conducted a second analy-

sis in which we compared the magnitude of changes in tad-

pole and frog density between 1997 and 2005 ([2005

density]–[1997 density]) in the three primary fish-removal
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Fig. 3 – Catch rates of nonnative trout (number of fish

captured/net-hour) through time in the Humphreys Basin

(A–C) and LeConte Basin (D–F) fish-removal lakes. Primary

fish-removal lakes are (A) Marmot, (D) Upper LeConte, and

(E) Lower LeConte, and secondary fish-removal lakes are (B)

Cony, (C) No Good, and (F) Black Giant. Open symbols

indicate when eradication was complete. In LeConte Basin,

complete eradication had not yet been achieved in any of

the three fish-removal lakes by the end of the 2005 field

season.
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lakes versus in 22 control lakes that remained in their natural

fishless condition and contained R. muscosa populations in

both 1997 and 2005.

Control lakes were located in Kings Canyon National Park,

the only portion of the native range of R. muscosa that still con-

tains robust populations (Knapp, unpublished data). Lakes

were selected using habitat criteria that maximized their sim-

ilarity to the primary fish-removal lakes (maximum water

depth P1.5 m, surface area P0.3 ha, elevation = 3000–3600 m;

Table 1). In addition, we only selected control lakes whose R.

muscosa populations showed no evidence of chytridiomycosis,

the disease caused by the amphibian chytrid fungus (Batracho-

chytrium dendrobatidis). This additional criterion was important

as B. dendrobatidis has not yet been detected in R. muscosa at any

of the primary fish-removal lakes but is currently spreading

across Kings Canyon National Park and in R. muscosa typically

causes severe population declines or extinctions (Rachowicz

et al., 2006). Surveys for R. muscosa and fish were conducted

at all control lakes in both 1997 and 2005 using the methods de-

scribed in Sections 2.2 and 2.3. We determined the presence/

absence of B. dendrobatidis in R. muscosa populations at the fish

removal and control lakes during at least one survey between

2002 and 2005 (average = 2.5 surveys). Infection status was as-

sessed using tadpole mouthpart inspections during 2002–2004,

and molecular assays in 2004 and 2005 (Knapp and Morgan,

2006). The 22 control lakes that met our criteria came from

nine different basins scattered across the eastern edge of

Kings Canyon National Park. Primary fish-removal and control

lakes likely experienced similar climatic conditions because all

were located in the same alpine ecosystem (average eleva-

tion = 3336 m and 3358 m, respectively; average distance be-

tween fish-removal and control lakes = 25 km). Fish-removal

and control lakes also had similar maximum depths (aver-

age = 5.7 m and 8.7 m, respectively) and surface areas (aver-

age = 1.7 ha and 2.9 ha, respectively).

The magnitude of changes in tadpole and frog densities in

fish-removal lakes versus control lakes was compared using

one-tailed Wilcoxon rank-sum tests. If changes in R. muscosa

densities at the fish-removal lakes were due primarily to fish

eradication and not to larger-scale environmental effects,

density changes in the fish-removal lakes should be signifi-

cantly larger than those in the control lakes. In all of our anal-

yses, we used nonparametric tests instead of parametric tests

because the data were typically not normally distributed and

could not be transformed to approximate normality.

3. Results

3.1. Fish eradication

Following initiation of intensive gill netting, fish populations

in the six fish-removal lakes were quickly reduced to a frac-

tion of their original densities (Fig. 3). In the three fish-re-

moval lakes in Humphreys Basin, complete eradication of

all fish was accomplished by early in the third or fourth year

of gill netting (Fig. 3A–C). Continued gill netting during subse-

quent years confirmed the complete eradication of each of

these fish populations. A total of 345, 642, and 485 fish were

removed from Marmot, Cony, and No Good Lakes, respec-

tively. Fish inhabiting the stream sections between Marmot
and Cony Lakes, immediately below Cony Lake, and above

and below No Good Lake (Fig. 1A) were eliminated when these

sections dried completely in 2000 and 2001. Fish remain in the

stream below Cony Lake (Fig. 1B), but their reinvasion of Cony

Lake is prevented by an impassible cascade on the outlet

stream 100 m below the lake.
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Fig. 4 – Density (±1 SE) of Rana muscosa in (A) Marmot Lake,

(B) Upper LeConte Lake, and (C) Lower LeConte Lake before,

during, and after the eradication of nonnative fish. Arrows

indicate the date on which fish removal was initiated.

16 B I O L O G I C A L C O N S E R V A T I O N 1 3 5 ( 2 0 0 7 ) 1 1 – 2 0
Fish removal from the three fish-containing lakes in Le-

Conte Basin followed a similar pattern to that in Humphreys

Basin (Fig. 3D–F), with rapid depletion of the fish populations

in the first few weeks of gill netting. By the end of 2005, a total

of 556, 490, and 297 fish had been removed by gill netting from

Upper LeConte, Lower LeConte, and Black Giant Lakes,

respectively. A total of 143 h were spent electrofishing the

stream sections adjacent to Upper to Lower LeConte Lakes

and in the Middle Fork Kings River (Fig. 2) during the study

period, and resulted in large reductions in fish density

(Le-Conte stream; 2001: 23.4 fish captured/h, 2005: 3.0 fish

captured per hour; Middle Fork Kings River; 2001: 20.8 fish

captured/hour, 2005: 2.8 fish captured per hour). By the end

of the 2005 field season, we had removed 226 fish from the

stream sections adjacent to Upper and Lower LeConte Lakes

and 1913 fish from the Middle Fork Kings River. However, un-

like in Humphreys Basin where fish eradication was complete

by the fourth summer, in LeConte Basin small numbers of fish

were still being caught during the fifth year of fish eradication

in all three fish-removal lakes and in all stream sections. This

slower rate of fish eradication was due to the difficulty of

eradicating fish from stream sections. Despite the fact that

fish were still present in LeConte Basin by the end of the

study, trout densities and therefore potential predation by

trout on R. muscosa had clearly been dramatically reduced.

3.2. Change in R. muscosa population size at the
primary fish-removal lakes

In Humphreys Basin, the density of R. muscosa tadpoles and

frogs in Marmot Lake was very low both before and during

the period of fish eradication (Fig. 4A). In 2000, the year in

which the last fish were captured, the tadpole population be-

gan to increase and this increase continued through 2003. In

2004, tadpole density decreased markedly and remained at

this lower level in 2005 (Fig. 4A). Frog density began to in-

crease in 2001 and this increase continued through 2005

(Fig. 4A). The rate of growth appeared to be fastest in 2003,

slowing somewhat in 2004, and slowing further in 2005. Com-

parisons of R. muscosa densities in the first five surveys (1996–

1998) and the last five surveys (2004 and 2005) indicated that

during this period average tadpole density increased by 39-

fold (from 0.3 to 11.6; P = 0.004) and average frog density in-

creased by 40-fold (from 0.6 to 24.3; P = 0.004).

Densities of R. muscosa tadpoles and frogs in Upper and

Lower LeConte Lakes were also very low before fish eradica-

tion began, but increased rapidly following the initiation of

fish removal (Fig. 4B and C). Maximum tadpole densities in

both lakes peaked in 2004, and in 2005 decreased either mark-

edly (Upper LeConte) or slightly (Lower LeConte). Initial in-

creases in frog densities lagged those of tadpoles by one year

(Upper LeConte) or two years (Lower LeConte). In Upper Le-

Conte Lake, the frog population increased rapidly in 2003

and 2004, but population growth halted in 2005 (Fig. 4B). In

Lower LeConte Lake, by 2005 the frog population was only in

its second year of rapid growth, but also showed some indica-

tion of a slowing rate of increase (Fig. 4C). Comparisons of R.

muscosa densities in the first five surveys (1997, 2001, 2002)

and the last five surveys (2005) indicated that during this per-

iod average tadpole density increased by seven-fold in Upper
LeConte Lake (from 12.2 to 91.0; P = 0.008) and by nearly 13-fold

in Lower LeConte Lake (from 0.3 to 4.4; P = 0.008). During this

same period, average frog density increased by 12-fold in

Upper LeConte Lake (from 2.4 to 28.9; P = 0.006) and by 18-fold

in Lower LeConte Lake (from 1.3 to 24.0; P = 0.004).

The increase in frog and tadpole densities in Marmot,

Upper LeConte, and Lower LeConte Lakes between 1997 and

2005 was significantly greater than in the fishless control

lakes (Fig. 5). The average change in tadpole density in the pri-

mary fish-removal lakes and control lakes was +35.2 and +2.3,

respectively (P = 0.025). The average change in frog density in

the fish-removal-lakes and control lakes was +24.9 and +0.4,

respectively (P = 0.0004). This provides strong support for the

hypothesis that the changes in R. muscosa populations in

the primary fish-removal lakes was the result of fish eradica-

tion and not regionally favorable conditions for R. muscosa

population growth.

3.3. Indications of R. muscosa metapopulation
development

Coincident with the increase in R. muscosa in Marmot Lake,

R. muscosa began dispersing to neighboring fishless lakes

(Fig. 1). In 1996 and 2001, no R. muscosa were detected at



Fig. 5 – Change in density of Rana muscosa tadpoles and frogs in the 22 fishless control lakes (vertical lines) and in the three

primary fish-removal lakes (gray circles) between 1997 and 2005. Black arrowheads indicate the average change in density of

tadpoles and frogs in the control lakes.
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Cony Lake (Fig. 1A). In late-June 2002 (approximately one

week after ice-out and when the last fish was captured),

one R. muscosa subadult was observed in Cony Lake near

the mouth of the stream that drains from Marmot Lake

(Fig. 1). A survey conducted in late August 2002 indicated

the presence of at least 10 frogs, and the number of frogs

in Cony Lake in subsequent years has continued to increase

(maximum frog counts; 35 in 2003, 46 in 2004, 67 in 2005). No

tadpoles were observed through 2005, indicating that all of

the frogs in Cony Lake were the result of dispersal from Mar-

mot Lake and not within-lake recruitment. No R. muscosa

were detected in No Good Lake (Fig. 1A) during surveys con-

ducted in 1996, 1999, 2000, 2001, or 2002. However, three

frogs were detected at this site in 2003, one in 2004, and

three in 2005 (Fig. 1B). Again, no evidence of reproduction

(i.e., tadpoles) was found in No Good Lake through 2005. In

Frog Lake, a total of five surveys were conducted in 2001,

2002, and early-2003 and no R. muscosa were detected

(Fig. 1A). However, in late August 2003 three frogs were ob-

served (Fig. 1B). Surveys conducted in 2004 (2 surveys) and

2005 (2 surveys) indicated maximum frog counts of six in

both years. No evidence of reproduction was observed

through 2005. Although the smaller ponds in the study basin

are too shallow to support permanent R. muscosa popula-

tions and so have not been routinely surveyed, surveys con-

ducted in 2004 and casual observations made in 2005

indicated that many of these sites are now occupied season-

ally by small numbers of R. muscosa (Fig. 1B).

Similar results were observed in LeConte Basin where, fol-

lowing the initiation of fish removal, R. muscosa dispersed

from the upper part of the basin into previously unoccupied

portions of the Middle Fork Kings River and LeConte Meadow,

and into Black Giant Lake (Fig. 2). No R. muscosa were detected

in the fish-removal portion of the Middle Fork Kings River (up-

stream of the fish barrier below Black Giant Lake) in 2001.

During surveys conducted in 2002, 2003, 2004, and 2005, the

maximum number of frogs detected was 11, 8, 25, and 41,

respectively. Similarly, surveys of Black Giant Lake conducted

from 2001 through 2004 indicated a lack of R. muscosa. In 2005,

R. muscosa were detected in Black Giant Lake, with 3–5 frogs

counted in each of four surveys. No tadpoles were observed

in these newly populated areas until 2005 (observed in the

Middle Fork Kings River), indicating that all or most of the

frogs in these areas were the result of dispersal from up-

stream sites and not within-site reproduction.
4. Discussion

4.1. R. muscosa population expansion

The rapid increases in R. muscosa population sizes in all three

of the primary fish-removal lakes provides experimental sup-

port for the suggestion made previously (based on observa-

tional studies) that R. muscosa populations might recover

following the disappearance of nonnative trout populations

(Knapp et al., 2001; Knapp et al., 2005). These results are also

consistent with those of a recent experiment in a different

part of the Sierra Nevada (Vredenburg, 2004) that indicated ra-

pid recovery of R. muscosa populations following fish removal.

Collectively, results from these observational and experimen-

tal studies all indicate that nonnative trout are a major factor

limiting R. muscosa populations but that these populations

can quickly rebound following fish removal.

The pattern of R. muscosa population increase in the three

primary fish-removal lakes was remarkably similar. In all

three populations, tadpole density increased rapidly for sev-

eral years and then declined. Frog densities also increased

rapidly following fish removal, but the rate of increase slowed

noticeably by the end of the study period. In addition, average

frog densities in the final year of the study (2005) were similar

between the three lakes (24.0–28.9/10 m of shoreline) and

much more so than were tadpole densities (4.4–91.0/10 m of

shoreline). Although future monitoring of these populations

will be necessary to describe their longer-term density trajec-

tories and the mechanisms underlying these trajectories, the

consistent decreases in tadpole density following initial in-

creases and comparable frog densities across lakes by the

end of the study period suggest the action of similar factors

limiting or regulating these populations following the re-

moval of nonnative fish.

In both Humphreys and LeConte Basins, recovery of R.

muscosa populations at the primary fish-removal lakes and

the eradication of fish from adjacent streams resulted in large

numbers of emigrating frogs that subsequently recolonized

nearby unoccupied habitats, including secondary fish-re-

moval lakes. In Humphreys Basin, the numbers of R. muscosa

counted at previously unoccupied lakes in the vicinity of the

Marmot Lake source population suggest that most frogs dis-

persing from Marmot Lake moved down the outlet stream

to Cony Lake. This dispersal required a minimum distance

moved of 880 m (Fig. 1), a distance consistent with previous
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observations that R. muscosa are capable of movements

exceeding 1 km (Pope and Matthews, 2001). The R. muscosa

that recolonized Frog and No Good Lakes could have done

so by following streams or by traveling over land (Fig. 1).

The fact that no frogs were ever seen in the fish-containing

stream below Cony Lake or in the stream between No Good

and Frog Lakes suggests that R. muscosa may more likely have

dispersed over land (Marmot Lake to Frog Lake, and from

Marmot Lake to Cony Lake and then over-land to No Good

Lake). If so, the required over-land movements of at least

400 m and 200 m, respectively, would represent remarkable

dispersal events for this highly aquatic species (Matthews

and Pope, 1999; Pope and Matthews, 2001). Interestingly, R.

muscosa were first detected at both Frog and No Good Lakes

immediately following an unusually rainy three-week period

in July 2003. This may suggest that R. muscosa dispersal pro-

pensity was increased by the wet conditions or that wet con-

ditions increased survival during dispersal. In LeConte Basin,

the recolonization by R. muscosa of previously unoccupied

habitat was likely the result of frogs dispersing down

streams, but we were unable to calculate minimum dispersal

distances because of the multiple potential source popula-

tions (Fig. 2).

Although no evidence of R. muscosa reproduction has yet

been observed at the four lakes that were recently colonized

by R. muscosa (Cony, No Good, Frog, Black Giant), this is likely

the result of insufficient time and not an indication of the

eventual failure by R. muscosa to establish self-sustaining pop-

ulations at these four sites. The first frogs detected at these

sites were all small, suggesting that most dispersing individ-

uals were young subadults. Given that the transition from re-

cently metamorphosed subadult to sexually mature adult

may take four years in R. muscosa (Vredenburg et al., 2005),

the first evidence of reproduction by R. muscosa was not ex-

pected until at least 2006 in Cony Lake, 2007 in No Good and

Frog Lakes, and 2009 in Black Giant Lake. We plan future pop-

ulation surveys to document the eventual fate of what appear

to be developing R. muscosa metapopulations in both Humph-

reys and LeConte Basins.

4.2. Implications for conservation

The results of our experiment clearly demonstrate that inten-

sive gill netting is an effective means of eradicating nonnative

trout populations from mountain lakes (Knapp and Mat-

thews, 1998; Parker et al., 2001). Removal of these nonnative

predators allowed for rapid increases in resident populations

of R. muscosa and subsequent dispersal of R. muscosa from

these source populations to adjacent suitable habitats. Our

results are very similar to those reported by Vredenburg

(2004) in a different portion of the range of R. muscosa, and to-

gether suggest that expanding the scope of fish eradication

efforts across this range could reverse the decline of R. mus-

cosa. However, we posit that the conservation of R. muscosa

is considerably more complicated than the outcome of our

experiments would suggest. Although the distribution of R.

muscosa is clearly controlled in part by introduced fish, other

factors may also have controlling influences. Of particular

concern is the ongoing spread of chytridiomycosis through

R. muscosa populations in the Sierra Nevada (Rachowicz
et al., 2006). Outbreaks of this emerging infectious disease

typically result in the extinction of R. muscosa populations,

including those inhabiting lakes that remain in their natural

fishless condition (Rachowicz et al., 2006). The spread of this

disease suggests that although fish eradications done in areas

not yet infected by B. dendrobatidis may result in rapid in-

creases of R. muscosa over the short-term (Vredenburg, 2004,

this study), these populations may subsequently decline fol-

lowing B. dendrobatidis outbreaks. Exactly this scenario is cur-

rently playing out in the fish-removal lakes described in

Vredenburg (2004).

Despite this grim prognosis, there are several reasons why

fish eradication is likely to remain a critically important tool

for restoring R. muscosa populations. First, patterns of B. dend-

robatidis spread remain enigmatic (Knapp, unpublished data)

and it is not clear that B. dendrobatidis will eventually spread

to all R. muscosa populations. Second, although the arrival of

B. dendrobatidis may reduce the benefits to R. muscosa popula-

tions conveyed by fish eradications, our understanding of B.

dendrobatidis and its effects on R. muscosa is still far from com-

plete, and fish eradications may in fact confer long-term ben-

efits. For example, the presence of nonnative fish has

relegated many R. muscosa populations to marginal habitats

(e.g., shallow ponds, lakes at the highest elevations; Knapp

et al., 2003) that only support small frog populations or have

increased the degree of R. muscosa population isolation (Brad-

ford et al., 1993). As a result of small population sizes and iso-

lation, these populations may have a lower likelihood of

surviving stochastic events such as disease outbreaks. If some

R. muscosa populations do persist following a disease out-

break, this creates the potential for host-pathogen evolution

that may over time favor more resistant frogs and/or a less

virulent strain of B. dendrobatidis.

In conclusion, nonnative trout have been widely intro-

duced into mountain lakes worldwide (Pister, 2001; Schindler

and Parker, 2002) and these introductions have resulted in

negative impacts to numerous amphibian species (Braña

et al., 1996; Tyler et al., 1998; Knapp and Matthews, 2000; Pil-

liod and Peterson, 2001). As such, the eradication of fish pop-

ulations is likely to be a key element of any attempt to

conserve and restore amphibian populations inhabiting these

montane lentic environments, regardless of whether other

anthropogenic factors also exert a controlling influence on

these populations.
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