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Abstract.—In the late 1970s, Rana muscosa was common in the Tableland area of Sequoia National Park, CA. Surveys in 1993-
1995 demonstrated that this frog had disappeared from this and other areas, even though the species was still common 30 km to
the northeast. To evaluate potential causes of the extirpation, we repatriated R. muscosa eggs, tadpoles, subadults, and adults to
four previously occupied sites in the Tableland area in 1994 and 1995. We surveyed the release sites every few days in the
summers of 1994 and 1995, and once a month in 1996-1997. During the first week after release, survival of all life history stages
was high at each of the release sites. At the end of the first summer there were metamorphosing tadpoles, and adult frogs were
still present. However, we detected no evidence of reproduction at three sites and nearly all life history stages disappeared
within 12 months. At the fourth site, there was limited reproduction, but it was not sufficient to maintain a population. It
appears either that the causal factors for the demise of R. muscosa in the 1970s were still operating in the 1990s, or that a new
limiting factor has developed. Dispersal, weather, water quality, and predation do not appear to be causative agents; because
fish have never been present in the portions of the watershed where we were working, they were not a factor. Observations and
data are consistent with the hypotheses that chytridiomycosis, caused by the chytrid fungus Batrachochytrium dendrobatidis,
and/or exposure to airborne pesticides caused both declines. However, at the time of our study, chytridiomycosis had not been
described and the potentially significant role of contaminants was largely undocumented.
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INTRODUCTION

Rana muscosa (Fig. 1) was once abundant throughout
much of the Sierra Nevada (Grinnell and Storer 1924) and
was common as recently as the 1970s (Bradford et al.
1994a). By the mid-1990s, however, R. muscosa had
suffered conspicuous declines in the southern Sierra
Nevada. Surveys of 670 sites in Sequoia and Kings
Canyon National Parks in 1993-1995 indicated that R.
muscosa was apparently extirpated from more than half of
suitable locations (Gary Fellers, unpubl. data), including

FIGURE 1. The Yellow-legged Frog, Rana Muscosa. Photographed by
Gary M. Fellers.

the study sites where Bradford found the species to be
abundant in the late 1970s. However, R. muscosa was still
common in some areas at the time of our work (e.g., Sixty
Lakes Basin, Kings Canyon National Park).

Dodd and Siegel (1991) and Dodd (2005) point out that
programs to reestablish amphibian populations are often
flawed by not investigating the causes for the original
decline or extirpation. We designed our study to address
this concern. Specifically, we wanted to evaluate the
factors that might contribute to the decline of R. muscosa.
Our goal was not to reestablish a viable population of R.
muscosa. We expected that whatever caused the original
loss would still be present, and that the repatriated frogs
would likely decline. We conducted this study to recreate
the conditions surrounding the loss of R. muscosa so we
could evaluate causes of decline. We gathered data on
growth, survival, dispersal, weather, water quality,
predation, and contaminants along with data on survival of
all life history stages, and reproductive effort (e.g.
presence of new egg masses). Unlike most areas within
the range of R. muscosa in the Sierra Nevada, the
repatriation site never had fish in the upper portions of the
watershed where our study took place, so fish were not a
factor. Unfortunately, our study was carried out several
years prior to the description of chytridiomycosis in
amphibians (Berger et al. 1998), and before pesticide drift
from the Central Valley of California had been recognized
as a potentially significant problem for Sierra Nevada
amphibians (Sparling et al. 2001), so we never examined
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TABLE 1. Rana muscosa repatriated from Sixty Lake Basin (Kings Canyon National Park) to Tableland sites (Sequoia National Park, California).

14— 16 June 1994 20 September 1994 26 August 1995
2" year 3" year 2" year 3" year
Release Site Egg Masses  Tadpoles  Tadpoles  Subadults Adults Tadpoles Tadpoles Adults
Table Meadow 2 80 84 25 0 0 0 0
Frog Lake 2 80 84 24 0 96 108 31
Far Pond 2 80 84 25 25 94 108 31
Full Moon Pond 2 78 84 23 25 96 108 31
Totals = 8 318 336 97 50 286 324 93

frogs or tadpoles for chytridiomycosis and only looked at
pesticides as the repatriated frogs were dying off (Fellers et
al. 2004).

METHODS

Study Animal.—Rana muscosa breeds in high mountain
ponds, lakes, and some streams in the Sierra Nevada at
elevations from approximately 1500-3700 m (Zweifel
1955). Eggs are laid immediately after snowmelt and
tadpoles typically do not metamorphose until their third
summer (Vredenburg et al. 2005). During mid-summer,
nominal tadpole age classes are readily distinguished.
First-year tadpoles are relatively small (< 40 mm total
length), second-year tadpoles are appreciably larger with
minute hind limbs (Gosner stage < 36; Gosner 1960), and
third-year tadpoles have conspicuous hind limbs (Gosner
stage > 36). At our study areas, male R. muscosa develop
secondary sexual characteristics when they reach
approximately 4.5 cm snout-vent length, and weigh about
10 g. We refer to frogs > 4.5 cm as adults, and frogs less
than that size as subadults.

Study Area.—We selected the Tableland area of Sequoia
National Park (Fig. 2; 36°37°05”N, 118°38”16”W) because
of (1) the absence of R. muscosa in 1993; (2) the existence
of large populations of R. muscosa within the previous 20
years; (3) availability of historic data on population size;
(4) lack of non-native predators (e.g., trout); and (5)
isolation from extant populations of R. muscosa that could

FIGURE 2. Far Pond is located in the Tableland area of Sequoia National
Park. Photographed by Gary M. Fellers

disperse to our study area. During the 1970s, the Tableland
area supported many hundreds of adult and larval R.
muscosa within a 15 km? area (Bradford 1991; Bradford et
al. 1994a). Population declines were first noted in the late
1970s and the last R. muscosa was seen in the Tableland
area in 1989 when a few tadpoles were found (Bradford et
al. 1994b); none were found at the same site in 1991. In
1993, Bradford and Fellers spent a week surveying all
suitable frog habitat within the Tableland and found no R.
muscosa, either in that watershed or in the upper reaches of
the adjacent watersheds. Since it is relatively easy to detect
adults and tadpoles in the clear, nearly vegetation-free
ponds and lakes of the high Sierra, it is unlikely that we
overlooked extant populations during repeated surveys
prior to the experimental repatriation.

Unlike many places in the Sierra Nevada, the Tableland
area lacked fish; hence, they could not have played a role in
the decline or in our experimental repatriation. Migration
of R. muscosa to and from the Tableland area during our
study was unlikely. Non-native, predaceous trout inhabited
all the streams in surrounding watersheds and at lower
elevations in the Tableland watershed. Thus the streams
could not easily serve as recolonization or dispersal
corridors for R. muscosa. The nearest known R. muscosa
population was more than 10 km away, much greater than
the 1 km that R. muscosa occasionally move (Vredenburg
et al. 2005).

Rana muscosa were released at four sites (Fig. 3). Table
Meadow is a 4.5 ha meadow (3,110 m elevation) with a
stream running through it. Frog Lake is a small lake (2 ha,

4.1 m maximum depth, 3,080 m) that lies 250 m

southwest of Table Meadow. In the late 1970s, it

supported a large population of R. muscosa. Far Pond (1

ha, 2.7 m maximum depth, 3,290 m) is one of a chain of

ponds at the head of a small drainage. Full Moon Pond (1

ha, 2.6 m maximum depth, 3,230 m) is also at the head of

a small drainage. Rana muscosa populations existed at

all four of these sites in the late 1970s. Frog Lake and

Far Pond were referred to as sites G-013 and G-049 by

Fellers et al. (2004). The third pond downstream from

Far Pond was referred to as G-054 by these authors,

whereas we have designated it Dispersal Pond 3 (Fig. 4).

Criteria for selecting the donor area were: (1) a large

population of apparently healthy R. muscosa; (2)

elevation within 150 m (500 ft) of the release sites; (3)

proximity to the Tableland area; and (4) a genetically
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FIGURE 3. Location of the four Rana muscosa release sites in the Tableland area of Sequoia National Park, California. Map based on USGS
1:24000 Lodgepole, California topographic map. Inset shows outline of Sequoia and Kings Canyon National Parks with the northeastern square

showing the location of Sixty Lakes Basin.

diverse group of donor populations. Sixty Lake Basin in
Kings Canyon National Park (36°48°35”N; 118°25°29”W)
was selected as the donor area. The basin was one of the
closest areas to the release sites (30 km) that still supported
substantial populations of R. muscosa. During our 1993-
1994 surveys, we found 1,718 adult frogs, 1,289 subadults,
and 16,027

larvae at 65 sites within the basin. We limited the impact
on donor populations by collecting only from the largest
populations, and by not removing more than 20% of any
life history stage, i.e., egg, tadpole, subadult, or adult.
Usually, we removed < 5% of any one stage. The donor
site elevations (3,250-3,345 m) were similar to that of the
Tableland release sites. The area had also been identified
as having one of the most genetically diverse populations
of R. muscosa in the southern Sierra Nevada, based on
mitochondrial DNA analysis (Bradley Shaffer and Gary
Fellers, unpubl. data).

Repatriations.—On 11-14 June 1994, eight egg masses,
468 second-year tadpoles, 624 third-year tadpoles,
and 97 subadult frogs were collected from nine ponds at
Sixty Lake Basin (Table 1). The number of tadpoles
subsequently released was almost 40% lower due to
mortality during the 1-3 day holding period. We did not
segregate frogs and tadpoles based on where they were
collected. Subadult frogs were placed in plastic boxes with

six, 5.0 mm holes drilled in the lids to allow air circulation.
The frogs were kept moist with wet paper towels, which
were changed once or twice a day. Eggs and tadpoles were
held in 4.0 1 plastic freezer bags that were left open at the
top. Tadpole densities were approximately 25 per bag.
Each egg mass was placed in its own bag. Water was
changed every 1-2 hours throughout the day and 3-4 times
during the night. On 14 June, the Ziploc bags were closed
and all life stages were flown to the release sites by
helicopter.

On 15-16 September 1994, 50 adult frogs (25 male, 25
female) were collected from five ponds at Sixty Lake Basin
(Table 1). They were held as described above for
subadults. On 16 September, the frogs were backpacked
18 km to the nearest trailhead, where each frog was
anesthetized with benzocaine, measured (snout-vent
length), weighed (to nearest 0.1 g), and marked with a PIT
tag (Fellers and Freel 1995). The frogs were then
backpacked 13 km into the Tableland where they were
released on 20 September.

On 24 and 25 August 1995, 93 adult frogs (46 males and
47 females), 286 second-year tadpoles, and 324 third-year
tadpoles were collected at Sixty Lake Basin (Table 1). The
adult frogs were anaesthetized, weighed, measured, PIT-
tagged, and held using the same techniques as in 1994.
Unlike 1994, tadpoles were collected and put into
fiberglass screen cages set in the water at the edge of a



Fellers et al. —Demise of Repatriated Rana muscosa Populations

\

0 500 m
]

RS

Full Moon
Pond

Frog
Lake

FIGURE 4. Dispersal of Rana muscosa from repatriation sites, Sequoia National Park. Adjacent ponds (numbered for Far Pond) are referred to as
dispersal Ponds. Arrows in the figures indicate the sites where dispersing frogs were last detected. For Far Pond, 12 frogs dispersed to Dispersal
Pond 3, one frog to Dispersal Pond 5, and one frog to Dispersal Pond 6. See Fig. 3 for location map.

pond. On 26 August, they were transferred to 4.0 1 Ziploc
bags for about 45 min during transport to the Tableland by
helicopter.

At the release sites, about 10% of the water was poured
out of the container every 5-10 min, and a similar amount
of fresh pond water was added back in so that eggs and
tadpoles could adjust to differences in water temperature
and chemistry. In 1994, amphibians at Table Meadow,
Frog Lake, and Full Moon Pond were released after an
hour into a 2 x 1.5 x I m (L x W x H) temporary holding
cage made of fiberglass screen supported by PVC pipe.
The release cage was set at the edge of the pond so that one
end was almost submerged and the other end was resting

on the shore. This provided conditions suitable for both
aquatic and terrestrial life history stages. Lettuce was
added to each cage as a food supplement. Tadpoles were
released after two days. At Far Pond, the pond was still
80% frozen during the day, and darkness and refreezing of
the pond at dusk prevented use of a holding cage. It was
necessary to break the ice and release the eggs, tadpoles
and subadult frogs directly into the pond after one hour of
acclimation. In 1995, second-year and third-year tadpoles,
and adult frogs were released at three of the four Tableland
sites after being held in fiberglass screen cages for a few
hours. (For details of the repatriation methods see: Fellers,
G.M., D.F. Bradford, D. Pratt, and L. Wood. In press.
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FIGURE 5. Counts of Rana muscosa at Far Pond (A) and Full Moon Pond (B) and the adjacent dispersal ponds, Sequoia National Park, in 1994. Egg
masses, second-year tadpoles, third-year tadpoles, and subadult frogs were released on 14 June 1994. Adult R. muscosa were released 20 September
1994. On those days, the number graphed represents the actual number released. See Table 1 for numbers of each life history stage repatriated.

Experimental translocation of mountain yellow-legged
frogs (Rana muscosa) in the Sierra Nevada of California.
USGS Technical Publication).

In 1994, we conducted diurnal visual surveys for
amphibians at each release site every 1-3 days from the
initial release until the onset of heavy snowfall on 27
September. In 1995, monitoring extended from the time
that ice melted (1 August) until 20 October, when ice was
forming nightly on the higher elevation ponds. The sites
were also monitored at approximately monthly intervals
during the summers of 1996 and 1997, and during a single
visit in September 1998.

Monitoring consisted of counting all life history stages of
amphibians using visual encounter surveys (Crump and
Scott 1994; Fellers and Freel 1995). When adult frogs
were released at the Tableland sites (20 September 1994),
monitoring was extended to include connecting streams
and ponds within several hundred meters of all four release

sites to evaluate dispersal. In 1995, adult frogs were caught
at two-week intervals, scanned for PIT tags, weighed,
measured, and examined for signs of disease or injuries.
Frogs were also captured and examined in a similar fashion
during surveys in 1996-1998.

During 1994 and 1995, we carefully surveyed each site
for predators once each week. Western Terrestrial Garter
Snakes (Thamnophis elegans) were captured when possible
and palpated to determine if they had a food bolus. Snakes
with a bolus were encouraged to regurgitate it (Filippi et al.
2005) for identification of food items.

Environmental Measurements.—At one-week intervals
throughout the summers of 1994 and 1995, we measured
pH and electrical conductivity (EC) at the release sites.
Water samples were analyzed at our Tableland base camp
after calibration of the equipment (pH meter, Accumet,
model 1001; Fisher Scientific, Los Angeles, California,
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TABLE 2. Counts of Rana muscosa at Far Pond and adjacent dispersal ponds in 1996-1998.

Date Tadpoles Subadults Adults
2" Year 3" Year Repatriated® Recruits Not Captured

7/10/96 0 0 2 2 3 3
7/12/96 0 0 5 9 2+ 1 dead 9
8/22/96 1 28 16 +2 DEAD 6 23 1
10/1/96 0 0 6 7 7 1
10/3/96 0 0 10 10 11 1
7/15/97 0 0 0 2 9 + 2 dead 1
7/16/97 0 1 1 1 3 +2dead 5
7/17/97 0 2 0 1 5+ 1 dead 2
7/20/97 0 4 1 1 10 1
8/19/97 0 0 5 4 11+ 1 dead 0
9/19/98 1 0 0 0 1 0

1. Repatriated frogs were captured at Sixty Lake Basin, PIT-tagged, and released at Far Pond in 1994 or 1995.
2. Recruits were adults without PIT tags when first captured at Far Pond in 1996-1998. Hence, they developed into adults at Far Pond from tadpoles or

subadults that had been repatriated in 1994 or 1995.

USA; electrical
Conductivity Meter, model
Colorado, USA).

On 5 August 1994, two temperature loggers
(StowAway; Onset, Pocasset, Massachusetts, USA) were
deployed in Far Pond at depths of 0.5 and 1.0 meters above
the bottom, at a time when the water level was slightly
more than a meter deep. The data loggers were retrieved
on 23 August 1995; the data loggers remained at 0.5 and
1.0 m above the bottom, but the water level in the pond had
increased by about one meter. Water temperature was
monitored at Full Moon Pond, Frog Lake, and Far Pond
from 26 September 1995 to 21 August 1996. At each
pond, one logger was weighted and placed on the bottom of
the pond at the deepest point; the other logger floated on
the surface.  Long-term weather data (temperature,
precipitation) were obtained for the National Weather
Service weather station at Grant Grove, California, USA
(36°44°21”N, 118°57°51”W), 32 km NW of the Tableland
at an elevation of 1990 m (6,530"). Data have been
collected since 1 November 1940 and were obtained from
the National Climatic Data Center (www.ncdc.noaa.gov).

On 18-20 August 1997, we were able to find only 20 R.
muscosa in the Tableland area. All 20 frogs were
collected, including 12 adult males, three adult females,
and five subadults. Sixteen of the frogs were collected at
Far Pond. Two frogs were collected at Dispersal Pond 3
(Fig. 4), and one was collected at Frog Lake. Each frog
was anaesthetized, weighed, measured, and frozen in liquid
nitrogen. On 22 August 1997, 20 R. muscosa from Sixty
Lake Basin donor sites were collected (10 adult males, 5
adult females, and 5 subadults) and similarly processed.
All frogs from both the Tableland and Sixty Lake Basin
were analyzed for pesticide concentrations in their tissue
(see Fellers et al. 2004 for methods). At two ponds in the
Tableland and two in Sixty Lake Basin, concurrent 4-liter
water samples were also collected. Water was filtered
through a glass fiber filter and extracted using a 4-g C18
solid-phase extraction cartridge [see LeNoir et al. (1999)
for detailed description of the sample collection,
processing, and analysis methods].

conductivity meter, Hach Mini
17250; Hatch, Loveland,

10

Data were analyzed using Statistix (version 8.0,
Analytical Software, Tallahassee, Florida, USA). Mann-
Whitney and Wilcoxon paired sample non-parametric tests
were used because our data were not normally distributed.
We used a = 0.05 to evaluate statistical significance.
Measures of variability are given as standard deviations.

RESULTS

Short-term Survival.—Eight egg masses, 1264 tadpoles,
97 subadults, and 143 adult frogs were released at the
Tableland (Table 1). We evaluated their survival during
the first week after repatriation. During that time, all egg
masses drifted from their original positions. We lost track
of two of the eight egg masses after one day, and could not
find any egg masses after five days, hence we could not
evaluate whether the eggs hatched. Though there was
significant mortality of tadpoles while holding them prior
to transport in 1994, survival during transport and release
was > 99% in both 1994 and 1995. No subadult frog
mortality occurred during collecting, holding, or transport.
Three subadults died during the release at Far Pond, largely
because the release was carried out in the dark when the
pond surface was refreezing. We incurred no mortality
among the adult frogs repatriated from Sixty Lake Basin to
the Tableland in either 1994 or 1995.

Long-Term Survival of Tadpoles and Subadults.—In
1994, we conducted more than 30 surveys at each of the
four Tableland sites (Fig. 5-6). Several patterns were
evident: (1) Counts for all life stages varied considerably
among surveys, even for surveys within a few days of each
other. Some, but not all, of the low counts were on days
with cold, windy, or rainy weather; (2) the number of
subadults in late summer exceeded the number released in
June, demonstrating that some tadpoles successfully
metamorphosed; (3) the number of tadpoles counted during
early summer was usually well below the number actually
present as shown by the number of recently
metamorphosed subadults observed at the end of the
season. Only a fraction of the repatriated tadpoles were
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TABLE 3. Concentration of pesticides (ng/g wet wt) in Rana muscosa tissue collected at the Tableland (Sequoia National Park, n = 20), and the Sixty
Lakes Basin (Kings Canyon National Park, n = 20) California, USA, 18-22 August 1997 (from Fellers et al. 2004).

a-HCH? y-HCH? v-chlordane trans-nonachlor a-endosulfan p,p'-DDE®
Tableland 1.16 0.07 0.71 1.72 0.50 46.72
Median 1.41 103.1 0.84 2.66 0.56 45.69
Mean 1.24 221 0.75 2.60 0.36 19.92
Standard Deviation
Sixty Lakes 1.12 0.15 0.14 0.46 0.41 19.34
Median 3.95 0.37 0.17 0.53 0.45 16.96
Mean 4.56 0.48 0.24 0.59 0.24 7.88
Standard Deviation 0.29 0.71 0.00 0.00 0.31 0.00
a. HCH = hexachlorocyclohexane,
b. DDE = dichlorodiphenyldichloroethylene,
¢. Mann-Whitney p-value using Chi-squared approximation
observed at any one time, even within a few days of winter of 1995-1996 (Table 2, Fig. 5A).  Subsequent

release; (4) because tadpole counts were so low, it is not
possible to determine if second-year tadpoles survived to
their third summer; and (5) counts for both second- and
third-year tadpoles declined to or near zero by late summer.

In 1995, we conducted nine surveys at Table Meadow
between 1 August and 17 October, but no frogs, tadpoles,
or eggs were found. We conducted 17-20 surveys at the
three sites where tadpoles and adult frogs were released in
August 1995 (Fig. 7). As in 1994, the survey counts were
highly variable. Counts of subadults (which were released
only in 1994) were substantially lower in 1995 than in 1994
at both Full Moon Pond (1994: median = 15, n = 32 counts
versus 1995: median = 1.5, n = 20) and Frog Lake (1994:
median = 10, n = 32 versus 1995: median = 0, n = 17), but
were similar between years at Far Pond (1994: median =
34.5, n = 20 counts versus 1995: median = 22, n = 37).
The absence of subadults at Full Moon Pond and Frog Lake
during the early part of the 1995 season, and low numbers
of subadults later in the season, suggest that subadults did
not survive from 1994 to 1995. In contrast, many of the
subadults at Far Pond survived the winter of 1994-1995.
Tadpole counts were zero or near zero at all three sites at
the beginning of the 1995 season, consistent with counts at
the end of the 1994 season. First-year tadpoles were
observed at only Far Pond. Three were found on 3
October, and four on 10 October. These tadpoles came
from eggs oviposited at Far Pond in 1995.

During 1996-1998, R. muscosa tadpoles were found at all
three Tableland pond sites. Nearly all of these were third-
year tadpoles. The maximum counts in 1996 were
substantially greater than counts at the end of 1995 (Fig. 5).
The increase in tadpoles may have occurred in 1995 as
well, but it would have been masked by the repatriation of
additional tadpoles in 1995.

No subadults were found at Full Moon Pond or Frog
Lake in July 1996, suggesting that none survived from
1995 (Fig. 7). At Far Pond, the low subadult numbers in
July 1996 (compared to the number counted at the end of
1995) suggest that mortality was also high during the

declines of second-year tadpoles, third-year tadpoles, and
subadults at Far Pond during 1996-1998 indicate a loss due
to metamorphosis and/or mortality, and little recruitment.
The only documentation of reproduction during 1996-1998
was a single second-year tadpole found in Dispersal Pond 3
(Fig. 4) in 1998, three years after the last second-year
tadpole had been released.

Survival and Recruitment of Adults.—In 1994, adult
frog numbers at both Far Pond and Full Moon Pond rapidly
declined to approximately 2/3 of the number released (Fig.
5). By 1995, frog counts at those two ponds differed from
each other greatly (Fig. 7). At Full Moon Pond, none of
the 25 frogs repatriated in 1994 was ever seen after 1994.
At Far Pond, 15 of the 25 frogs released in 1994 were
captured in 1995, seven of the original 25 in 1996, and
three in 1997. In 1995, all 31 of the adults released that
year at Far Pond were captured at least once during the
summer; 15 were captured again in 1996, and two in 1997.
At the other two sites, fewer frogs were captured in 1995
than at Far Pond, and only two frogs were found after
1995, both at Full Moon Pond at the start of 1996.

After 1995, we found only three of the repatriated adult
frogs, one at Frog Lake, and two at Full Moon Pond.
Recruitment of adults from eggs, tadpoles, or subadults
occurred only at Far Pond (Table 2), as shown by the
presence of adult frogs lacking PIT tags. In contrast,
untagged adult R. muscosa were found at Far Pond in both
1996 and 1997. We tagged a total of 28 frogs there, 14
adults and 4 subadults in 1996, and 10 adults in 1997.
Some of the adult frogs found at Far Pond in 1996 and in
1997 were not captured (Table 2). Because none of the
unmarked adults was found until 1996, it seems likely that
they developed from tadpoles released at Far Pond, rather
than from the 25 (untagged) subadults released there in
June 1994. On 15-17 July 1997, all the frogs we found
either appeared sick or were dead; two were found dead
and three died within a day of capture (Table 2). On 19
August 1997, all 20 frogs observed at our repatriation sites

11
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(19 at or near Far Pond, one at Frog Lake) were collected
for analysis of pesticides. Only one frog was observed
during the 1998 survey. However, four adult frogs were
found Dispersal Pond 3, downstream from Far Pond (Fig.
4) in 2000, and one was found there in 2001 (Roland
Knapp, pers. comm.).

Dispersal from Release Site.— Far Pond was the site
with the most suitable frog habitat in the immediate
vicinity and we detected significantly more dispersal at Far
Pond where 14 of the 56 released frogs (25%) were later
found in nearby ponds, compared to 8 of 79 repatriated
frogs (10%) at the other three sites combined (3 = 6.54, P
= 0.0106). No appreciable difference was found in the
dispersal frequency of males and females; of the 22
dispersing frogs, 12 were females and 10 were males.
Maximum straight-line dispersal distance ranged from 50
m to 510 m, with a median of 80 m (mean = 173 + 138
SD).

Some frogs were detected at increasingly greater
distances from their release site. Frog 7112 was released at
Far Pond on 20 September 1994; it was found in Dispersal
Pond 1 (25 m from Far Pond) on 21 September 1995, and
was found in Dispersal Pond 3 (90 m from Far Pond) on 3
October 1996 (Fig. 4). Frog 6744 was released on 20
September 1994; it was found in Dispersal Pond 5 on 5
September 1995 and 10 October 1995, and in Dispersal
Pond 6 on 19 October 1995 (Fig. 4). The total distance
from Far Pond to Dispersal Pond 6 (via the connecting
stream) was > 800 m.

TABLE 4. Concentration of pesticides (ng/liter) in surface water samples
collected at the Tableland (Sequoia National Park) and the Sixty Lakes
Basin (Kings Canyon National Park), California, 18-22 August 1997 (from
Fellers et al. 2004). Log K, is an indicator of the degree to which a
substance will bioaccumulate. Far Pond is referred to as G-049 in the table
below.

Tableland Sixty Lakes
Log Limitof
Compound Ko Detection® G-049 G-054 S-545 S-471
y-chlordane 5.2° 0.03 0.27
a-chlordane 5.2° 0.03
Chlorpyrifos 43° 0.03 12 072 022 017
pp-DDE 6.9° 0.1 0.31
0,p'-DDT 6.8 0.1 0.46
p,p-DDT 6.9 0.1
Diazinon 3.4° 0.06 3.1 3.4 1.8
a-endosulfan 3.6 0.03 0.78 1.0 0.30 0.37
B-endosulfan 3.6° 0.05 040 042 18 0.17
endosulfan sulfate 0.03 2.9 2.2 0.33 0.40
a-HCH 3.81Y  0.03 0.29
y-HCH 3.8¢ 0.03
trans-nonachlor 0.04 0.31
Trifluralin 4.6° 0.1 2.5

a. Analytical detection limit was three times the standard deviation of
blank levels (LeNoir et al. 1999).

b. Selected values from Finizio et al. 1997.

c. de Bruijn et al. 1989.

d. Selected values from Suntio et al. 1988.
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Frog 7026 dispersed away from the release sites and
then returned. On 26 August 1995, frog 7026 was released
at Frog Lake; on 21 September 1995, it was > 200 m away
in the stream flowing through Table Meadow; on 5 October
1995, it was back in Frog Lake.

Not all dispersal was closely associated with water; in a
few cases, the dispersal was across land. The route from
Full Moon Pond to the two ponds to the north (Fig. 4)
traverses a rocky slope and entailed a 30 m elevation gain
over a distance of 500 m; at least 80% of the route was
over land.

Growth of Adult Frogs.—Adult frogs caught at Sixty
Lake Basin donor area did not differ significantly in length
between 1994 and 1995 (SVL 5.6 vs. 5.5 cm), but they
weighed significantly more in 1994 (18.5 vs. 14.7 g, Mann-
Whitney U = 3545, n = 143, P < 0.001). A comparison of
weight/length® shows that the 1994 frogs had significantly
(19%) higher values than 1995 frogs (U =3970, n =143, P
< 0.001). At the Tableland release sites in 1995, almost all
frogs gained weight after repatriation. Average weight
gain at the three release sites ranged from 22 to 28%, with
an average of 24% (Wilcoxon T =1, n =47, P < 0.001).
We recorded a similar, significant increase in length at all
three sites combined (~2 mm; T =32, n =47, P < 0.001).
On 20 September 1995, the condition (weight/length®) of
translocated frogs had significantly increased (by 19%)
since their original capture on 25 August 1995 (0.095
g/cm3 versus 0.085 g/cm3; T=84,n=47,P <0.001).

Predation.—We recorded 168 occurrences of potential
predators at the release sites.  These included 92
observations of Brewer's Blackbirds (Euphagus
cyanocephalus), 39 of Western Terrestrial Garter Snakes
(Thamnophis elegans), 23 of humans (who might catch
frogs), and four or fewer observations of Common Ravens
(Corvus corax), Eared Grebes (Podiceps nigricollis),
American Dippers (Cinclus mexicanus), American
Kestrels (Falco sparverius), Black Bears (Ursus
americanus), Coyotes (Canis latrans), and Northern
Alligator Lizards (Elgaria coerulea). Blackbirds appeared
to be preying on insects; we never saw them eating
anything as large as a R. muscosa tadpole. Of the 32
garter snakes caught and palpated, five had eaten larval or
subadult R. muscosa. All garter snakes were recorded at
the three Tableland sites where repatriated R. muscosa
disappeared most rapidly. None were at Far Pond, where
R. muscosa persisted the longest. All but four of the
snakes were observed in 1994.

Amongst the birds, only the Eared Grebe seemed to
have the potential to have an impact on R. muscosa
because that species has been reported to eat both tadpoles

and small frogs
(http://www.houghtonmifflinbooks.com/peterson/
resources/identifications/eagr/index.shtml#feeding and

http://sdakotabirds.com/species/eared_grebe info.htm). In
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FIGURE 6. Counts of Rana muscosa at Frog Lake (A) and Table Meadow (B) and the adjacent dispersal ponds, Sequoia National Park, in 1994. Egg
masses, second-year tadpoles, third-year tadpoles, and subadult frogs were released on 14 June 1994. The number graphed for that day represents the
actual number released. See Table 1 for numbers of each life history stage repatriated.

1995, an Eared Grebe was seen at Full Moon Pond during dives during a one-hour period. Only once did the grebe
three consecutive surveys (27 and 28 September and 4 appear to surface with something in its beak that might
October). We used binoculars to observe approximately 60 have been a frog or tadpole.
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FIGURE 7. Counts of Rana muscosa at Far Pond (A), Full Moon Pond (B), and Frog Lake (C) and the adjacent dispersal ponds, Sequoia National Park,
in 1995. Second-year tadpoles, third-year tadpoles, and adult frogs were released on 26 August 1995. See Tablel for the numbers and dates of
repatriation for each life history stage in 1994 and 1995.

Environmental Measurement—During 1994, pH observed no seasonal trend (linear regression, R? = 0.0074,
varied little from week to week; most values were between T = 1.15, P =0.25). In 1995, pH ranged from 6.02 to 7.01
6.0 and 7.0 (mean = 6.5 + 0.4, range 5.7-7.8, n =59). We (mean = 6.5+ 0.3, n=34), and showed a slight rise
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FIGURE 8. Departures from normal (long-term average) temperature and precipitation for 1993 - 1994 (A) and 1994-1995 (B) as measured at Grant
Grove, CA (32 km NW of the Tablelands). Temperature is degrees C and precipitation is in centimeters.

through the summer. Conductivity (an indication of the = 93). Conductivity values were lower in Far Pond and
quantity of dissolved electrolytes) was mostly between 2 Full Moon Pond, at the tops of their watersheds (mean =
and 10 pS/cm (mean = 5.2 + 4.5, range 1.5-32, n = 93). 3.0, n = 46), than they were in Frog Lake and the Table
Conductivity was significantly lower in 1995, a year of Meadow stream (mean = 7.3, n = 47), farther down in their
high precipitation (98 cm above normal), than in 1994, a watersheds in 1994-95 (T = 6.6, P < 0.001). Values
year of low precipitation (34 cm below normal; National increased during each summer as snowmelt runoff
Weather Service, Grant Grove, CA) (T =5.53, P <0.001,n decreased. The highest values were found in the Table
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Meadow stream late in the 1994 season, when stream flow
had almost stopped.

By early January 1995, water temperature at the Far
Pond shallow data logger had cooled to a constant 0 C,
indicating freezing to that depth. By mid-January, the deep
data logger had also cooled to 0 C. Both remained at zero
until the unusually late thaw that began in August 1995.
Surface temperatures during the 1995-1996 winter at Far
Pond, Full Moon Pond, and Frog Lake indicated that the
ponds froze at the surface between late-November and
early-December, and remained frozen until late June to
early July 1996. Data from the benthic data loggers
showed that none of the three ponds froze to the bottom
during that winter. The two shallower ponds (Full Moon
Pond and Far Pond) cooled to less than 4 C.

Pesticide analysis.—In frog tissues,
dichlorodiphenyldichloroethylene (DDE) concentration
was one to two orders of magnitude higher than the other
organochlorines (Table 3). Both y-chlordane and trans-
nonachlor were found in significantly greater
concentrations in Tableland frog tissues compared with
Sixty Lakes (Fellers et al. 2004). Organophosphate
insecticides (chlorpyrifos and diazinon) were observed
primarily in surface water, with higher concentrations at
the Tableland sites (Table 4). No contaminants were
found at significantly higher concentrations in our Sixty
Lakes samples.

DiIsCcuUSSION

Loss of Rana muscosa.—Both frogs and tadpoles
repatriated to the Tableland area appeared to grow and
develop normally. Adult R. muscosa showed substantial
weight gain and a small increase in length. At three ponds
in 1994, and at Far Pond in 1995, metamorphosis of
tadpoles occurred since the maximum number of subadults
substantially exceeded the number repatriated at the start of
the season. Metamorphosis continued into 1996,
particularly at Far Pond. These observations indicate that
survival and successful development of third-year tadpoles
occurred through metamorphosis.

In spite of the growth of adults and development of
tadpoles, long-term survival of R. muscosa was poor, and
there was only limited reproduction. While the number of
subadults increased initially in both 1994 and 1995 as a
result of metamorphosis, the number of subadult frogs
declined by the end of each year. With the exception of
Far Pond, there was almost no survival of subadults
through the winter. Adult survival was also poor; adults
disappeared precipitously at Full Moon Pond and Frog
Lake, and more slowly at Far Pond. The only evidence of
reproduction was at Far Pond, where we found a few first-
year tadpoles in 1995, and a single second-year tadpole in
1998, three years after the last second-year tadpole had
been released.
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The lack of significant survival or reproduction indicates
that the Tableland sites were not suitable for R. muscosa in
the mid-1990s. Whatever caused the disappearance of R.
muscosa from the Tableland during the late 1970s and
1980s may also have inhibited the survival of R. muscosa
10-15 years later.  Other studies have shown that
repatriations of R. muscosa can be successful if the factor
causing the original decline has been eliminated. For
example, in August 2001, Roland Knapp (pers. comm.)
repatriated 10 adult R. muscosa and 200 tadpoles into a
lake in the Humphrey’s Basin in the Sierra Nevada where
introduced trout had been removed. By late 2002, the frog
population consisted of approximately 100 frogs and 300
first year tadpoles. This demonstrated that the relatively
small number of adults he used in the initial introduction
was sufficient to allow establishment of a new population,
at least over the short term. Unfortunately, the population
was subsequently extirpated because of a die-off apparently
caused by the chytrid fungus B. dendrobatidis (Knapp,
pers. comm.). However, as Dodd and Seigel (1991) and
Dodd (2005) point out, most attempts at repatriation do not
result in sustainable populations.

Possible Causes for the Loss of Rana muscosa.—Any
explanation of the failure to reestablish R. muscosa
populations by 1997 must account for both the conspicuous
disappearance of adults and subadults, and the minimal
amount of reproduction. Data on dispersal, weather, water
quality, predation, disappearance of individuals by life
stage, and contaminants were used to evaluate potential
causes of decline. Fortunately, our study site was in a
fishless area, so the impact of non-native trout was not a
factor as it is throughout most of the Sierra Nevada
(Vredenburg 2004).

The most conspicuous deviation from normal weather
patterns during our study was the winter of 1994-1995 (Fig.
8). Conditions were similar to the winter of 1977-1978
when adult R. muscosa did not survive the winter at any of
the three repatriation ponds in our study (Bradford 1983).
Those die-offs were attributed to winterkill due to oxygen
depletion in the water. Disappearance of both adults and
subadults from Full Moon Pond and Frog Lake during the
winter of 1994-1995 may have occurred for this reason.
Unusual temperatures and precipitation were not evident
during the 1995-1996 winter, and thawing at the release
sites occurred in late June to early July. Consequently,
winterkill due to oxygen depletion or freezing was not
likely to be responsible for the loss of adults and subadults
during the 1995-1996 winter. Moreover, this does not
account for the much greater survivorship of these life
stages at Far Pond (our highest elevation site) than the
other two sites during the winters of both 1994-1995 and
1995-1996.

Lakes in the Sierra Nevada have low buffering capacity
and hence are susceptible to acidification (Melack et al.
1985; Landers et al. 1987). Sierran lakes are also low in
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ionic strength (Landers et al. 1987) and low pH levels
would be expected to cause the most physiological stress at
low ionic strengths (Freda and Dunson 1984). While our
EC values were low compared with other Sierran lakes
(Eilers et al. 1987; Bradford et al. 1994b; J. Sickman, pers.
comm.), it is unlikely that the EC and pH were deleterious
to R. muscosa. In a study of amphibian habitats at high
elevations throughout the Sierra Nevada, Bradford et al.
(1994b) found no association between the presence/absence
of R. muscosa at a site and the pH or EC of the water.
Moreover, the pH and EC values observed by Bradford et
al. at sites inhabited by R. muscosa (e.g., minimum pH =
5.6, minimum EC = 3 uS/cm) included or were close to the
values observed in our study (minimum pH 5.6,
minimum EC =2 puS/cm).

Predators may have been a minor contributing factor in
the loss of R. muscosa. In 1994, Western Terrestrial Garter
Snakes were common at Table Meadow, Frog Lake, and
Full Moon Pond. Five of 32 garter snakes contained the
remains of R. muscosa. This included three of six snakes
captured at Frog Lake, two of 18 at Full Moon Pond, and
zero of eight at Table meadow; we never observed snakes
at Far Pond. The lack of snakes at Far Pond might have
been because that pond was in a granite basin with little
vegetation. The three sites that did support snakes had
historically supported large populations of R. muscosa.
Garter snakes occur throughout the range of R. muscosa,
but they occur almost exclusively at sites where either R.
muscosa or Pseudacris regilla are present (Jennings et al.
1992; Matthews et al. 2002). Thus, the presence of this
native snake is unlikely to be the primary cause of the loss
of R. muscosa, especially because snakes would be inactive
during winter when many adult and subadults disappeared.
Though a single grebe was seen at two of the release sites,
Full Moon Pond and Frog Lake, it is unlikely that foraging
by one individual would be the primary factor leading to
the loss of frogs.

Of the 143 adult R. muscosa released at the Tableland
sites, at least 22 (15.4%) dispersed to nearby ponds or
streams, but dispersal alone is unlikely to account for the
loss of frogs, particularly during winter. Matthews and
Pope (1999) evaluated movement of 24 R. muscosa using
radio transmitters. They found that movement varied
seasonally with the greatest movement occurring in
September (mean distance moved = 145 m), and the least
movement at the onset of winter dormancy during October
(43 m). These distances are similar to what we observed in
the Tableland area; hence, it does not seem that dispersal
from the release sites is a likely cause of the loss of frogs,
especially considering that frogs were getting sick and
dying at the release sites.

Infection by the chytrid fungus B. dendrobatidis is a
plausible cause for the loss of R. muscosa in the Tableland,
both during the 1970s and 1980s, and during our
experimental reintroduction in the 1990s. Prior to 1998, it
was thought that chytrid fungi did not infect vertebrate

hosts. In 1998, Berger et al. (1998) described chytrid
infections in frogs. Several subsequent studies provided
strong correlative evidence that B. dendrobatidis was
involved with declines in frog populations in both Panama
(Lips 1999) and Australia (Berger et al. 1998). Fellers et
al. (2001) reported B. dendrobatidis in R. muscosa from the
Sierra Nevada, less than 150 km north of the Tableland
area. Recently, Rachowicz et al. (2006) demonstrated
through extensive field surveys and laboratory and field
experiments that chytridiomycosis was the proximate cause
of numerous observed R. muscosa population declines in
the southern Sierra Nevada. A conspicuous finding was
that post-metamorphic stages of R. muscosa experience
high mortality from chytrid infection, whereas tadpoles do
not. Tadpoles infected with B. dendrobatidis survive to
metamorphosis, but typically succumb to chytrid infection
shortly after metamorphosis. This pattern is consistent
with the die-offs and disappearances of adults, subadults,
and recently metamorphosed frogs that were observed in
the Tableland in the 1970s (Bradford 1983, 1991), as well
as during the present study. Since chytrid infection of
frogs was not described until after our study, we did not
look for it during our experimental repatriation.

Bradford (1991) reported a massive die-off of R.
muscosa in a Tableland population during the summer of
1979 that appeared to be caused by red-leg disease, an
infection caused by the bacteria Aeromonas hydrophila.
Carey et al. (1999) suggested that the 1979 die-off may
have been caused by B. dendrobatidis and that the bacterial
infections were secondary, a hypothesis that cannot be
tested today. Aeromonas is unlikely to be involved with
the loss of repatriated R. muscosa during our study since
we found no evidence of this disease (reddening of the
thighs) in any of the frogs we handled.

Viral infections have been reported in Rana aurora (Mao
et al. 1999). Die-offs caused by ranavirus typically kill
only tadpoles and recently metamorphed (30-60 days)
individuals, and there are often hundreds of dead tadpoles
present at a site. By contrast, chytridiomycosis affects only
adult anurans, often with only one or a few dead
individuals present at a site (David E. Green, pers. comm.).
The extent of viral infections in California amphibians is
unknown, but a large die-off of R. muscosa tadpoles in
Kings Canyon National Park in 2001 appears to have been
caused by an iridovirus (Roland Knapp, pers. comm.). The
significance of viral infections in declining amphibian
populations remains largely unknown, but it does not
appear to have been a factor in our study because we never
observed tadpole die-offs.

Exposure to airborne pesticides is a possible cause for
the Tableland population declines. Davidson and Knapp
(2007) evaluated over 6800 sites in the southern Sierra
Nevada for the presence of R. muscosa, the presence of
introduced game fishes, habitat conditions, and the
predicted exposure to windborne pesticides applied in
upwind agricultural areas. In a multivariate analysis,
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predicted exposure to pesticides had a pronounced negative
effect on R. muscosa site occupancy, independent of other
factors. This pattern is corroborated by our comparison of
frogs from sites in the Tableland (an area near the Central
Valley that has high predicted pesticide exposure) and
frogs from Sixty Lake Basin (an area more remote from the
Central Valley that has low predicted pesticide exposure).
When the survival of R. muscosa in the Tableland area
seemed unlikely in 1997 and most of the remaining frogs
appeared sick, the last 20 R. muscosa were collected so
pesticide concentrations could be compared with a similar
set of frogs collected at the Sixty Lake Basin donor sites.
Several pesticides, especially pp-DDE, were found at
higher concentrations in frog tissue from the Tableland
sites (Fellers et al. 2004).

Based on traditional toxicological studies that expose
animals to contaminants for only brief periods of time (24-
96 hr), it seems unlikely that the loss of R. muscosa was
caused by the relatively low concentration of pesticides that
have been found in the Tableland area. However, Relyea
and Mills (2001) showed that increasing contaminant
exposure from four to 10 days caused a significant increase
in mortality. Thus, some of the contaminants in the
Tableland may be present in concentrations sufficiently
high to account for the loss of frogs. This is especially true
for R. muscosa because they typically require three years
for tadpoles to metamorphose, and 3-4 years for frogs to
reach sexual maturity (Vredenburg et al. 2005). This
means that R. muscosa tadpoles are exposed to
contaminants in the water for an usually long time, possibly
allowing them to accumulate more contaminants and
making them (or the subsequent adults) more vulnerable
(Sparling et al. 2001). In addition, it has been suggested
that pesticide exposure may affect amphibian populations
by suppressing immune function, thus making amphibians
more susceptible to disease (Davidson and Knapp 2007).

While we did not identify the specific cause for either the
original or subsequent loss of R. muscosa in the Tableland
area of the Sierra Nevada, the evidence is compatible with
chytridiomycosis and contaminants as a primary cause of
the decline. Either one of these factors, or the two acting in
concert, may have made the Tableland area unsuitable for
R. muscosa. Hopefully, ongoing research on R. muscosa
and other anurans in the Sierra Nevada will help elucidate
this situation and allow for reestablishment of viable R.
muscosa populations.
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