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Abstract— Atmospherically deposited pesticides from the intensively cultivated Central Valley of California, USA, have been
implicated as a cause for population declines of several amphibian species, with the strongest evidence for the frogs Rana muscosa
and Rana sierrae at high elevation in the Sierra Nevada mountains. Previous studies on these species have relied on correlations between
frog population status and either a metric for amount of upwind pesticide use or limited measurements of pesticide concentrations in the
field. The present study tested the hypothesis that pesticide concentrations are negatively correlated with frog population status (i.e.,
fraction of suitable water bodies occupied within 2 km of a site) by measuring pesticide concentrations in multiple media twice at 28 sites
at high elevation in the southern Sierra Nevada. Media represented were air, sediment, and Pseudacris sierra tadpoles. Total
cholinesterase (ChE), which has been used as an indicator for organophosphorus and carbamate pesticide exposure, was also measured
in P. sierra tadpoles. Results do not support the pesticide-site occupancy hypothesis. Among 46 pesticide compounds analyzed, nine
were detected with >30% frequency, representing both historically and currently used pesticides. In stepwise regressions with a
chemical metric and linear distance from the Central Valley as predictor variables, no negative association was found between frog
population status and the concentration of any pesticide or tadpole ChE activity level. By contrast, frog population status showed a
strong positive relationship with linear distance from the Valley, a pattern that is consistent with a general west-to-east spread across
central California of the amphibian disease chytridiomycosis observed by other researchers. Environ. Toxicol. Chem. 2011;30:682-691.
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INTRODUCTION

The Sierra Nevada and adjacent Cascade mountains of
California and Nevada, USA, have been a global hotspot for
amphibian population declines in recent decades, with at least
seven species strongly affected (Anaxyrus [= Bufo] canorus,
Lithobates [= Rana] pipiens, Rana boylii, Rana draytonii, Rana
muscosa, Rana sierrae, Rana cascadae) [1]. Rana muscosa and
R. sierrae (southern mountain yellow-legged frog and Sierra
Nevada yellow-legged frog, respectively; formerly both
R. muscosa [2]) in the Sierra Nevada provide particularly
dramatic examples of population declines. These two closely
related species were once nearly ubiquitous in water bodies at
high elevation (mostly > 2200 m) but remain extant at only 5 to
7% of their historical locations [2]. A number of causes for the
declines of these species have been evaluated, with substantial
support provided for introduced game fishes [3] and the emerg-
ing amphibian disease chytridiomycosis [4,5]. Atmospherically
deposited pesticides originating from the adjacent intensively
cultivated Central Valley of California have also been impli-
cated, acting either separately or in conjunction with chytri-
diomycosis. Many pesticides, whose likely primary origin is the
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Central Valley, have been found in multiple media throughout
all elevations in the Sierra Nevada [6-11].

Evidence that airborne contaminants have contributed to
population declines of R. muscosa and R. sierrae derives from
two types of studies. First, occurrence of these species has been
shown to be negatively related to the amount of upwind
pesticide use [12,13]. In particular, frog site occupancy among
6,831 water bodies in the Sierra Nevada was strongly negatively
related to a distance-weighted metric for amount of pesticide
applied upwind [13]. Second, ranid frog population persistence
was negatively related to contaminant levels in water and
R. muscosa adults [14] and a bioindicator of pesticide exposure
(i.e., depression in total cholinesterase activity [ChE]) in tad-
poles of a widespread frog, the Sierra chorus frog, Pseudacris
sierra [7]. Depression in ChE can result from exposure to
organophosphorous and carbamate pesticides commonly used
in the Central Valley [7].

The inference from these studies that atmospherically depos-
ited pesticides have contributed to population declines of
R. muscosa and R. sierrae, however, has several limitations.
In particular, the premise that exposure of frogs to pesticides is
related to the metric used to represent amount of upwind
pesticide use [12,13] has not been validated with measurements
in any medium. Moreover, the chemical measurements taken to
evaluate associations with population declines came from only
one area with disappearing populations and one where popu-
lations were stable [14], and frogs have subsequently disap-
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peared from most sites within the second area where pesticide
concentrations were generally lower [5]. Also, analysis of Rana
frog population status relative to the ChE indicator in P. sierra
combined several Rana species and covered a geographic
region much larger than the combined range of R. muscosa
and R. sierrae [7].

Despite these limitations, it remains plausible that atmos-
pherically deposited pesticides might have adversely affected
populations of R. muscosa and R. sierrae in the high-elevation,
alpine environment of the Sierra Nevada. Many mountain
ranges, including the Sierra Nevada, can act as convergence
zones for some organic chemicals as a result of diurnal moun-
tain winds, increased precipitation, and lower temperatures in
comparison with surrounding terrain [15]. Moreover, evidence
is growing that amphibians in general are at greater risk than
previously thought from pesticide exposure through multiple
pathways. For example, adverse effects on amphibians have
been documented by studies of pesticides on individuals, para-
sites, and community interactions [16]; multiple stressors can
exacerbate pesticide effects [17]; pesticide mixtures can be
more toxic than individual pesticides [18]; standard 96-h tox-
icity testing does not capture lag effects [19]; breakdown
products of pesticides may be much more toxic than the tested
parent compound [20]; and species vary substantially in their
responses to pesticide exposure [21]. Consequently, concern is
rising that amphibians may be experiencing adverse effects of
pesticide exposure in locations where current regulatory guide-
lines indicate no concern.

The purpose of the present study was to evaluate the dis-
tribution of atmospherically deposited pesticides in the southern
Sierra Nevada relative to the distributions of R. muscosa and
R. sierrae collectively. The idea was that the processes deter-
mining the patterns of distribution of pesticides in the high-
elevation environment today are likely to be similar to those that
have operated over the past several decades, when many frog
populations disappeared. Thus, correspondence between cur-
rent pesticide distributions and population status of Rana spp.
during the decline period would provide support for the hypoth-
esis that pesticides have contributed to population declines. The
present study tests the specific hypotheses that currently and
historically used pesticide concentrations are negatively corre-
lated with frequency of occurrence of remaining populations of
these two amphibian species and that ChE in P. sierra tadpoles
is positively correlated with frequency of population occur-
rence.

The study was conducted in the southern Sierra Nevada
(Sequoia and Kings Canyon National Parks, CA, USA), because
population declines and the distribution of remaining popula-
tions of the two frog species have been well documented here
[3,13,22], several potential causes for population declines in
this area have been extensively studied [3,4,13,23-25], and
contaminant concentrations are generally greater at the southern
end of the Sierra Nevada than farther north [7,26]. The current
study was restricted to high-elevation, alpine sites (>2,750m
elevation, which is near or above treeline) because the vast
majority of water bodies comprising habitat for R. muscosa and
R. sierrae in this region occur above this elevation, and this
elevation threshold includes most of the sites where pesticides
have been implicated in population declines of these species
[13,14]. Neither species is known at low elevations (<1,400 m
[1]). Metrics for distance from the Central Valley were included
in the analyses because population declines in the southern
Sierra were first observed relatively close to the Valley [22], and
some evidence suggests a decrease in pesticide concentrations
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with distance from the Valley [6,8]. Although the latter study
[8] did not find a general relationship for pesticide concen-
trations among high-elevation sites as a function of distance
from the valley, concentrations for some pesticide—-medium—
time combinations showed significant negative relationships
with distance from the Valley.

MATERIALS AND METHODS
Study sites and Rana population status

Two sites were sampled for pesticides and ChE in each of 14
areas dispersed throughout the high-elevation (>2,750 m) por-
tion of Sequoia and Kings Canyon National Parks, all west of
the Sierra Nevada crest (Fig. 1). The 14 areas were selected to
ensure that they were dispersed throughout the three major
watersheds in the Parks, to represent distances both relatively
near and far from the San Joaquin Valley, and to contain
abundant populations of the target species, P. sierra. Within
each area, two water bodies (i.e., sites) were selected in which
P. sierra was common, one with a depth of at least 1 m and one
of any depth located at least 200 m away. Sampling was
conducted twice during the summer of 2005. Water bodies
sampled were generally small (median surface area = (0.24 ha)
and shallow (median depth=1.5m) and ranged in elevation
from 2,786 to 3,375 m. Within three of the 14 areas, the sites
sampled differed between the two sampling periods because
tadpoles of P. sierra could not be obtained at one of the two sites
both times. Additional site details are provided elsewhere [8].

The population status for R. muscosa and R. sierrae, col-
lectively, in the vicinity of each site was derived from a survey
for amphibians, fish, and aquatic habitat for all water bodies
(lakes and marshes; n =3170) in Sequoia and Kings Canyon
National Parks conducted between 1997 and 2002 [13].
Although this time interval predates the chemical sampling
in 2005, Many populations of Rana spp. had declined and many
had not declined at this time, a condition useful for evaluating
factors associated with the decline. Rana spp. (any life stage)
presence or absence was determined by visual-encounter sur-
veys of the entire shoreline and first 100 m of inlet and outlet
streams, a technique shown to be an accurate method for
determining presence or absence of these species [13]. Pop-
ulation status was defined as the percentage of suitable water
bodies occupied by either of these species within 2km of the
site, excluding water bodies outside the watershed containing
the site (Kings, Kaweah, or Kern Rivers; Fig. 1). Suitable water
bodies were defined as those lacking fish, > 1.5m deep, and
<3,660m elevation [27]. All lakes at high elevation in the
Parks were historically devoid of fish but introduced trout were
widespread by the 1950s [3]. Rana muscosa or R. sierrae
occurred in each of the 14 sampled areas until at least sometime
between the 1960s and 2000s [2,13,22] (Sequoia and Kings
Canyon National Parks, unpublished data). Rana spp. popula-
tions in all areas have since disappeared or been drastically
reduced in numbers [2,13,22] (R. Knapp, unpublished data).

Pesticide sample collection and analysis

Pesticide concentrations were determined in three media:
air, sediment, and whole P. sierra tadpoles at developmental
stages up to Gosner [28] stage 41. Details for sampling methods,
chemical analysis, detection limits, and concentrations are
provided elsewhere [8] and are summarized here. Water was
not sampled because previous sampling in the study area
showed that the likelihood of detecting pesticides in water
was much lower than in sediment [10]. Rana muscosa and
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Fig. 1. Waterbodies deemed suitable habitat for Rana muscosa or R. sierrae (green triangles and red circles). Green triangles depict water bodies with frogs absent
during surveys in 1997 to 2002; red circles depict water bodies with frogs present. Open blue circles designate the area within 2 km of sites sampled for chemical
measurements (at the center of each circle). This area was used to compute the metric for population status of R. muscosa and R. sierrae collectively. Letters refer to
14 areas containing the sampled sites. The thick black line represents the joint outer border of Sequoia and Kings Canyon National Parks (CA, USA); thin black lines
delineate watersheds of the San Joaquin, Kings, Kaweah, and Kern Rivers (CA, USA). The purple line (i.e., line extending east from area C) indicates the boundary
between the geographic range of R sierrae (north of line) and R. muscosa (south of line 2).

R. sierrae were not suitable for sampling because they no longer
occur over most of the study area, and most remaining pop-
ulations are small [27]. By contrast, P. sierra is widespread and
abundant throughout the study area, and it is an aquatic breeding
frog like R. muscosa and R. sierrae. Stage 41 was selected as a
cutoff because it is the last stage before metamorphosis begins,
and this threshold can be easily recognized at a distance in the
field [28]. Sediment and tadpoles were collected at both sites in
each of the 14 areas, whereas air was sampled at two points
within 100 m of each other at one site in each of the 14 areas.
Sediment was collected with a hand corer at 1.0 m water depth,
and the top 2.5cm was taken as the sample [8]. Air samples
were collected with a passive sampling device consisting of a
polyurethane foam disk within a metal housing [8]. Disks were
deployed for approximately 30 d ending at the time of sample
collection for other media. Samples of all media were collected
during two periods in 2005: July 30 to August 12 (period 1) and
August 29 to September 12 (period 2).

Target analytes were 46 pesticides or their metabolites for
sediment, 48 for tadpoles, and 22 for air [8]. A pesticide was
included in subsequent analyses if the detection frequency was
>30%. The 30% threshold was selected because, for statistical
analyses, concentration values below the estimated detection
limit were replaced with half the detection limit, and this
technique yields adequate summary statistics at detection fre-
quency >30% [29]. Nine pesticide compounds were detected in
sediment and tadpoles at >30% of sites during at least one of the

sampling periods. Five of these represent currently used pes-
ticides: chlorpyrifos, dacthal, a-endosulfan, (3-endosulfan, and
endosulfan sulfate. Four represent historically used pesticides:
dichlorodiphenyldichloroethylene  (p,p’-DDE), frans-chlor-
dane, cis-nonachlor, and frans-nonachlor. In air samples, only
B-endosulfan was detected at >30% of sites. Concentrations
were low in all media (i.e., parts-per-billion range in sediment
and tadpoles and pg/m3 in air [8]).

The pesticide data set comprised 36 combinations of chem-
ical (nine pesticide compounds), medium (air, sediment, tad-
pole), and time (period 1 or 2). Chlorpyrifos was not detected in
tadpoles in period 2, and a-endosulfan did not meet the
detection frequency criterion in sediment during period 2 [8].
Sample sizes for analysis varied among chemical-medium—
time combinations largely because of the elimination of sam-
ples when laboratory blanks were high relative to concentra-
tions in sediment and tadpoles [8]. Median sample size among
the 36 combinations of chemical, medium, and time was 27
(range 8-28; Table 1). The median detection frequency was
82%; only three combinations were between 30 and 50% (-
endosulfan in sediment in period 1, a-endosulfan in tadpoles in
period 2, and 3-endosufan in air in period 1).

To derive a metric that represented all pesticide compounds
together, principal components analysis was conducted for each
of the four combinations of medium (sediment or tadpoles) and
sampling period (n=17 to 27; Table 1 [8]). Principal compo-
nent 1 (PC_1) was used as the metric because all pesticide
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Table 1. Results of logistic regressions for frequency of Rana spp. site occupancy as a function of individual chemical metrics with and without linear distance
included as a predictor variable in the model®

Sampling period 1

Sampling period 2

Linear distance included

Linear distance included

Linear distance Linear Chemical Linear distance Linear Chemical
Medium n omitted distance Metric n omitted distance Metric
Air B-Endosulfan 27 NS 0.0002/+ NS 28 0.0901/— <0.0001/+ NS
Sediment Chlorpyrifos 8 NS 0.0719/+ NS 25 NS <0.0001/+ NS
Dacthyl 28 NS <0.0001/+ NS 23 NS <0.0001/+ NS
a-Endosulfan 28 NS <0.0001/+ NS — — — —
B-Endosulfan 28 NS <0.0001/+ NS 28 NS <0.0001/+ NS
Endosulfan sulfate 27 NS <0.0001/+ NS 28 NS <0.0001/+ NS
p,p’-DDE 28 NS <0.0001/+ NS 28 NS <0.0001/+ NS
trans-Chlordane 28 NS <0.0001/+ 0.0343/+ 28 NS <0.0001/+ 0.0343/+
cis-Nonachlor 27 NS <0.0001/+ 0.0587/+ 28 NS <0.0001/+ 0.0587/+
trans-Nonachlor 28 NS <0.0001/+ NS 28 0.0117/— <0.0001/+ NS
PC_1 27 NS 0.0001/+ NS 20 NS 0.0001/+ NS
Tadpole Chlorpyrifos 24 NS <0.0001/+ NS — — — —
Dacthyl 21 NS <0.0001/+ NS 23 NS <0.0001/+ NS
a-Endosulfan 19 NS <0.0001/+ NS 26 NS <0.0001/+ NS
B-Endosulfan 27 0.0656/+ <0.0001/+ NS 26 NS <0.0001/+ NS
Endosulfan sulfate 27 NS 0.0001/+ NS 26 NS <0.0001/+ NS
p,p-DDE 27 NS <0.0001/+ NS 26 NS <0.0001/+ NS
trans-Chlordane 13 NS 0.0003/4+ NS 26 NS <0.0001/+ NS
cis-Nonachlor 27 NS <0.0001/+ NS 26 NS 0.0004/+ NS
trans-Nonachlor 27 NS <0.0001/+ NS 26 NS <0.0001/+ NS
PC_1 17 NS <0.0001/+ NS 23 NS <0.0001/+ NS
Cholinesterase 26 NS <0.0001/+ NS 24 NS 0.0002/+ NS

*Tadpoles were Pseudacris sierra. PC_1 represents principal component 1 from the principal component analysis of pesticides in each medium—period
combination. Metrics were concentrations for individual chemicals, scores for PC_1, and activity level for total cholinesterase in tadpoles. Values shown are p
value and direction of relationship between fraction of sites occupied and the variable. NS =not significant at p =0.10. DDE refers to dichlorodiphe-
nyldichoroethylene. In models with linear distance included, two outliers were removed to achieve an adequate fit for dacthal in sediment in period 1, and one
was removed for frans-chlordane in tadpoles in period 1.

compounds loaded positively and mostly similarly on PC_1 in
each of the four principal components analyses, indicating that
chemical compositions were generally similar among sites [8].
The PC_1 accounted for 44.3 to 73.8% of the variation (i.e.,
eigenvalues ranged from 0.443 to 0.738 [8]).

Cholinesterase sampling and analysis

Approximately 16 P. sierra tadpoles per site (range 14—18)
were collected for analysis of ChE simultaneously with collec-
tion of samples for pesticide analysis. Tadpoles were collected
by hand or dip net and placed in plastic bags filled with water
from the collection site. Tadpoles and bags were handled with
clean, powder-free latex gloves at all times. Tadpoles at Gosner
[28] stage >41 were excluded. Tadpoles were individually
wrapped in aluminum foil, placed together in a 250-ml plastic
jar, and frozen on dry ice. Samples were kept frozen on dry ice
or at —80 °C until analysis.

In the laboratory, tadpoles were thawed and staged [28], the
gut coil was removed, and the remaining body was weighed to
the nearest 0.0001 g. Cholinesterase was determined through
spectrophotometric methods [30] with reagent quantities
adjusted for a microplate reader (Synergy model; Biotek Instru-
ments).

Distance metrics

Two metrics were calculated to quantify the distance from
each study site to the San Joaquin Valley, the southern arm of
the Central Valley (i.e., linear distance and upslope distance
[8]). Linear distance (measured using Arc map 9.2; ESRI) is the
distance to the closest point on the mountain—valley boundary,
defined as the boundary between mountain slopes and the

relatively flat valley, roughly following certain contour levels
but smoothed to eliminate prominent lateral deviations such as
river valleys (Fig. 1). Elevations for this boundary were approx-
imately 150 m near the Kings River, 170 m near the Kaweah
River, and 300 m near the Kern River. Upslope distance was
calculated using Arc Info (ESRI) as the path that runoff water
would follow from the site to the mountain—valley boundary.
Upslope distance was used as a surrogate for the flow path taken
by daily upslope/downslope winds common in the southern
Sierra Nevada during summer [31]. Linear distance for the
sampled sites ranged from 42.9 to 82.5 km and upslope distance
ranged from 59.6 to 187.3km [8].

Statistical analysis

Comparing cholinesterase activity among sites. Because
tadpole developmental stage was expected to affect ChE
[7,20], analysis of covariance was conducted for log;,-trans-
formed ChE with tadpole developmental stage as a covariate
(see Supplemental Data). This allowed adjustment of the
observed ChE value to a constant stage if necessary for com-
parison among sites. To meet the assumption of normality, ChE
values were logo-transformed and, for period 1, six outliers
among 353 samples (identified by examination of residual plots)
were omitted. Stage was significantly related to ChE during
period 2, but not during period 1. The magnitude of the effect
during period 2, however, was small. For example, the absolute
difference between the geometric mean ChE at a site and the
geometric mean adjusted to the median stage averaged only
3.9% (range 0.1-13.2% among sites). Given this small differ-
ence, all statistical tests among sites were conducted both ways
(i.e., stage adjusted and not stage adjusted); the results were
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nearly identical. Consequently, we report the simpler of these
statistical approaches for ChE among sites, i.e., using the mean
of log;o ChE without adjustment for stage effects.

Environmental temperature also can affect ChE in P. sierra
[32]. Using elevation as a surrogate for environmental temper-
ature at a site, the relationship between mean log;o ChE at a site
and elevation was evaluated by Pearson correlation. The differ-
ence in log;y ChE between sampling periods was tested by
paired 1 test.

Analysis of frog population status. Relationships between
population status for R. muscosa and R. sierrae collectively and
predictor variables were evaluated using logistic regression.
Population status was represented as the frequency ratio: num-
ber of suitable water bodies occupied (o)/total number of
suitable water bodies (7). The basic model was

g(u) = Logit(p(o/1)) = By + Y _ Bxi (1)

where (3, is the intercept, 3; represents the coefficient(s), and x;
represents the predictor variable(s). Three types of logistic
regressions models were used, in which x; represented a distance
metric only, achemical metric (plus tadpole developmental stage
when the chemical metric was a pesticide concentration in
tadpoles) and a distance and a chemical metric together (plus
tadpole developmental stage when the chemical metric was a
pesticide concentration in tadpoles). Developmental stage was
included as indicated because stage was related to pesticide
concentration in some cases [8]. Distance metrics were linear
distance or upslope distance from the San Joaquin Valley.
Elevation was not included because there was little evidence of a
pesticide—elevation relationship separate from distance [8].
Chemical metrics were of three types: individual chemical
concentrations in air, sediment, or P. sierra tadpoles; PC_1 from
the principal components analyses for pesticide concentrations
in sediment or tadpoles; and mean log;o ChE in P. sierra
tadpoles. This resulted in 42 metric-medium—time combina-
tions. For models with more than one predictor variable,
interaction terms were included and selection of variables was
conducted stepwise with entry probability =0.3. To detect
marginal associations among variables, model retention prob-
ability was set at 0.10 instead of 0.05. Collinearity among
predictor variables was evaluated with a threshold of || Pearson r||
> 0.7 for small sample sizes [33]; no pairwise predictor—variable
correlations exceeded this threshold. To accommodate over-
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dispersion of the data, the Williams scaling option was used [34].
The Williams option failed in two cases, so the Pearson option
was used instead. The model Wald X2 was used to select the
final model with p <0.10. Goodness of fit was evaluated using
the residual x* test; residual p(x*) > 0.05 indicated a good fit.
In three models with a poor fit, outliers were identified by
examining the change in deviance and Pearson x2. Outliers were
removed before finalizing the model. Statistical analyses were
performed in SAS 9.2 (SAS Institute).

RESULTS
Distribution of Rana populations

Among 3,170 water bodies surveyed in the two national
parks in 1997 to 2002, 1,254 met the criteria defined as suitable
habitat (i.e., depth, fish, elevation; Fig. 1). Among the 1,254
suitable water bodies, 266 (21.1%) were occupied by
R. muscosa or R. sierrae. The number of suitable sites used
for the population-status metric (that is, the number of suitable
water bodies within 2 km of a site) averaged 10.1 (median =9,
range = 2-24). The frequency of suitable water bodies occupied
by frogs within 2km of a site averaged 30.5% (median=
25.0%, range = 0-100%).

A general geographic pattern of frog occurrence was evi-
dent, with most water bodies that contained frogs occurring
relatively far from the San Joaquin Valley (Fig. 1). Indeed,
among the sites sampled for pesticides and ChE, the frequency
of suitable water bodies occupied by frogs within 2 km of a site
was strongly positively related to linear distance from the San
Joaquin Valley (logistic regression, p < 0.0001; Fig. 2A). By
contrast, no relationship was evident between the population-
status metric and the upslope distance (Fig. 2B).

Cholinesterase activity in P. sierra tadpoles

Cholinesterase activity varied considerably within and
among sites. The coefficient of variation within a site averaged
18.1% for period 1 (Fig. 3A) and 26.5% for period 2
(Fig. 3B). Among sites, the median value ranged over twofold
from 0.34 to 0.85 wmol g~ ' min~" for period 1 and from 0.32
t00.75 wmol g~ min~" for period 2. Cholinesterase activity at a
site did not differ significantly between periods 1 and 2 (paired ¢
test of mean log;o ChE, n =21 sites, p =0.30), and ChE at a site
was not significantly correlated between the two sampling
periods (Pearson correlation of mean log;y ChE, n=21 sites,
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Fig. 2. Populationstatus (i.e., percentage of suitable water bodies occupied within 2 km of site) of Rana frogs (R. muscosa and R. sierrae, collectively) as a function
of distance from the San Joaquin Valley (CA, USA). Solid line depicts logistic regression fit; dashed lines indicate 95% confidence limits for regression. Numerals
(2 and 4) indicate number of closely overlapping points. (A) Linear distance; model Wald x> < 0.0001, concordance = 84.4%. (B) Upslope distance; Wald

x> =0.7703.
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Fig. 3. Total cholinesterase activity levels (ChE; wmol g ' min~') in Pseudacris sierra tadpoles among sites. Letters on the x axis refer to the 14 sampling areas
shown in Figure 1. Outer box indicates interquartile range; horizontal line within box indicates median; vertical bars indicate range. Sample size per site averaged
14.3 (range 5-18). (A) Period 1, n =353 tadpole samples. (B) Period 2, n =363 tadpole samples.

p=0.55). Median tadpole stage per sample averaged 31.5
during period 1 (range among individual tadpoles=25-41)
and 36.6 during period 2 (range among individuals =25-41;
tadpoles at stage >41 were purposely not collected).
Chlorpyrifos was the only cholinesterase-inhibiting pesti-
cide found among the nine pesticide compounds evaluated in
the present study. Cholinesterase activity at a site (mean log;q
ChE) was not significantly related to concentration of chlorpyr-
ifos in P. sierra tadpoles during period 1 (n=24; Pearson
correlation, p = 0.66; chlorpyrifos was not detected in tadpoles
in period 2). Cholinesterase activity was also not significantly
related to chlorpyrifos concentration in sediment during
period 1 (n="7, p=0.23) or period 2 (n =21, p=0.14). Chol-
inesterase activity also showed no relationship with elevation

during either period 1 (Pearson correlation, p = 0.58) or period 2
(p=0.99).

Rana population status versus chemical and distance metrics

Rana population status showed few relationships with a
chemical metric (i.e., chemical concentration, principal com-
ponent, or ChE) during either sampling period (Table 1 and
Figs. 4 and 5). In logistic regressions that did not contain a
distance metric, a chemical metric was retained in only one
model among the 42 combinations of chemical metric—
medium—sampling period (i.e., trans-nonachlor in sediment,
period 2; negative relationship; p=0.0117; Table 1 and
Fig. 4C). By contrast, in the 42 models that included both
linear distance and a chemical metric, linear distance was
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retained in all models (Table 1). The p value for these relation-
ships (all positive) was <0.0004 for all models except for
chlorpyrifos in sediment, period 1 (p=0.0719), for which
sample size was small (n=28). No chemical metric showed a
negative association with Rana population status in these
models (i.e., the direction predicted assuming chemicals have
adversely affected Rana populations). Two chemical metrics
were retained in the models with linear distance, but the
direction of this relationship was positive (opposite the pre-
dicted direction). These were frans-chlordane in sediment,
period 1 (p=0.0343), and cis-nonachlor in sediment, period
1 (p=0.0587). For the 42 models that included upslope dis-
tance and a chemical metric, upslope distance was not retained
in any model. No interaction term was significant in any model
with either distance metric.

DISCUSSION
Representativeness of observed pesticides

Although the distributions of the nine pesticide compounds
in the present study obviously cannot represent the hundreds of
pesticides possibly transported to high elevation in the Sierra
Nevada in recent years, they do provide a diverse set for
evaluating associations between pesticide distributions and frog
population declines. The nine compounds represent six pesti-
cides in four classes and include both current-use and historical-
use pesticides. The three current-use pesticides were chlorpyr-
ifos (an organophosphate insecticide), endosulfan (an organo-
chlorine sulfide insecticide; parent compound for endosulfan
sulfate), and dacthal (an herbicide). The three historical-use
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pesticides are all organochlorine insecticides banned in the
1970s or early 1980s: DDT (parent compound for p,p’-DDE),
chlordane, and nonachlor. Persistence in the environment is not
long for chlorpyrifos, with a half-life on the order of days to
weeks [35], whereas the other pesticides are generally more
persistent, with half-lives in the environment on the order of
weeks to years [36,37]. Indeed, dacthal, endosulfan, DDE,
chlordane, and nonachlor were all detected in dated sediment
cores in a previous study from two lakes in area I from the 1950s
until the time of sampling in 2003 [10]. The distributions of the
current-use pesticides in the present study are presumably
determined primarily by recent use, transport, and deposition
[11], whereas the distributions of the historical-use pesticides
are presumably determined primarily by these processes oper-
ating decades ago and continual recycling in the local environ-
ment.

An unknown is the extent to which the distributions of
observed pesticide compounds in the present study represent
the distributions of these compounds during other times of the
year or during previous years. For current-use pesticides,
however, some evidence suggests that concentrations in the
present study should be similar to those that occurred at times of
intermediate or maximal pesticide use in previous years. Sour-
ces for these pesticides in the southern Sierra Nevada are
primarily regional, such as the adjacent San Joaquin Valley
[6,9-11]. Moreover, one of these studies [11] found that con-
centrations of two pesticides (endosulfan and propargite) in lake
water in the study area closely tracked weekly pesticide appli-
cation rates in the San Joaquin Valley with lag times of one to
two weeks. For chlorpyrifos and dacthal, the two sampling
periods in the present study overlapped the 7-d and monthly
peaks in amount applied in the San Joaquin Valley during 2005,
whereas for endosulfan sampling began 4 weeks after the 7-d
application peak and overlapped weeks with intermediate
amounts applied (California Department of Pesticide Regula-
tion pesticide use reports; http://calpip.cdpr.ca.gov). It is also
possible that pesticides are most likely to affect amphibians in
early spring, when pesticides accumulated over the winter in the
snowpack enter surface water and frog breeding begins. How-
ever, in a study during 2003 to 2005 concentrations of chlor-
pyrifos, dacthal, and endosulfan in the snowpack at two sites
approximately 1km apart in the study area were very low
(<6ng/L [9]), as they were in water of four lakes sampled
during June through October of 2003 [11].

The amount of pesticide applied in the San Joaquin Valley in
2005 relative to previous years varied among the current-use
pesticides. For dacthal, the amount applied in 2005 was nearly
double the 10-year average (14,399 vs. 7,668 kg); for endosulfan,
it was approximately half the 10-y average (28,370 vs. 56,259 kg);
for chlorpyrifos, it was slightly above the 10-year average
(682,022 vs 636,850kg; California Department of Pesticide
Regulation pesticide use reports; http://calpip.cdpr. ca.gov).

Lack of correspondence between Rana and chemical metrics

Virtually no association was evident between the distribu-
tion of Rana populations at high elevation and measured
pesticide concentrations. Specifically, in the stepwise regres-
sions that included linear distance, the predicted negative
association was not found between frog population status
and the concentration of any pesticide or PC_1 from the
principal components analyses of all pesticides, and no asso-
ciation was found between frog population status and ChE in
P. sierra tadpoles. Even when a distance metric was omitted
from these regressions, only 1 of 42 chemical metric-medium—
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time combinations was significant at p < 0.05. By contrast, the
conspicuous association between frog population status and
linear distance from the San Joaquin Valley suggests that an
unidentified factor related to distance was a cause for the Rana
population declines. Historically, Rana were common in lake
basins throughout the study area [2,13,22].

The lack of association between chemical metrics and frog
population status is not consistent with the inference in three
other studies [7,13,14] that windborne pesticides might have
contributed to population declines of R. muscosa and R. sierrae
in the Sierra Nevada. Davidson and Knapp [13] used a metric
for amount of upwind pesticide use for all pesticides over a
10-year period, weighted inversely with distance from the point
of application. They found that, after accounting for fish,
habitat, and other factors, the metric was strongly negatively
associated with site occupancy by frogs. However, their metric
was also strongly negatively related to linear distance from the
edge of the San Joaquin Valley (' =0.5816, p < 0.0001,
n=~6831; see also Fig. 1 of Davidson and Knapp [13]), which
may account for the strong association between their pesticide
metric and frog site occupancy.

Fellers et al. [14] reported concentrations of several pesti-
cides in 1997 in an area where R. muscosa populations had
disappeared (Tableland; area I in Fig. 1) and in another area
where frog populations were robust (Sixty Lake Basin; area E in
Fig. 1). Rana muscosa populations disappeared in the Tableland
over the period from 1977 to 1991 and were absent in 1993
[25,38,39]. In 1994, adult R. muscosa were translocated from
Sixty Lake Basin to the Tableland. Many of these individuals
persisted until 1997, when dead and dying frogs were found, and
those that could be captured were collected for pesticide
analysis [14,25]. These Tableland frogs showed significantly
higher concentrations of several pesticides than frogs from
Sixty Lake Basin, and concentrations of several pesticides were
also higher in water from two lakes in the Tableland than in two
lakes in Sixty Lake Basin [6,14]. The tendency for pesticide
concentrations to be greater in the Tableland than Sixty Lake
Basin was also found in the present study. Among 36 pesticide—
medium-time combinations for these two areas in the present
study, the mean concentrations for the two samples (i.e., two
sites for sediment and tadpoles, two samples from one site for
air) in the Tableland were greater than the mean for the two
samples in Sixty Lake Basin for all but two of these combina-
tions. However, the pattern of greater pesticide concentrations
occurring in an area with low frequency of frog population
occurrence that was evident in Fellers et al. [14] did not hold in
the present study, when many more sites were evaluated (up to
28 sites in 14 areas). Moreover, frog populations in Sixty Lake
Basin that were extant in 1997 have since been decimated by the
amphibian disease chytridiomycosis [5]. Frog numbers declined
in the Sixty Lake Basin from over 2000 in 2004 to less than 50 in
2008 [5].

The lack of association between ChE and Rana population
status and between ChE and chlorpyrifos (the only ChE-inhib-
iting pesticide detected with >30% frequency in the study) is
not surprising given that chlorpyrifos concentrations in tadpoles
were extremely low (maximum=1.4ng/g dry wt [8]). A
depression of 50% in ChE activity from a reference level has
been considered a forensic threshold for pesticide-caused inhib-
ition in other vertebrates [40], and a 56% reduction in ChE in the
toad Bufo arenarum resulted in increased mortality [41]. Tissue
concentrations of chlorpyrifos in recently metamorphosed
P. sierra associated with 50% inhibition of ChE is predicted
to be approximately 2,200 ng/g dry mass (based on equations in
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Sparling and Fellers [21]), which is over three orders of
magnitude greater than the maximum chlorpyrifos concentra-
tion found in tadpoles in the present study. Moreover, the
maximum chlorpyrifos concentration tested for effects on
ChE in P. sierra (200 pg/L [21]), which resulted in a reduction
in ChE of approximately 25%, is at least five orders of magni-
tude greater than chlorpyrifos concentrations measured in sur-
face water and snow at high elevation in the southern Sierra
Nevada [9,10,14]. The finding of lower ChE levels associated
with Rana population declines in central California by Sparling
et al. [7] differs from results in the present study, perhaps because
the Sparling et al. study spanned a much larger area with sites
closer to areas of pesticide application and included few if any
sites at the high elevations represented in the present study.
The cause for the over twofold variation in ChE level among
sites in the present study is not evident. Tadpole developmental
stage, which varied among sites, had minimal effects on ChE.
Environmental temperature can affect ChE in P. sierra [32], but
a large effect resulting from temperature differences seems
unlikely given the narrow elevation range among sites and
the finding that ChE showed no relationship with elevation.
Few data are available for toxicity of pesticide concentra-
tions in tissue, sediment, and air for amphibians. However, the
measured concentrations in P. sierra tadpoles for chlorpyrifos
(0.7 ng/g dry mass [8]) and the three endosulfan compounds (total
5 ng/g dry mass [8]) are many orders of magnitude lower than the
tissue concentrations known to be toxic for this species [21].

Geographic distribution of remaining Rana populations

The most striking finding of the present study is the sig-
nificant positive association between Rana spp. population
status in 1997 to 2002 and linear distance from the San Joaquin
Valley (also evident in Fig. 1 in Davidson and Knapp [13]). The
Rana spp. distribution described by the 1997 to 2002 sampling
might have resulted from a generally west-to-east pattern of
population declines across the high-elevation portions of
Sequoia and Kings Canyon National Parks. The earliest
reported declines occurred in 1978 and 1979 in area I on the
western side of the Parks [38,39]. Declines reported by 1990
were prevalent throughout the western half of the parks [22] and
declines reported in the 2000s occurred on the eastern side of the
parks [4,5]. It is unclear how airborne pesticides could be
responsible for a west-to-east sequence of population declines
across the high-elevation portions of the Parks given that little
support exists for any geographic pattern for pesticide concen-
trations in this area [8]. Moreover, pesticide use in general has
not increased in California or become more toxic during this
time [42]. Specifically, between 1992 and 2005 statistical
analyses ‘‘do not indicate a significant trend of increase or
decrease in pesticide use’’ in California [42].

As an alternative to pesticides, it is plausible that the recently
discovered infectious amphibian disease chytridiomycosis
has decimated Rana populations in a generally west-to-east
pattern across Sequoia and Kings Canyon National Parks. The
chytridiomycois pathogen, Batrachochytrium dendrobatidis,
spread among other anurans across central California in a
generally west-to-east pattern beginning in the early 1960s
[43]. In the vicinity of the Parks, frog specimens collected
from the western edge of the Parks in 1975 revealed infection
by B. dendrobatidis [44]. This time predates the first reported
frog population declines within the Parks, which occurred in the
late 1970s [38,39]. Since the early 2000s chytridiomycosis in
R. muscosa and R. sierrae has been extensively studied in the
southern Sierra Nevada, including following frog populations
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from the uninfected state through infection and population
extinction [4,5]. Thus, chytridiomycosis has been the proximate
factor causing population die-offs in many sites in eastern
Kings Canyon National Park since the early 2000s [4,5].
Nevertheless, it is possible that pesticide exposure contributed
to these infections, because at least the pesticide carbaryl can
reduce production of amphibian skin peptides that inhibit
B. dendrobatidis growth in culture [45].

CONCLUSIONS

Analyses in the present study were limited to nine pesticide
compounds, yet hundreds of pesticides have been used in
California that potentially could have been transported to the
southern Sierra Nevada. Nevertheless, the nine compounds
represent a diverse set of pesticides, the study analyzed for
many historical- and current-use pesticide compounds, the
method detection limits were extremely low, and sampling
was conducted in multiple media, at multiple sites, and at
multiple times during a period of intensive pesticide application
in the adjacent San Joaquin Valley. Results do not support the
hypothesis that pesticides have contributed to the population
declines of R. muscosa and R. sierrae in the alpine zone of the
southern Sierra Nevada. In particular, no association was found
between any pesticide-related metric and population declines. By
contrast, the amphibian disease chytridiomycosis has been dem-
onstrated in other studies as the cause for dramatic population
declines of many populations of these species in recent years.
Moreover, linear distance from the Valley was strongly related to
frog population status in the present study, a finding that is
consistent with the apparent pattern of spread of chytridiomycosis.

It seems much more likely that effects of windborne pesti-
cides on amphibian populations would be manifested in areas
closer to pesticide sources in the San Joaquin Valley than at high
elevation in the Sierra Nevada. Studies summarized by Brad-
ford et al. [8] show a general pattern for pesticide concentrations
to decrease substantially with distance from the San Joaquin
Valley up to approximately 40 km, beyond which elevation is
high (i.e., >2750m) and pesticide concentrations are very low
and remain constant or decrease only slightly. Most of the
habitat for R. muscosa and R. sierrae in the southern Sierra
Nevada is at high elevation and more than 40 km away from the
San Joaquin Valley. For several other amphibian species occur-
ring closer to sources of pesticides, however, the associations
between upwind pesticide use and population declines reported
by others [12] may indeed be real. Consistent with this idea,
water samples from lower elevation in the Sierra Nevada
contained endosulfan concentrations within the range of lethal-
ity for Rana boylii, a frog that has experienced substantial
population declines in the Sierra Nevada [21].
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